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Abstract

This PhD thesis presents the development of a cost-effective and open (hardware and software)
microscopy platform able to perform automated single molecule localisation microscopy (SMLM) for
super-resolved high-content analysis (HCA). The work is motivated by the desire to increase access
to advanced microscopy techniques like SMLM and HCA, including in lower resourced communities.
For SMLM I have utilised and refined easySTORM, a low-cost and robust implementation of
dSTORM. For automated microscopy | have developed a novel optical autofocus module that can
maintain focus lock during extended easySTORM acquisitions and maintain focus as the microscope
images multiple fields of view (FOV) across a multiwell plate. Initially | worked with commercial
microscope frames and then extended automated microscopy and easySTORM to a cost-effective,
modaular, open microscopy platform, “openFrame” that can be adapted to a wide range of
microscopy modalities. For this, | combined the openFrame with a low-cost multimode diode laser

bank and novel low-cost, cooled CMQOS sensor cameras.

| developed two different hardware-based autofocus systems focussing near infrared laser beams
from fibre-coupled diode laser sources onto the microscope coverslip with the back reflection being
imaged at a secondary autofocus camera. The first autofocus technique presented uses two
cylindrical lenses to create a collimated elliptical beam profile with differing confocal parameters
(and therefore different range/precision) in orthogonal directions. The second autofocus technique
presented utilises a slit to form the elliptical beam profile and then uses a convolutional neural
network (CNN) to determine the microscope defocus from the autofocus camera images. The CNN
autofocus was then able to operate robustly for months over a range of £100um and achieve an
accuracy of greater than 200nm. | integrated this autofocus system with an automated multiwell
plate easySTORM microscope applied to image focal adhesion structures within melanoma cells and

bacteria undergoing phagocytosis in THP1 cells.
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Figure 3.6. Widefield (a, c) and easySTORM (b, d) images of minimal change disease in FFPE section
from a biopsy. (c) and (d) show enlarged ROIs indicated by the yellow boxes in (a) and (b). Laminin
present in the GBM is labelled with iFluor 647. (e) shows an EM image of the GBM from a different
section within the same biopsy imaged with a magnification of 15,500x. The GBM thickness was
measured using EM to be 281 nm. The FWHM of the line profile of the yellow lines in (c) and (d)
measure the thickness of the GBM from the widefield and STORM reconstruction. The widefield
gives a measured thickness of 657 nm and the STORM gives a measured thickness of 212 nm.
Reproduced from (Garcia €t al., 2021) .....cccueieiieeiieecieeeeiee ettt eetee e ere e e e e eetre e s eteeesareestee e baeesreeenns 78
Figure 3.7. Widefield (a, d, e, f) and dSTORM (b, g, h, i) images of Lupus nephritis type IV in frozen
sections. The basement membrane is labelled by staining of the laminin using Alexa Fluor 555
(green) and the 1gG deposits are stained with ifluor 647 (red). The yellow box indicates the expanded
regions in (d) and (g) showing Lupus Nephritis presenting mesangial deposits. The blue boxes
indicate the expanded regions in (e) and (h), and present regions with subendothelial deposits. The
purple boxes indicate the expanded regions as shown in (f) and (i) presenting regions with
subepithelial deposits. (c) shows an EM of a similar structure from within the same sample imaged at
8000x magnification. The dark grey regions represent electron dense deposits that contain IgG. The
purple arrows indicate deposits on the subepithelial side of the GBM. The blue arrows show deposits
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on the subendothelial side of the GBM, and the yellow star indicates mesangial deposits.
Reproduced from (Garcia €t al., 2021) ....cccveeeiiieiiee e eeiee ettt tee e sre e s te e e srae e s te e e sare e s teeeraeesnreeenns 79
Figure 4.1. (a) shows a schematic of a simple arrangement of an openFrame for automated
easySTORM (Kwakwa et al., 2016). The top layer contains a short pass dichroic and has the objective
mounted on a L-shaped bracket attached to an encoded linear Z-stage. There is an automated XY
stage with a sample above. The excitation source is introduced from the layer below the autofocus
layer. The excitation beams are reflected by a multiline dichroic and fluorescence is transmitted by
the dichroic. The fluorescence is then focused by the tube lens mounted horizontally inside the
openFrame and forms an image on the camera after the signal is reflected by a mounted mirror. (b)
shows a CAD of the openFrame showing the different layers, stage adaptor plate, and base plate
with mounting slots and countersunk holes. (c) shows the openFrame arranged for HCA STORM
imaging. There is a vertical transilluminator, the openExcite module which provides the multiline
excitation via a multimode fibre source. There is an automated XY stage and an automated piezo Z-

Figure 4.2. (a) shows a photo of the original prototype openFrame. This version was built in Imperial
Photonics group’s Optomechanical Instrumentation Workshop. The layers were machined using a
lathe and CNC milling machine. The setup above shows the frame arranged with an Olympus manual
XY stage mounted on a stage adaptor top layer plate. Beneath the stage layer is the excitation layer
with a Thorlabs dichroic cube mounted and a 30mm input for the excitation laser source. Below the
excitation layer is a layer housing the tube lens. Below the tube lens is the camera layer with a
60mm smooth bore output to the camera and 60mm spaced Thorlabs cage system. And finally, at
the bottom of the frame is a base layer which can be fixed to an optical bench using L-shaped
brackets and M6 screws. (b) shows a view looking down the centre of the frame along the optical
axis defined by the objective and the centred tube lens. The dichroic cube containing the dichroic,
excitation filter and emission filter can be seen mounted and positioned in the centre of the optical
axis. Beside the dichroic is the mounting bracket that a piezo linear Z-stage could be mounted to,

and the objective is attached to the stage using an L-shaped bracket ........cccceeeeieiiiiiie e, 87
Figure 4.3. openExcite CAD rendition (Thorlabs and Edmund Optics component part numbers
([aTo [Tor 1 =T ) IS TTT T sRRREEERU U RRUSPRR RSP SRRRR 91
Figure 4.4. A schematic showing the wiring for the TLV5618AIP DAC to convert the digital output
signal to an analogue modulation signal for the Lasertack iLD series laser diode drivers. .................. 93
Figure 4.5. (a) Schematic of homebuilt laser driver and TEC controller built with a Lasertack iLD Series
Laser diode driver, TLV5618AIP DAC and Arduino Uno (b) Photos of laser driver controller .............. 95
Figure 4.6. Home-bult multiline laserbank for easySTORM excitation using high power multimode

(o [Teo L= - 11T PSPPI 98

Figure 4.7. Improvement in field homogeneity through the vibration of a multimode fibre. Figures (a,
b) show images acquired by an Andor Zyla 5.5 when imaging a thin film of fluorescent highlighter
pen fluid illuminated by a 635nm Lasertack multimode diode via a multimode fibre. Left (a, c): shows
the FOV when the fibre is vibrated using a CAIRN despeckler unit. Right (b, d): The fibre is not
vibrated and there is a speckle pattern in the illumination. The yellow lines in (a) and (b) indicate
where the line profiles shown in (c) and (d) are taken from. .........cccoeiireiii e 99
Figure 4.8. Top images: Widefield and easySTORM reconstructions of tubulin in a FRTL5 Rat Follicular
thyroid cell line decorated with AF488 for the CellCam Centro, CellCam Kikker and Andor Zyla 5.5
camera. All images acquired on the same day and reconstructed from 10000 frames with 30ms
EXPOSUIE. cieieeeeeieeeieeeeeeeesesasssassaasasssssssssasssssasssssasssssssssssasassssssssssssssssssssssssssssssssssssssssssssssssssssssssesesssesens 104
Figure 4.9. NanoJ-SQUIRREL SMLM reconstruction analysis of cameras and FOVs as shown in Figure
4.8. Images on the left show an error map from comparing the super-resolved reconstructions with
the widefield images. Regions with a low error are shown in purple, regions with higher error are
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shown in yellow. The middle column images show Fourier ring correlation (FRC) maps of the same
FOVs. The localisations were split into odd and even frames and used to create two reconstructions.
The images were segmented into 100 regions and FRC analysis was then performed on each region.
The minimum FRC value in each image is given and the resolution scaled Pearson-correlation (RSP) is
provided for each error map. Images on the right show an overlap image of the STORM
reconstruction and the FRC map to highlight the FRC regions containing localisations. ................... 105
Figure 4.10. easySTORM reconstructions of tubulin in a FRTL5 Rat Follicular thyroid cell line
decorated with AF647 acquired using the CellCam Centro, CellCam Kikker and Photometrics Prime
95B cameras. All images reconstructed from 10000 frames with 30 ms eXposure. ......ccccceceecvveeeennes 108
Figure 4.11. NanoJ-SQUIRREL SMLM reconstruction analysis of cameras and FOVs as shown in Figure
4.10. Images on the left show an error map from comparing the super-resolved reconstructions with
the widefield images. Regions with a low error are shown in purple, regions with higher error are
shown in yellow. The middle column images show Fourier ring correlation (FRC) maps of the same
FOVs. The minimum FRC value in each image is given and the resolution scaled Pearson-correlation
(RSP) is provided for each error map. Images on the right show an overlap image of the STORM
reconstruction and the FRC map to highlight the FRC regions containing localisations. ................... 110
Figure 4.12. easySTORM implementation on the openFrame using the openExcite module............ 111
Figure 4.13. Widefield (left) and easySTORM (right) images of Hela cells with tubulin
immunolabelled with iFluor 647 and acquired on the openFrame using a Photometrics Iris 9 camera.
Top row shows whole FOV imaged, and centre and bottom rows show zoomed in views of the top
and bottom regions respectively indicated by the yellow squares in the top left panel. .................. 112
Figure 4.14. Whole FOV (a) epifluorescence widefield and (b) easySTORM images of a FFPE section
presenting with Lupus nephritis imaged on the openFrame using a CellCam Kikker, with a 0.35X
Motic adaptor. (c) shows a zoomed Roi indicated in (b) by the yellow box. (d) shows a line profile
section through the GBM, with an indicated FWHM thickness of 89nm. ..........cccccoveiieciieeccciieeeens 113
Figure 4.15. HILO illuminated whole FOV (a) widefield and (b) easySTORM reconstruction of fixed U-
20S-CRISPR-NUP96-SNAP-iFluor647 cells from 80000 frames at 60ms exposure. (c-f) show zoomed
ROIs indicated in (b). The expanded ROIs show the sub-units are resolved within the nuclear pore
complexes. Images were acquired on an openFrame microscope and imaged using a CellCam Kikker,
using a 0.35X Motic adaptor. Axial drift was continuously corrected using the closed loop autofocus
Presented iN ChAaPLEr 5. ... e e e re e e s et e e e e s et te e e s sabe e e e esnbaeeeesabeeeeenarenas 114
Figure 5.1. showing the optical setup for a knife-edge-based centroid autofocus using an infrared,
830 nm, fibre coupled source implemented on an Olympus IX81. The path of the autofocus beam is
represented by the red line. The output from the fibre is collimated by an 18.4 mm focal length
aspheric lens, (Thorlabs C280TMD-B), and bisected by a knife-edge mask. The beam then passes an
excitation filter, CU1 (Edmund 65-119), and is steered by a pair of mirrors. The beam is reflected by a
50:50 beamsplitter, BS1 (Edmund 47-026), a short pass dichroic, BS2 (Edmund 69-220) and a custom
multiline dichroic, BS3 (Chroma ZT405_465_625_825rpc-UF2). An image of the knife-edge is formed
on the back focal plane of the objective (Olympus UplanFL 100x, NA 1.3, oil) using a 100 mm focal
length lens L3 (Thorlabs AC254-100-B-ML) and a 200 mm focal length Lens L4 (Edmund 49-364). The
bisected beam is reflected at the interface between the coverslip and the sample before propagating
back through the system. Here it is transmitted by the 50:50 beam splitter, BS1, and a clean-up
bandpass filter, CU2 (Edmund 65-180), before being imaged onto a secondary autofocus USB camera
(FLIR CM3-U3-31SAM-CS). wetiiiiiiriieeeiieenieeeiiteesteessiteesateestaessaseesbaeesaseesssesssseessaesssseesseesnsseessseesnsnes 120
Figure 5.2. showing the image formed on the full FLIR CM3-U3-31S4M-CS camera sensor (2048x1536
pixels) of the bisected autofocus beam as the sample is passed axially through focus. The images
were acquired every 5 microns. The defocus in the images increase in axial height scanning from left
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to right along each row from -110um (top left) to +90um (bottom right) through focus. A 6.4mm
focal length lens was used to collimate the beam out of the fibre. ..., 123
Figure 5.3. Centre of mass (CoM) position of the distribution of light on the camera as a function of
sample defocus for the knife-edge-based autofocus system shown in Figure 5.2. This calibration data
was used as a look-up table for the image data shown in Figure 5.4. The linear range is approx. 13
pum. The raw image data was acquired in 200 nm step intervals. ......cccooeevecieeeccciee e, 125
Figure 5.4 A figure showing automatically acquired HCA acquisition of HEK293 cells arrayed in two
wells of an 8 well chamber slide. 4 FOV’s were acquired in each well. The cells in A1 were labelled
with a mouse primary antibody (Sigma Aldrich T8203 clone AA13, Lot:013M4788V, 1:1000) and the
secondary antibody was a donkey anti-mouse conjugated with Alexa Fluor 647 (ThermoFisher
Scientific catalogue A31571, Lot:1692912). The cells in A2 were labelled with a rabbit primary
polyclonal antibody (Abcam ab18251, Lot:GR275948-1, 1:1000) and a goat anti-rabbit secondary
antibody (ThermoFisher Scientific A-21244) conjugated with Alexa Fluor 647. (a) shows the
automatically acquired widefield images of the same super-resolved reconstructed FOV’s shown in
figure (b). The focus was maintained using the knife-edge centroid autofocus technique. .............. 126
Figure 5.5. The optical system for the slit-based autofocus implemented on an Olympus IX81 frame.
An 830 nm laser diode (Ushio HL8337MG), was coupled into a single mode fibre with a 0.1 NA and
the output of the fibre was used as the source for the autofocus. The beam was collimated using an
18.4 mm aspheric lens (Thorlabs C280TMD-B). The collimated beam was masked using a rectangular
slit with a slit size of 1.2 mm. This resulted in a collimated rectangular beam (3.6 mm and 1.2 mm
respective diameters), propagating through the optical system. The beam diameter was magnified
by a factor of 2 using a 100 mm focal length lens, lens L3 (Thorlabs AC254-100-B-ML), and a 200 mm
focal length lens, L4 (Edmund 49-364). In between these lenses, the beam was reflected first by a
50:50 beamsplitter, BS1 (Edmund 47-026), and then by an 800 nm shortpass filter, BS2 (Edmund 69-
220). The beam was then reflected by a purpose designed multiline dichroic for use with multi-
channel STORM excitation, BS3 (Chroma ZT405_465_625_825rpc-UF2). The rectangular beam was
then focused onto the sample by a 100x objective (Olympus UplanFL 100x, NA 1.3, oil) and reflected
at the refractive index change between the coverslip and the sample’s media. The reflected signal
then propagated back through the system and was transmitted by the 50:50 beamsplitter, BS1,
before being imaged by an auxiliary autofocus camera, Flir Chameleon3 (FLIR CM3-U3-3154M-CS).
CU1 (Edmund 65-110) and CU2 (Edmund 65-180) are clean up bandpass filters..........ccccceveerrreennee. 129
Figure 5.6 Implementation of the slit autofocus on the openFrame. An 830 nm laser diode (Ushio
HL8337MG) was coupled into a single mode fibre with a 0.1 NA and the output of the fibre was used
as the source for the autofocus. The beam was collimated using an 18.4 mm aspheric lens (Thorlabs
C280TMD-B). The collimated beam was masked using a rectangular slit with a slit size of 1.2 mm.
This resulted in a collimated rectangular beam (3.6 mm and 1.2 mm respective diameters),
propagating through the optical system. The beam was transmitted first by a 50:50 beamsplitter,

BS1 (Edmund 47-026), and then reflected by an 800 nm shortpass filter, BS2 (Edmund 69-220). The
rectangular beam was then focused onto the sample by a 100x objective (Olympus UplanSApo 100x,
NA 1.40, oil), and reflected at the refractive index change between the coverslip and the sample’s
media. The reflected signal then propagated back through the system and was reflected by the
50:50 beamsplitter, BS1, before being imaged by an auxiliary autofocus camera, Flir Chameleon3
(FLIR CM3-U3-3154M-CS) using lens L3 (Thorlabs AC254-200-B-ML). CU1 (Edmund 65-110) and CU2
(Edmund 65-180) are clean up bandpass filters ........ccceieeie e e 130
Figure 5.7. 96-well plate image acquisitions of one 100 nm tetraspeck bead in each well acquired
using (a) centroid metric utilising a knife edge and (b) standard deviation of the mean projection
intensity along the axes. Each sub-image shows the bead image acquired in a different well. The
wells were acquired starting in the top left well (A1), moving straight down column 1, one well at a
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time until after imaging H1. After imaging H1, the image in H2 was acquired. Then the acquisition
proceeded vertically up column 2. The wells were then accordingly acquired in this snake pattern
down and up the columns. After 1hr20min into the experiment, the system was imaging well A4.
After 2hrd0min since experiment start, the system was imaging well A8. ..........cccoccvveieiiieeecccneeenn. 132
Figure 5.8. Simulated drift of translated cropped images from the autofocus camera. Images were
shifted in half integer values of the focal spot size. The results for the knife-edge centroid based
autofocus are shown on the left (a, c) and the slit-based standard deviation autofocus results on the
right (b, d). As the drift was induced in the images, the current defocus was predicted from the
original calibration stack. The induced drift caused the centroid values, associated with the knife-
edge, to be shifted to larger values. This created an error when predicting the defocus with a
constant offset. Whereas the standard deviation approach was able to correctly predict the defocus
as the drift was introduced and the values did not shift from the calibration plot. ..........cccccueeen. 134
Figure 5.9 Induced drift of images acquired from the autofocus camera using a micrometre stage to
shift the image position on the sensor. Images were shifted in half integer values of the focal spot
size. The results for the knife-edge centroid based autofocus are shown on the left (a, b) and the slit-
based standard deviation autofocus results on the right (b, d). As the drift was induced in the
images, the current defocus was predicted from the original calibration stack. The induced drift
caused the centroid values, associated with the knife-edge, to be shifted to larger values. This
created an error when predicting the defocus in the form of a constant offset. In contrast, the
standard deviation approach was able to perform better at predicting the defocus as the drift was
introduced. The maximum error predicted from the knife-edge approach was 700 nm, compared
with 125 nm for the standard deviation technique when considering an image drift up to three times
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Figure 5.10. Implementation of the cylindrical lens autofocus on the openFrame. An 830 nm laser
diode (Ushio HL8337MG), or an 840nm SLD (Superlum SLD-840F50P05S-TOSA9), is coupled into a
single mode fibre with a 0.1 NA and the output of the fibre was used as the source for the autofocus.
The beam is collimated in by a 6.4 mm focal length cylindrical lens, CL1 (Thorlabs LJ1227L1-B), and
by a 20 mm focal length cylindrical lens, CL2 (Thorlabs LJ1960L1-B), which are orientated at 90° to
each other to produce an elliptical beam profile. CU1 (Edmund 65-180) is a clean-up long pass filter.
The beam is steered using a mirror and a 50:50 beamsplitter, BS1 (Edmund 47-026), which it reflects
off, and then is reflected by an 800 nm shortpass filter, BS2 (Edmund 69-220). The elliptical beam is
then focused onto the sample by a 100x objective (Olympus UplanSApo 100x 1.40 oil) and reflected
at the refractive index change between the coverslip and the sample’s media. The reflected signal
was then propagated back through the system and was transmitted by the 50:50 beamsplitter, BS1,
before being imaged by an auxiliary autofocus camera (FLIR Chameleon3 CM3-U3-31S4M-CS) by a
200mm focal length lens L5 (Thorlabs AC254-200-B-ML). Reproduced from (Lightley et al., 2023).137
Figure 5.11. FWHM of the Fourier transform power spectrum of the two projections of average
intensity along the horizontal and vertical axes of the sensor of the FLIR Chameleon3 CMOS camera.
The red and blue peaks represent the autofocus metrics for the short confocal parameter and long
confocal parameter respectively. The Green plot shows the average intensity in the image after a
background subtraction. As the 20 mm focal length lens has been positioned slightly further away
than its focal length from the fibre, it focuses onto the sample 2 microns axially above the blue peak.
This enables closed loop single-shot aULOfOCUS.........cccuuiiieiiiii e e 139
Figure 5.12. (a) shows a 96 well plate arrayed with 100 nm Tetraspeck beads that was scanned using
autofocus with a z-stack acquired in each well. PSFJ was used to determine the in-focus axial plane
for each bead and the mean offset from the centre image provided the error in the defocus for each
well - shown with associated heatmap of defocus in microns. (b) shows a histogram of errors in
defocus for the 96-wellplate. The grey region shows the depth of field. Figures (c, d), system was
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refocussed 10 times from range of known defocus offsets for the longer (c) and shorter (d) range
autofocus prediction. Errors in predicted defocus are plotted (boxplots with mean error,
interquartile range and outliers). Red highlighted region shows depth of field of microscope
objective lens. The depth of field for this fluorescence microscope with 100x, 1.4 NA objective lens
was ~0.65 um for an emission wavelength of 680 nm. Reproduced from (Lightley et al., 2023)...... 141
Figure 5.13. STORM reconstruction of thyroid cells with the tubulin labelled with ifluor647 acquired
on the openframe using a CellCam kicker camera. (a) Continuous closed-loop autofocus correction
was used (b) Continuous closed loop autofocus correction was not used ..........ccceccvveeeeciiveeeecnneennn. 143
Figure 5.14. easySTORM reconstructions of fixed U-20S-CRISPR-NUP96-SNAP-iFluor647 cells from
80000 frames at 30 ms exposure with HILO illumination acquired on the openFrame using the
CellCam Kikker camera. Top row: frames were acquired with continuous autofocus correction.
Bottom row: 80000 frames were acquired without autofocus correction. (A, B) show zoomed regions
indicated in easySTORM reconstruction with continuous autofocus correction. (C, D) show zoomed
regions indicated in easySTORM reconstruction without autofocus correction. The sub-units within
the NPC are resolved when using the autofocus correction but are not without using the autofocus.
Reconstructions performed using Picasso (Schnitzbauer et al., 2017).....ccccvveeeecireeeeecireee e, 144
Figure 5.15. (a) and (b) show montages of images of an axial fly-through of focus of the cylindrical
lens autofocus when using a laser diode and SLD source respectively. The montages show images
every 5 um over a range of +60 um. The top left image in each montage is acquired at -60 um. The
axial defocus increases from left to right along the columns and from top to bottom. The bottom
right image in each montage is at +60 um. Figures (c) and (d) show the same axial z-stacks but with a
background subtraction for the laser diode and SLD sources. As can be seen in figures (a) and (c), the
background subtraction couldn’t remove all structured features from the background as the source
is coherent. This meant the interference pattern changed with focus. This interference structures
prevented the autofocus from working when using the Fourier transform metric. Whereas in figures
(b) and (d), it can be seen that the background can be subtracted as it is a constant background from
an incoherent source. This meant that there is a better signal, for the autofocus metric. ............... 146
Figure 5.16. User interface of uManager 2.0 autofocus plug-in. .......cccceeeeiiieiecciiee e e, 147
Figure 6.1. Figure showing the function of a standard convolutional layer: (a) shows an input feature
map with shape F = DF X DF X M into a convolutional layer to produce an output feature map
with shape G = DG X DG X N; (b) shows the N standard convolutional kernel filters with shape
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Figure 6.2. A figure demonstrating how a standard convolutional layer can be replaced by a
depthwise convolutional filters followed by pointwise convolutional figures. (a) shows a set of
standard convolutional filters (b) shows a set of depthwise convolutional layers and (c) shows a set
Of POINtWISE CONVOIULIONAI LAYEIS .....ueeieiiiee ettt e et e e e etre e e e e bee e e e eraeeaeeanes 156
Figure 6.3. Diagram showing the function of the 2 step depthwise convolutional layer on an example
9x9x3 input feature map. The 3x3x1 depthwise kernel filters are used to produce an intermediate
feature map of shape 7x7x3. The pointwise convolutions, with shape 1x1x3, are then used on the
intermediate feature maps to produce the final output feature map. 5 pointwise filters are used to
achieve 5 output channels. The output is the same as would be achieved with a standard
convolutional layer with 5 kernel filters, each with a shape of 3x3x3, using a stride of 1 and zero
oo Lo 11 gV SRS 157
Figure 6.4. (a) table of the MobileNetV2 architecture used. Every row represents a sequence of
layers, and these are repeated by the number indicated in the repeats column. For each sequence,
the first layer uses the stride length indicated in the final column and a stride length of 1 is used for
the remaining layers. This maintains the number of output channels for each repeat within each
sequence of repeated bottleneck layers. When a stride of 2 is used, the dimensionality for the input
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of the next row of the table is halved. (b) shows the different architectures of the stride = 1 and
stride = 2 bottleneck blocks in the model. Figure reproduced from (Lightley et al., 2022) ............... 159
Figure 6.5. Schematic of the optical autofocus implemented on an Olympus IX81 microscope frame
used for HCA easySTORM (Kwakwa et al., 2016). The objective lens was an oil immersion 1.3 NA
100x lens (Olympus, UplanFl 100x, NA 1.3, oil) with a depth of field of ~600 nm. The focal lengths of
the other lenses were L1: 50mm (Thorlabs, AC254-050-A-ML), L2: 18.4mm (Thorlabs C280TMD-B),
L3: 100mm (Thorlabs, AC254-100-B-ML), L4: 200mm (Edmund Optics 49-364), L5: 180mm (Olympus
tube lens). Figure reproduced from (Lightley et al., 2022) ......cccceeeviiercieiiie e 161
Figure 6.6. Map of variation of axial focus position of bottom of glass 96-well plate in um relative to
the focus at the centre of well Al (Brooks life Science Systems, MGB096-1-2-LG-L). Figure
reproduced from (Lightley et al., 2022). .....cccuiiiiiiiiei e et 163
Figure 6.7. Images of exemplar image z-stacks acquired on the autofocus camera as the sample
coverslip is translated through the focus of the microscope objective lens: (a) shows a z-stack used to
train the “short-range” model over a range of -10 um to +10 um acquired in 50 nm step intervals. An
image is shown every 1 um in the stack. (b) shows a z-stack stack used to train the “long-range”
model over a range of -100 um to +100 pm acquired in 1 um step intervals. An image is shown every
10 um in the stack. The grey feature visible on the left-hand side of the FOV is a back-reflection from
the excitation 1€NS, L4 iN FIUIE B.5. ....eii ittt e e e saae e e e srae e s s earae e e ssanaeaeeas 164
Figure 6.8. Exemplar through-focus plots, used for determining and labelling the in-focus plane of
the training stacks, of the standard deviation of the power spectrum of the autofocus camera
intensity distribution averaged (a) across the pixel rows for the short-range autofocus training data
and (b) across the pixel columns for the long-range autofocus data. The graphs are plotted as a
function of defocus for the images in a z-stack. A Savitzky-Golay filter was passed along these
distributions of (averaged) intensities to produce a smoothly varying function. Figure reproduced

from (LIghtley @1 al., 2022)...cce et ettt e e e et e e e et e e e e e abae e e e abaeeeeansbeeesannaaeanan 166
Figure 6.9. Schematic of workflow process to train and apply CNN for optical autofocus. Figure
reproduced from (Lightley et al., 2022) ......c.uiiiiiiiie et e e et e et e e v 167

Figure 6.10. Plots of predicted vs actual defocus for 10 through-focus axial z-stacks. Each stack is
plotted in a different colour in (a, d) for both the short range and long-range models respectively.
The corresponding mean of the residual errors are shown in (b, e) resulting when using the short-
range and long-range CNN training sets acquired and validated on data acquired on the same day.
Figures (c, f) show plots of the changing training and validation loss with increasing epochs during
training for the short range and long-range CNN training sets respectively. Figure reproduced from

(Lightley €t al., 2022) .uoiiiieieeieesieeree ettt ettt et st st st e et e et e e sbe e sat e satessbeebeesbeesaeesaaesabesnneenreenees 167
Figure 6.11. Diagram of data process workflow and use for two-step CNN autofocus. Figure
reproduced from (Lightley et al., 2022) .........uiiiiiiiie e et e e e et e e ae e e e 168

Figure 6.12. Plot of predicted vs actual defocus (a, c) and the corresponding mean of the residual
errors (b, d) when using the short-range and long-range CNN training sets acquired (separately and
sequentially) on a single day and applied to data stacks acquired on different subsequent days.
Figures (a) and (c) show data acquired from multiple days with 10 repeated stacks plotted for each
day, with all data from a single day plotted in the same colour. Figure reproduced from (Lightley et
Al., 2022) ittt et e et e e bt et e e ea e e aat e e bt e b e e bt e nbeeereeente e te e teesreesreenns 170
Figure 6.13. Plot of predicted vs actual defocus for 10 through focus axial z-stacks, with each z stack
plotted in a different colour (a, c), and the corresponding mean of the residual errors (b, d) when
using the aggregate CNN training sets, acquired over a period of 10 days and applied to
measurements undertaken on a subsequent day for the short-range and long-range models
respectively. Figure reproduced from (Lightley et al., 2022)......cccceeiiviiiiiiiiiei e, 171
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Figure 6.14. Plots of the prediction error vs known initial defocus for 10 measurements at each
defocus position. The right-hand column shows same data as left-hand column on expanded vertical
scale. (a) shows data for applying only the short-range model, (b) shows data for only applying the
long-range model and (c) shows the data for sequentially applying the long-range and then the
short-range CNN training models trained with data acquired over 10 previous days. The red band
corresponds to the ~600 nm depth of field of the fluorescence microscope. Box plot shows the
interquartile range of the prediction errors, the orange line shows the mean prediction error, and
the whiskers show any outlier predictions for each of the 10 repeats at the known defocus offsets.
Figure reproduced from (Lightley et al., 2022) .......coooiiiiiiiiee e 173
Figure 6.15. Results obtained when automatically imaging 100 nm diameter fluorescent beads
(TetraSpeck, T7279) arrayed in a 96-well plate (Brooks life Science Systems, MGB096-1-2-LG-L), for
which a through-focus image axial z-stack was automatically recorded in each well. The plate was
traversed following a horizontal (row-by-row) snake pattern. (a-c) show heat maps of the mean
defocus of the beads imaged in each well calculated using PSFj. In the top row, the heatmaps
summarize the results for when (a) only the short-range autofocus, (b) only the long-range autofocus
and (c) the combined 2-step autofocus were employed. The amount of defocus error in each well is
encoded in a colour scale in um, with red indicating that the autofocus failed to locate within +/-

2 um. Where PSFj was unable to determine the defocus of the bead images, or where the mean
defocus was outside the +/-2 um range, the heat map presents a red coloured well with either “Fail”
or the mean (out-of-range) defocus value. In the bottom row (e-g), histograms of the mean defocus
for each well, with bin widths of 100 nm, are displayed for the bead image z-stacks for which PSFj
could determine the defocus. Figure reproduced from(Lightley et al., 2022) .......cccceeeeciveeeeciieennns 174
Figure 6.16. Results obtained when automatically imaging 100 nm diameter fluorescent beads
(TetraSpeck, T7279) arrayed in a 96-well plate (Brooks life Science Systems, MGB096-1-2-LG-L), for
which a through-focus image axial z-stack was automatically recorded in each well. The plate was
traversed following a vertical (column-by-column) snake pattern. (a-c) show heat maps of the mean
defocus of the beads imaged in each well calculated using PSFj. In the top row, the heatmaps
summarize the results for when (a) only the short-range autofocus, (b) only the long-range autofocus
and (c) the combined 2-step autofocus were employed. The amount of defocus error in each well is
encoded in a colour scale in um, with red indicating that the autofocus failed to locate within +/-

2 um. Where PSFj was unable to determine the defocus of the bead images, or where the mean
defocus was outside the +/-2 um range, the heat map presents a red coloured well with either “Fail”
or the mean (out-of-range) defocus value. In the bottom row (e-g), histograms of the mean defocus
for each well, with bin widths of 100 nm, are displayed for the bead image z-stacks for which PSFj
could determine the defocus. Figure reproduced from (Lightley et al., 2022) ........ccceevvevvreereeenee. 176
Figure 7.1. Schematic of easySTORM microscope utilizing optical autofocus. The objective lens was
an oil immersion 1.3 NA 100x lens with a depth of focus of 600 nm. The focal lengths of the other
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was used to label the focal adhesions and the F-actin was labelled using phalloidin-Atto 647. The
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1. Thesis Overview

This thesis reports my work towards a low-cost microscopy platform capable of performing single
molecule localisation microscopy (SMLM) and automated high throughput imaging. SMLM
represents a family of super resolved (SR) fluorescence microscopy techniques that can provide
image resolution beyond the diffraction limit. A key requirement of such microscopes is to maintain
focus during extended SMLM data acquisitions and/or when moving between fields of view (FOV)
during automated microscopy. To this end | developed two different active hardware autofocus
modules able to correct for axial focal drift during long image data acquisitions and to correct for
varying focal positions when moving laterally across multiwell plates. To reduce the cost of
fluorescence microscopy and SMLM, | implemented a low-cost implementation of SMLM
(“easySTORM”) that utilises multimode laser diodes in an open-source instrument built around a
novel low-cost and modular microscope stand (“openFrame”). For this system, | designed and
assembled a computer-controlled multiline fibre coupled excitation laserbank and demonstrated its
efficacy for SMLM, including with recently-commercially-available low-cost cooled CMOS cameras.
These advances enable a research-grade SMLM instrument to be assemble for a component cost of

less than 10% of the cost of a commercial system.

Chapter 2 provides a brief overview of the history of optical microscopy, outlining the photophysics
of fluorescence and the classical diffraction limit for optical microscopy resolution. | then describe
the commonly used (diffraction limited) microscopy techniques, including widefield fluorescence,
laser scanning confocal and multiphoton microscopy, light-sheet microscopy and optical projection
tomography. | then describe the most widely used techniques to achieve image resolution beyond
the diffraction limit, i.e., structural illumination microscopy (SIM), stimulated emission depletion
(STED) microscopy and SMLM, - focussing on stochastic optical reconstruction microscopy (STORM),

which is the technique | employed in this thesis.

In Chapter 3, | describe easySTORM, a low-cost implementation of direct STORM (dSTORM), which is
introduced in Chapter 2. | explain how easySTORM achieves SMLM through the use of low-cost but
high-power multimode diode lasers delivered via multimode optical fibres to provide uniform
excitation over large (>120 x120 um) FOV. By vibrating the multimode optical fibres, the excitation
laser speckle pattern can be time-averaged to produce a uniform power density across a large FOV
that can take advantage of large camera (CMOS and sCMOS) sensors. | demonstrate that
easySTORM can be implemented with a high numerical aperture objective lens to image nuclear

pores with <50 nm resolution using total internal reflection fluorescence (TIRF) illumination, highly
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inclined and laminar optical sheet (HILO) illumination or even epi-illumination. | also demonstrate
the potential of easySTORM to image ultrastructure in renal pathology as an alternative to electron
microscopy, which is the current state of the art for clinical diagnosis. A protocol to immunolabel
frozen or formalin-fixed and paraffin-embedded (FFPE) kidney tissue sections for SMLM using clinical

antibodies and subsequent easySTORM imaging is described as “histoSTORM”.

In chapter 4, | report my work implementing a low-cost open-source SMLM instrument utilising a
robust and modular microscope stand called the openFrame, which was designed to be machined
using standard mechanical workshop equipment (CNC milling machine and lathe) and is composed
of stackable cylindrical layers centred on the optical axis of the microscope. These layers can provide
different functionalities including an excitation layer with dichroic beam splitter and couplings for
various light sources and detection layers coupled to cameras. | developed and built a low-cost,
computer-controlled multiline, multimode optical fibre coupled laserbank utilising high power
multimode diode lasers to provide the excitation for easySTORM. This SMLM instrument is
controlled using the open-source uManager software. An Arduino uno is used to facilitate
communication with the low-cost diode laser controllers that modulate the drive current to the
lasers, provide temperature control and include an inbuilt safety interlock. This chapter also
describes how next generation, low-cost and cooled CMOS sensors can be used to replace more
expensive SCMOS sensors for dSTORM. | demonstrate that cooled CMOS cameras originally
developed for astronomy, can be used for easySTORM and present imaging of nuclear pore
complexes (NPCs) and a FRTL5 Rat Follicular thyroid cell line. The performance of these new cooled
CMOS cameras is characterised and compared with that of commercial sCMOS cameras that are

typically used for STORM.

Chapter 5 presents my development of a hardware based autofocus module that can be
implemented on both the openFrame and standard commercial microscope frames to facilitate
automated imaging and maintain focus during long image data acquisitions. The chapter initially
reviews previously reported autofocus techniques and then describes our initial experiments
exploring a previously published approach that made use of a knife edge to bisect a collimated
autofocus laser beam transmitted through the microscope objective lens and back reflected off the
microscope coverslip to form an “autofocus beam image” on a dedicated camera. In principle, the
degree of defocus can be determined from this autofocus camera image. | replaced this knife-edge
with a slit mask to produce a rectangular beam profile that provided different precision/range in the
two orthogonal axes of the slit but found both approaches to be sensitive to drift and misalignment
of the autofocus laser beam with respect to the knife-edge/slit mask. | then explored the use of

orthogonally orientated cylindrical lenses to collimate a fibre coupled super luminescent diode (SLD)
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laser source to produce an elliptical beam profile with different confocal parameters along the two
respective orthogonal axes. As with the slit mask, the differing confocal parameters of the autofocus
laser beam provided a faster and slower expanding beam diameter along the respective axes,
yielding both a long-range less precise defocus metric and a more accurate metric for the defocus
when near the focus condition. | demonstrated that this new autofocus technique could be
implemented to run in closed loop, and | characterised its performance compared to the earlier

approaches with respect to repeatability, robustness, and response to temperature fluctuations.

Chapter 6 describes an alternative approach to a robust optical autofocus where | developed a
convolutional neural network (CNN) based readout of the autofocus camera image to determine
defocus. Noting that most optical autofocus techniques can be impacted by (thermal or mechanical)
drift of the autofocus laser beam, | found that the CNN based autofocus approach could be trained
over a time period that captured the fluctuations in the autofocus camera image due to
thermal/mechanical drift such that it did not need regular recalibration and provided robust
operation for months. This CNN-based optical autofocus utilises the MobileNetV2 model
architecture and was implemented using tensorflow within a Python conda environment. It
communicates via a socket connection with the java-based uManager 2.0 software. The optical
design of this autofocus set-up was based on the slit mask to produce a rectangular autofocus beam,
which provided robust operation since any drift was taken into account by the CNN. | incorporated
this autofocus system into a commercial motorised epi-fluorescence microscope that | then applied

to explore automated SMLM for super-resolved high content analysis (HCA).

Chapter 7 presents the application of (autofocus-enabled) automated easySTORM to high content
microscopy, utilising the CNN-based autofocus system described in the previous chapter, which was
coupled to a commercial Olympus IX81 microscope stand. | developed a uManager plug-in for
STORM to control the hardware components, including the communication of the python controlled
autofocus module using a socket connection. In two separate demonstration experiments, | applied
automated high throughput SMLM to melanoma WM2664 cells and THP1 cells arrayed in multiwell
plate formats. | also implemented the cylindrical lens-based optical autofocus approach on an
openfFrame-based easySTORM microscope and started work to demonstrate low-cost HCA with two

spectral detection channels.

Chapter 8 provides a summary of my work reported in this thesis, presenting my conclusions and

describing the potential opportunities for future development of the instrumentation presented.
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2. Optical Microscopy

In this chapter, a brief description of the history of optical microscopy will be presented, with a
discussion of fluorescence and the classical diffraction limited resolution limit of conventional optical
microscopes. Next, the most widespread illumination techniques and imaging modalities will be
discussed. Finally, there is a more detailed description of super resolution (SR) imaging modalities

with a particular focus on single molecule localisation microscopy (SMLM).

2.1 Brief History of Optical Microscopy

The history of optical microscopy presented in this section is based on the articles “From
Animaculum to single molecules: 300 years of the light microscope” by Wollman et al (Wollman et
al., 2022), and “Notes on the Early History of Microscopy” by Singer (Singer, 1914). Magnifying
“lenses” have been used as far back as the 1% century. Here glass spheres which were filled with

water were used as lenses to magnify handwritten letters as described by Seneca in A.D. 63.

The term “microscope” was first provided by Giovanni Faber in 1625 to describe a compound
microscope that was developed by Galileo Galilei in 1609 (Wollman et al., 2022). However, this
wasn’t the first microscope ever built. A father and son, Hans and Zacharias Janssen, are believed to
have built the first compound microscope in 1590, which was composed from lenses positioned
within a tube. However, the first people to apply microscopy to investigate biology were Robert

Hooke and Antonie van Leeuwenhoek.

Robert Hooke used a compound microscope, which was composed of three lenses. Hooke used a
candle as a light source and a condenser lens to illuminate a sample and imaged the sample using a
compound microscope formed from 2 lenses. He published his observations, which included his
illustrations of seeds, plants and his famous illustrations of the structure of cork, in Micrographia in
1665 (Hooke, 1665). It was Hooke who first used the term “cell” to describe the pores inside the

cork.

Antonie van Leeuwenhoek made use of single lenses rather than a compound microscope from at
least 1675. Since there were significant optical aberrations in lenses manufactured at this time, van
Leeuwenhoek arguably produced superior results compared to others using compound microscope

designs (Wollman et al., 2022). Antonie van Leeuwenhoek is credited as the first microbiologist and
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it can be argued that he made the discovery of bacteria, cell vacuoles and spermatozoa (Wollman et

al., 2022).

There was significant further development in microscopy at the end of the 19" century when

improvements were made in lens design. This was largely introduced by the work performed by Carl
Zeiss, Otto Schott and Ernst Abbe. Carl Zeiss founded a microscope design company and Otto Schott
was the glass technologist responsible for improving lens design. Ernst Abbe was hired by Carl Zeiss,
and he worked developing the theoretical work describing the diffraction limit for resolution and for

reducing optical aberrations in lens design (Abbe, 1873).

Subsequent important advances in microscopy included phase contrast microscopy (Zernike, 1942a,
1942b) to reveal structures in otherwise transparent cell samples and innovation in labelling
techniques for cell biology, including the development of dyes for colour absorption contrast and
fluorescence contrast. In combination with fluorescence microscopes, the latter yielded molecular
specificity, which was further enhanced through the development of immunolabelling (Coons,
Creech & Jones, 1941; Coons et al., 1942), i.e., using antibodies to label specific proteins. Optical
resolution and contrast were enhanced through the development of confocal microscopy (Minsky,
1957), which provided optical sectioning and enhanced contrast and, when implemented in laser
scanning microscopes (White & Amos, 1987), led to electronic image acquisition and computer-
based image processing. In parallel, the development of electronic cameras combined with
computational image processing further stimulated the development of new optical microscopy
techniques, e.g., facilitating ratiometric imaging (e.g., for spectral or polarisation resolved imaging)
and quantitative phase imaging. The advent of time-resolved detection electronics led to
fluorescence lifetime imaging (FLIM), initially implemented on a laser scanning microscope (Bugiel,

Ko6nig & Wabnitz, 1989).

More recently, Betzig, Moerner and Hell won the 2014 Nobel Prize in Chemistry for the development
of super-resolved microscopy (“nanoscopy”) techniques. Betzig was recognised for inventing a
technique described as photo-activated localisation microscopy (PALM) (Betzig et al., 2006), which
was the first implementation of single molecule localisation microscopy (SMLM), which built on the
single molecule imaging work of Moerner, e.g., (Moerner & Kador, 1989). Hell was recognised for
the invention of stimulated emission depletion (STED) microscopy (Hell & Wichmann, 1994). SMLM
and STED circumvent the diffraction limit in optical microscopes, leading to far-field spatial

resolution below 10 nm. These techniques are discussed below.

Today the combination of advanced light sources and detectors with computational image

processing has led to a wealth of advanced microscopy techniques and sophisticated microscopes at
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the cutting edge frequently cost $100,000 - S1M. The pace of innovation is such that these
expensive complex instruments are superseded after only a few years and their complex design
makes them difficult to upgrade. However, the underlying principles are often relatively simple to
implement if the required software for image data acquisition and analysis is available and this is
driving a growing trend towards open-source microscopy. Open-source software for image
processing, such as ImageJ, is well established but the open sharing of microscope hardware is a

more recent phenomenon.

2.2 High Content Analysis

The use of optical microscopy to study cell biology became a key tool for drug discovery and the
drive to rapidly explore perturbations to cell biology, e.g., in a screen of drug candidates or gene
knock downs, led to the development of automated microscopy platforms applied to arrays of
samples in multiwell plates. The ability to replicate microscopy experiments over thousands of fields
of view in an unsupervised acquisition of image data from samples prepared under essentially
identical conditions but with (replicates of) specific perturbations offers many advantages over

manual microscopy.

In order to achieve high-throughput microscopy, the number of cells that can be imaged, saved,
processed and analysed within a particular time period must be maximised (Oheim, 2011). However,
fluorescence microscopy imaging modalities are often slow and labour intensive. In order to increase
the throughput of imaging, automation needs to be introduced to the sample preparation, sample
handling, the image acquisition and the data management and analysis pipelines. These steps are
part of a linear workflow, which follow on from each other. Therefore, all of them need to be
accelerated otherwise a bottleneck will be introduced, which will limit the amount of data that can
be produced within a certain time period. The total throughput can be increased by either increasing
the speed at which the system can automatically cycle through the workflow or by parallelising the
acquisitions across multiple systems. In order to image multiple conditions faster, samples can also
be prepared in multi-well plates and can allow for more repeats of a phenotype condition faster. The
use of multiwell plates parallelises the sample preparation process. High-throughput microscopy is
important in drug-discovery, where many different conditions or drugs need to be imaged in as short
a period as possible, and as many repeats need to be taken as possible to identify any rare events or
side effects that could occur. By automating the system, the possibility of bias introduced by the

user can be reduced also.
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High-content analysis (HCA) has been made possible due to two major technological advances over
recent decades. The first being the significant hardware improvements including the development of
autofocuses and cell positioning XY stages that have led to robust automated microscopes (Zanella,
Lorens & Link, 2010). The second advance has been the developments in image analysis software.
HCA has been used widely for automated widefield, spinning Nipkow disc (Petran et al., 1968; Guo et
al., 2019; Talbot et al., 2008), line scanning confocal and multiphoton techniques (Barber et al.,

2013; Kumar et al., 2007). These techniques have been sometimes used to acquire spectrally
resolved information involved in fluorescence lifetime (FLIM) and Forster resonance energy transfer
(FRET) high content assays (Gorlitz et al., 2017). However, now there is a growing need to adapt

other advanced microscopy imaging modalities for HCA.

In this thesis, the work developing a low-cost, robust and open-source platform implemented to
enable automated, modular high throughput microscopy is presented, referred to as openHCA. The
system can be adapted for a range of different imaging modalities, either separately or in
combination, but there has been a focus on developing an automated platform for single molecule
localisation microscopy (SMLM) in this thesis. The work describing the development of the platform
is described in detail in chapter 4. One of the key components to automate a multi-well plate or slide
scanning imaging system is to build an autofocus module which is able to maintain focus axially
whilst the slide or plate is being scanned laterally. The development of two hardware autofocus

methods is described in chapters 5 and 6.

2.3 Diffraction limited resolution

The achievable resolution by light microscopes is limited by diffraction. It was Abbe who first
described, when using incoherent illumination, how that in the object space, features are only
distinguishable if the objective lens can collect at least one diffracted order of the illuminating light
which is scattered by those features (Kéhler, 1981). Abbe provided a definition for the numerical
aperture and used this to provide a definition for the diffraction limit of resolution. Abbe explained
that features within a periodic structure, like a diffraction grating, can be resolved provided the
angle of the first diffraction order is within the acceptance angle of the optical imaging system. This

means that the minimum period of a grating that can be resolved is dgppe-

d _ A _ A Equation 2.1
Abbe ™ 5. nsin(a) 2-NA
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Where NA is the numerical aperture, n is the refractive index of the immersion media, A is the

wavelength and «a is the acceptance angle of the microscope objective.

An alternative way to define Abbe’s resolution limit is by describing the maximum intensity spatial

frequency that can be transmitted by an optical imaging system, kppe-

2-NA Equation 2.2

kappe = 1

There are alternative definitions provided for the achievable resolution of a microscope. One of the
definitions is the Rayleigh definition for resolution (Rayleigh, 1879). Diffracted light collection is
limited by the circular apertures within a typical objective lens. This corresponds to a spatial
frequency cut-off, which results in point sources in a sample that scatter the illuminating light, to
appear as spots in the image with a bright central peak surrounded by concentric rings. These
“spots”, corresponding to the images of infinitely small point like objects with spatial frequencies
being limited by a circular aperture function, can be described using a mathematical function called
an Airy function - the theoretical explanation of which was first presented by George Airy in 1835
(Airy, 1835). The Airy disk is composed of a bright central intensity peak with surrounding dimmer
disks. The term given for the image of a point source formed by an optical instrument is described as
the point spread function (PSF) and gives the spatial resolution of the instrument — which is

diffraction limited for an ideal microscope.

Rayleigh provided a criterion, known as the “Rayleigh Criterion”, to describe the resolution limit in
telescopes. The criterion stated that two separate point objects could be considered to be
distinguished if the separation between the two maxima of their two respective Airy functions was
not smaller than the distance between the Airy function peak and its first minimum (Rayleigh, 1879).

This provided the following equation describing the Rayleigh resolution.

0.61-4 Equation 2.3
dRayleigh = W

Commonly, the diffraction limited resolution of a microscope can also be described in terms of the
full width half maximum (FWHM) of the PSF. A Gaussian distribution is commonly used as an
approximation for the central peak of the Airy function and to describe the PSF. By fitting a Gaussian

function to the image of a sub diffraction limited size object, it is possible to measure the FWHM and
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therefore quantify the resolution. The lateral resolution, as defined using the FWHM, is given using

the following equation

_051-2 Equation 2.4
dFWHM_xy - W

The relationship, for a Gaussian function, between the FWHM and the standard deviation, o, is given

by the following expression.

FWHM = 22-In(2) o Equation 2.5

In order to not lose information in an image - the PSF needs to be adequately sampled by the
detector according to the Nyquist criterion (Nyquist, 1928; Vesely, 2007). In order to achieve Nyquist
sampling of a peaked function, the pixel size in image space needs to be less than half the size of the
FWHM of the PSF (ideally 2.3 times smaller than the PSF FWHM (Pawley, 2006)). There is no benefit
to oversampling beyond this requirement and, if the pixel size is made smaller, the size of the FOV

being imaged may be reduced.

2.4 Fluorescence

The emission of light from a substance is referred to as luminescence, which can be categorised as
either fluorescence or phosphorescence (Lakowicz, 2011). In fluorescence, electrons excited to a
singlet excited state in an atom or molecule relax to the ground state by emitting a photon. Since the
electron in the excited singlet states have opposite spin to the electron present in the ground state,
the transition is allowed by the Pauli-exclusion principle (Pauli, 1925) and so this emission of a
fluorescence photon will happen quickly, with a typical fluorescent lifetime on the order of 10 ns
(Lakowicz, 2011). The fluorescence lifetime is the average time taken for a fluorophore to return to
its ground state after being excited. Molecules that can fluoresce are referred to as fluorochromes
and the component of the molecule which can fluoresce is described as a fluorophore (Murphy &
Davidson, 2012). The fluorophore may be conjugated with a larger macro-molecule, serving as a
fluorescent label for that macro-molecule. Fluorophores can absorb (excitation) photons over a
finite range of wavelengths, called the excitation spectrum and will emit (fluorescence) photons over

a finite wavelength range, referred to as the emission spectrum. Excitation and emission spectra can
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have a single or multiple peaks that correspond to transitions between possible excited electronic

energy levels and the ground state of the fluorophores.

Phosphorescence also involves the relaxation of an electron from an excited state back to the
ground state. However, in phosphorescence, the electron relaxes from an excited triplet state. This
means that the transition to the ground state is spin-forbidden because the electron in the excited
state has the same spin orientation as the electron in the ground state. Hence, the lifetimes for
phosphorescence decays are longer than for fluorescence and are on the order of microseconds to
seconds (Lakowicz, 2011; Murphy & Davidson, 2012). Both the processes of fluorescence and

phosphorescence are shown in the Jablonski diagram in Figure 2.1.

The Jablonski diagram shows the available electronic energy states that fluorophores can occupy and
hence indicates the available transitions. Energy increases along the vertical axis to higher energy
levels. Sy, S; and S, represent the ground, first and second singlet states respectively. Within each
electronic state, the fluorophore can occupy a number of different vibrational energy levels. There
may also be rotational energy levels associated with the electronic energy levels, which will be more
closely spaced than the vibrational energy levels. These vibrational energy levels are represented on
Figure 2.1 by the lines marked 0,1,2. In equilibrium, the rotational and vibrational energy levels will
be populated according to the Boltzmann distribution. The energy difference between the electronic
states Sy and S; is large enough such that the fluorophores cannot populate S; through thermal
excitation whilst at room temperature, hence, to induce fluorescence, absorption of a photon is
needed to excite the fluorophore from the ground state to a higher energy level. The energy of the
absorbed photon is given by, E = hvy,,, and is equal to the energy gap between the ground state

and a higher energy electronic state.

After a photon is absorbed, fluorophores are excited (within 10%s) to higher rotational/vibrational
levels of the first or higher electronic energy levels. The fluorophores then usually relax to the lowest
rotational/vibrational level of the first excited singlet state via non-radiative processes of internal
conversion and vibrational relaxation on a time scale of 10?2 s (Lakowicz, 2011), which is much
shorter than typical fluorescence lifetimes (~10® s). Hence, fluorescence emission will occur from the

lowest rotational/vibrational states of S; to one of the rotational/vibrational levels of the ground
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state Sp through the emission of a photon with energy E = hvj. Fluorophores will then rapidly (<~10°

12 5) thermalise to the lowest rotational/vibrational levels.
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Figure 2.1. A Jablonski diagram showing the processes of fluorescence and phosphorescence.
The ground state is S, S; and S, are the first and second excited singlet states. T; is the first
excited triplet state. Non radiative processes are indicated by dashed lines.

Since the initial internal conversion and/or vibrational relaxation occurs rapidly compared to the
fluorescence lifetime, emission generally occurs from the lowest vibrational/rotational state of S1.
The loss of energy during the initial (fast) relaxation means that the fluorescence photons will
generally have lower energies than the absorbed photons —and therefore longer wavelengths. This
phenomenon is referred to as the Stokes Shift (Stokes, 1852), which can be characterised by the
difference between the maxima of the excitation and emission spectra of a fluorophore (Murphy &
Davidson, 2012). The shift can be over 200 nm, as is the case for porphyrins, or be on the order of
10 nm, as is the case for fluorescein, which has a shift of approximately 25 nm (Murphy & Davidson,
2012). A second general observation of fluorescence is referred to as Kasha’s rule (Kasha, 1950),
which states that the same fluorescence emission spectrum is observed regardless of the excitation
wavelength. This is because, regardless of the state to which the fluorophore is initially excited, the
emission usually occurs from the same lowest rotational/vibrational states of the first excited energy
level. Another observation of fluorescence is that the emission spectrum is usually a mirror image to
the absorption spectra of the S, to S; transition (Lakowicz, 2011). The similarities between the

spectra occurs because the nuclear geometry is not changed significantly when the fluorophore is in
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an electronic excited state, so the rotational/vibrational energy levels in the first electronic excited

state have similar spacings to those seen in the ground state.

As can be seen in Figure 2.1, the fluorophores in S;can also undergo a process called “intersystem
crossing”. Here, the fluorophore undergoes a spin conversion, such that the fluorophore is now in
the first triplet state T;. However, the transition from the triplet T; state to the ground state S is
spin forbidden, so the emission time from the triplet state is orders or magnitude longer than
fluorescence. The emission from the triplet state to the ground state is described as
phosphorescence. Typically, phosphorescence photons have lower energy than fluorescence

photons and therefore longer wavelengths.

A fluorophore can also de-excite from the singlet excited state or the triplet excited state through

non-radiative decays which are indicated by a dashed line in Figure 2.1.

Quantum yield, or quantum efficiency, is used to characterise fluorophores and is defined as the
ratio of the number of emitted photons compared to the number of absorbed photons (Lakowicz,
2011). A higher the quantum yield of a fluorophore means that it will have a brighter emission for a
given number of absorbed photons. The quantum yield can be defined in terms of the radiative

decay rate of the fluorophore, k,., and the non-radiative decay rate, k,,-:

ky Equation 2.6

szr+knr

The emission of a photon through fluorescence is a stochastic process with a sub-Poissonian
probability distribution over excitation/de-excitation cycles (Osad’ko, 2005). The lifetime, t, of the
excited fluorophore is the average time the fluorophore is in the excited state before de-exciting via
any of the multiple possible decay paths back to the ground state and can also be given in terms of

the radiative and non-radiative decay rates:

1 Equation 2.7

Tk ko,

For a population of excited fluorophores, e ~* (37%) of the population will still be in the excited state
after one fluorescence lifetime. For most fluorophores used in microscopy, this upper state lifetime

(fluorescence lifetime) is on the order of 1 - 10 ns.

Fluorophores can be classified as either intrinsic or extrinsic. Intrinsic fluorophores occur naturally

within the sample, whereas extrinsic fluorophores are introduced to the sample, e.g., to specifically
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target and label a structure of interest. Most biological samples do not inherently provide sufficient
convenient fluorescence contrast, so extrinsic fluorophores may be required to distinguish specific

cellular or tissue components.

One of the most common techniques for extrinsic labelling is via the use of antibodies, which can
achieve highly specific labelling of individual target protein structures of interest (antigens). These
antibodies can be chemically conjugated with a large variety of convenient fluorophores, such as
visibly fluorescing organic dyes including rhodamine, Alexa fluor and cyanine dyes (Samanta et al.,
2019). These dyes can either be conjugated to primary or secondary antibodies. However, the cell
membrane is not permeable for antibodies. Hence samples need to be fixated and permeabilised,

which means that antibody-conjugated dyes cannot be used inside living cells.

Another fluorescence labelling technique makes use of genetically expressed fluorescent proteins
(FPs). FPs are created by genetic modification techniques such that target proteins tagged with FP
are made within the cell (Kremers et al., 2011). This allows for live cell imaging as the FP labels are
intrinsic. The first FP discovered was the green fluorescent protein (GFP) in 1962 during the study of
the bioluminescent properties of the Aequorea Victoria jellyfish (Shimomura, Johnson & Saiga,
1962). Then the gene was cloned in 1992 (Prasher et al., 1992), and used to track gene expression in
bacteria (Chalfie et al., 1994). GFP was then modified to produce different coloured FPs including
cyan (CFP), and yellow (YFP). Since then, further proteins have been discovered to provide more
colours of FP at longer wavelengths including Orange (OFP) and Red (RFP) (Davidson & Campbell,
2009). The downside of using FPs, is that they are generally larger than synthetic dyes (Kremers et
al., 2011) and may alter the function of the proteins to which they are attached. For example, the
fluorescent dye Alexa Fluor 488 has a molecular weight of 643 Da (Paés, 2014), whereas a
fluorescent protein like GFP has a molecular wight of ~27000 Da and has a cylindrical shape of 4.2nm

in length and 2.4nm in diameter (Hink et al., 2000).

Fluorescence quenching and photobleaching are processes that reduce the amount of fluorescence
produced by a fluorophore. In quenching, the fluorescence is decreased due to a reduction of the
guantum efficiency — usually through an increase in the rate of non-radiative decay processes — and
so fewer photons are emitted for each photon absorbed (Murphy & Davidson, 2012). Quenching can
be caused by interactions of the fluorophore with other molecules, for example quenching can occur
with proximity to a different molecule, as is the case in Forster resonance energy transfer (FRET)
(Lakowicz, 2011). FRET occurs when the emission spectrum of a donor fluorophore overlaps with the

absorption spectra of another acceptor fluorophore in close (<~10 nm) proximity and a dipole-dipole
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interaction couples the donor and acceptor fluorophore excitation. The FRET efficiency has a strong

molecule separation, r, dependency, scaling by a r~° factor (Lakowicz, 2011).

Photobleaching is a photochemical process that breaks covalent bonding, which can result in the
permanent loss of the fluorescent ability of a fluorophore (Murphy & Davidson, 2012), and is more
likely when a fluorophore is in an excited state. Photobleaching typically involves the conversion of
an excited singlet state electron to a triplet excited state. Since the lifetime of a triplet state is
longer, due to its spin-forbidden decay pathway, it is then more likely that a chemical reaction with
its surroundings can occur. The average time it takes for a fluorescent species to bleach varies
greatly. Photodynamic photobleaching is a subclass of photobleaching, in which the fluorescent
species interacts with both light and oxygen molecules (Murphy & Davidson, 2012). These reactions
with oxygen will permanently prevent fluorescence and can produce a highly reactive free-radical
oxygen species. These free radicals are cytotoxic, and such “phototoxicity” can compromise live cell
imaging experiments. They can also permanently bleach other fluorophores in the sample.
Therefore, the concentration of oxygen in the sample will impact the rate of photobleaching.
Photobleaching can be minimised by limiting the light dosage delivered to the sample through

reducing the exposure time or using a lower excitation power.
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Figure 2.2. Diagrams showing different illumination techniques for microscopy imaging; (a)
widefield epi-fluorescent illumination, (b) light-sheet illumination, (c) illumination for optical
projection tomography (OPT), (d) confocal microscopy illumination, (e) multi-photon excitation




2.5 Optical Microscopy Imaging Modalities

This section will provide an overview of the most widely used optical microscopy modalities, for

which the most commonly used sample illumination techniques are depicted in Figure 2.2.

2.5.1 Brightfield Microscopy

The simplest form of optical microscopy is brightfield microscopy where a thin sample is trans-
illuminated with white light that is scattered or absorbed by the sample. The transmitted light signal
will vary across the sample depending on its thickness, structure and refractive index. The
transmitted light within the collection NA of the objective lens is relayed to a camera sensor using a
tube lens to form an image with a magnification determined by the ratio of the effective focal
lengths of the objective and the tube lenses. The regions in the sample with increased scattering
and/or absorption will appear darker in the image. Brightfield microscopy does not provide high
contrast in unlabelled biological samples (which are mostly transparent in thin sections) and is
frequently used with absorbing dyes (such as haematoxylin and eosin) to stain specific tissue
components. Alternatively, phase contrast techniques may be used to highlight structural
components of transparent biological samples (Zernike, 1942a, 1942b; Park, Depeursinge &
Popescu, 2018; Mehta & Sheppard, 2009; Tian & Waller, 2015; Kalita et al., 2021). In general,
brightfield and/or phase contrast microscopy cannot provide the specificity or sensitivity of

fluorescent microscopy.

2.5.2 Widefield fluorescence microscopy

Brightfield and phase contrast microscopy techniques form images based on heterogeneity in the
absorption, refractive index and birefringence within a sample. In general, fluorescence microscopy
modalities can achieve higher (e.g., single molecule) sensitivity and molecular specificity, thanks to
targeted labelling, enabling sub-cellular structures and specific molecular distributions to be imaged
within a sample. Critically, the Stokes shifted emission of the fluorophores enables fluorescence
emission to be detected at a different wavelength from the excitation radiation, which can be

blocked so that weak fluorescence signals are imaged background-free.
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The simplest form of fluorescence microscopy is widefield epifluorescence microscopy as
represented in Figure 2.2(a). One of the most important advances that led to practically useful
fluorescence microscopes was the development of interference filters and dichroic mirrors. These
were used in 1967 to create a vertical epi-illuminator that could use interchangeable dichroic
mirrors, depending on the dye being used, for fluorescence microscopy (Ploem, 1967). The
excitation filter in a fluorescent microscope ensures that only a well-defined spectral range of
illumination for inducing fluorescence reaches the sample, and the dichroic mirror and emission
filter block the excitation light from reaching the detector whilst transmitting the longer wavelength
(Stokes-shifted) fluorescence. With modern low nose detectors, this background-free imaging of

fluorescence provides single molecule sensitivity.

In an epi-fluorescent microscope, the sample is illuminated and imaged through the same lens.
Often, a laser will be used as an excitation source for fluorescence microscopy because its narrow
spectral range can efficiently excite a specific fluorophore. The wavelength of the excitation source
should be as close to the absorption peak of the targeted fluorophore as possible, without
overlapping with the desired detection spectral window. A broader spectral source, such as a lamp
or light emitting diode (LED) can be used if an appropriate excitation filter is chosen to limit the

excitation spectrum to a narrower band.

In the set up shown in Figure 2.2(a), the excitation source is imaged to the back focal plane (BFP) of
the objective lens. This means that for the sample in the focal plane above the objective lens, the
image of the excitation source is at infinity, leading to a uniform illumination across the FOV. This
illumination technique is called Kéhler illumination (Kohler, 1893, 1894). The objective lens is used to
both illuminate the sample and collect the fluorescent emission within its numerical aperture (NA).
Until the 1980s, microscopes were mostly designed to operate with an eyepiece separated by a
mechanical tube from the objective lens (Murphy & Davidson, 2012), the length of which was
standardised to 160 mm. This microscope design was not intended for (real) image detection using a
camera and the fixed tube length between eyepiece and objective lenses made it difficult to
introduce additional optical components between the eyepiece and the objective lens, since this
would change the optical path and could introduce spherical aberration into the microscope
(Murphy & Davidson, 2012). This could be addressed using additional lenses and optical

components, but this would likely change the magnification and potentially introduce aberrations.

Today, most microscopes are configured as an “infinity-corrected microscope”, as developed by a
German microscope manufacturer called Reichert (Murphy & Davidson, 2012). Here, the objective

lenses are designed such that fluorescence emitted from each point in the sample is collimated and
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a tube lens is then used to form a real image of the sample in its BFP. This can serve as an
intermediate image to be imaged by the eyepiece or it can be the image recorded on a detector. The
region between the tube lens and the objective lens is called the “infinity space” and in this region

additional optical components can be inserted without introducing optical aberrations.

The dichroic mirror is positioned in the infinity space and used to reflect the excitation source to the
sample while transmitting the fluorescence emission to the detector. The tube lens forms a

magnified image of the sample on the detector.

One drawback of widefield illumination is that the entire 3D sample is illuminated and, for a thick
specimen, out of focus light will also be collected by the objective lens. This means there can be a
large out-of-focus background fluorescence signal in the acquired images. For this reason, wide-field
microscopy is usually applied to thin samples and thick samples must be cut into thin “sections”

before imaging.

2.5.3 Confocal Microscopy

Out of focus fluorescence can increase the background signal and reduce the contrast when imaging
extended samples using widefield microscopy. This can be addressed using “optical sectioning” that
only forms an image from light from the focal plane of the microscope. For a thick fluorescent
sample, light emitted from above and below the focal plane needs to be rejected. This can be
realised using a confocal microscope as depicted in Figure 2.2(d). Epi-illumination is once again used,
meaning the light source and detection optics are both on the same side of the sample. An
illuminating laser beam fills the NA of the BFP of the objective lens and a diffraction limited spot is
formed on the sample. This diffraction limited spot can be raster scanned in the plane perpendicular
to the optical axis to acquire 2D image data and if in addition the sample or objective is scanned

along the optical axis then 3D image data can be acquired.

Fluorescence excited by the point illumination is collected by the objective lens and transmitted
through the dichroic beamsplitter to be focussed by the tube lens onto the detector. A pinhole
aperture is placed in front of the detector at a conjugate plane to the focused raster scanned spot at
the sample. This aperture performs spatial filtering to block most of the out of focus fluorescence
from reaching the detector, as is shown in Figure 2.2(d) where the out of focus fluorescence is
depicted in dark green. For any finite sized pinhole, some out of focus fluorescence will pass through

the pinhole and reach the detector, which can create a small background fluorescent signal. If there
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are multiple scattering events in the sample, these can result in more out-of-focus emission passing

the pinhole and reducing the amount of in-focus light passing the pinhole.

The pinhole is positioned just before a photomultiplier tube (PMT) that produces an analogue or
digital voltage signal that is proportional to the fluorescent intensity recorded (Murphy & Davidson,
2012). The voltage signal is binned at regular time intervals to record an array of image pixel data on
a computer. The image is formed by acquiring each pixel sequentially and displaying the data on a
monitor. In order to raster scan the sample quickly, a pair of galvanometric (galvo) mirrors may be
used to sweep the excitation beam in orthogonal directions across the FOV. The speed of the galvo
mirrors is negligible compared to the speed of light, so the excitation light and emitted fluorescent
light will follow the same optical path. Hence, the fluorescence light passes back though the

scanning mirrors to the stationary pinhole before the detector. This is called de-scanned detection.

Since the excitation light is focused onto the sample, the maximum intensity at the sample is usually
larger than for widefield illumination. This means that confocal microscopy can lead to increased
photobleaching of the sample and greater phototoxicity for live cell imaging. The technique is also
usually slower than widefield imaging as the detection spot needs to be point scanned to
sequentially acquire the image pixel data. This makes the technique less appropriate for live imaging,
since the sample could move during a single image acquisition, or for high content microscopy

where the aim is to image as many cells as possible within the shortest time.

In confocal microscopy the resolution is dependent on both the emission and excitation wavelength
as well as the NA of the objective lens. It also depends on the size of the pinhole used and the raster
scan speed, since these parameters determine whether the PSF is adequately sampled. As the
pinhole size is reduced, the transverse and axial spatial resolution approach the confocal diffraction
limit, which is approximately 1.4 times better than widefield microscopy for an ideal (infinitely small)
pinhole (Murphy & Davidson, 2012). The equations for confocal lateral and the axial full width at half

maximum resolutions for widefield and confocal microscopy are given below (Wilson, 2011b)

4 _037-2 Equation 2.8
Confocal_xy — W

Equation 2.9

A
dConfocal_Z = 064ﬁ

Equation 2.10

A
dwidefield_z = 089%
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where n is the refractive index and A is wavelength. However, an infinitely small confocal pinhole
would pass negligible signal to the detector. In practice, the confocal pinhole is often set to a width
corresponding to the FWHM of the Airy function of the microscope, which results in similar lateral
resolution to widefield microscopy and an axial sectioning strength close to the PSF FWHM for wide-
field diffraction-limited imaging (Wilson, 2011b). Although, confocal and widefield have similar
resolutions, conventional widefield illumination is non-sectioning. The sectioning ability of confocal
microscopy is its ability to image only the regions, within a 3D sample volume, that are within a thin
section around the focal plane (Wilson, 2011a). In conventional widefield microscopy, out of focus
light contributes to a constant background and reduces the contrast of the image. The optical
sectioning can be defined in terms of the attenuation of spatial frequencies with defocus. For
conventional widefield fluorescence microscopes, the non-zero spatial frequencies attenuate with
defocus, but the zero spatial frequency component does not attenuate. Meaning that the spatially
uniform background signal does not change. However, in confocal microscopy, all the spatial
frequencies attenuate as defocus is introduced, including the background fluorescence. This means
that the confocal microscope can only image fluorescence from within the optical in-focus plane and

this is what leads to the improved optical sectioning ability of confocal microscopes (Wilson, 2011b)

To increase the imaging speed, the sample can be scanned by multiple beams in parallel using a
spinning Nipkow disk scanner (Petran et al., 1968) rather than raster scanning a single point. A
modern Nipkow disk has thousands of pinholes that are arranged in an outward spiral pattern. The
commercial Yokogawa spinning disc microscopes incorporate a two-disk design comprising a top disk
with a microlens array that rotates together with a lower disk of pinholes. The top disk of
microlenses focuses incident collimated light through the pinholes on the lower disk, which greatly
increasese the efficiency with which excitation light reaches the sample. The pinholes of the second
disk are in conjugate planes with the sample and a camera sensor. There is a dichroic mirror
positioned between the two disks that transmits the focused excitation light from the microlens
array but reflects the fluorescent emission which has passed the pinhole disk. The performance of
the Yokogawa CSU-10 spinning disk confocal relative to a standard scanning confocal was reviewed
by Wang et al. (WANG, BABBEY & DUNN, 2005). The advantage of the spinning disk approach is that,
since multiple excitation spots are formed and imaged simultaneously, the acquisition time to image
a sample is decreased and the whole FOV can be imaged at comparable rates to widefield
fluorescence if the disk scanning is synchronised to the camera’s frame rate. However, one

disadvantage is that there can be crosstalk between the pinholes; this limits the suppression of out-
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of-focus light when imaging extended samples and the suppression of scattered light when imaging

scattering samples.

2.5.4 Multiphoton Microscopy

The depth to which a microscope can image with high resolution into thick tissue is limited by the
scattering of light. For confocal microscopy, excitation light is scattered reducing the power in the
focussed spot. Scattering of fluorescence photons produces interpixel crosstalk at wide-field
detectors and increases the number of out-of-focus photons reaching a confocal detector. The
predominant form of scattering in biological samples is Mie scattering (Mie, 1908) because the cells
and sub-cellular structures are larger than the wavelength of the light. The amount of scattering
decreases with wavelength, and the number of un-scattered photons in an optical signal decreases
exponentially with sample thickness. The mean free path (MFP) is defined as the average distance a
photon can travel in tissue between two scattering events occurring, i.e., the distance an average
photon will travel without being scattered in tissue (Ntziachristos, 2010). For tissue, the MFP is
approximately 100 um. Therefore, in order to ensure the majority of photons are not scattered the
imaging depth and sample thickness needs to be less than this for widefield microscopy. In widefield
microscopy, tissue with a thickness of 10-20 um is commonly used to ensure that only a small
proportion of the photons are scattered and hence a high-resolution image can be formed
(Ntziachristos, 2010). Confocal and multiphoton microscopy techniques are able to image more
deeply into tissue up to tens or hundreds of microns deep into the sample (Ntziachristos, 2010).
Both confocal and multiphoton microscopy have their penetration depths limited by the transport
mean free path (TMFP). The TMFP considers not just the MFP average distance between scattering
events but also the average angle of scattering in each scattering event. The TMFP describes the
average distance a photon travels before it loses its relationship with its initial propagation direction.
The TMFP can be tens of times greater than the MFP (Ntziachristos, 2010). Confocal microscopy can
achieve penetration depths of on the order of 2-3 MFP and multiphoton microscopy can achieve
penetration depths of 3-4 MFP. Multiphoton microscopy is able to image to greater depths in
biological tissue because it uses excitation radiation at longer wavelengths, usually in the infrared
region: in two-photon microscopy, instead of absorbing a single photon, two longer wavelength
(lower energy) photons are absorbed simultaneously by a fluorophore to excite an electron and
induce fluorescence, as is depicted in Figure 2.1. Two-photon absorption was described theoretically

by Maria Goppert-Mayer in 1931 (Goppert-Mayer, 1931). For most dyes used for fluorescence
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microscopy in the visible spectral range, the photons absorbed in two-photon excitation are in the
near infrared (NIR) region of the spectrum. Biological tissues are less scattering for longer
wavelength NIR light - with approximately half as many excited photons being scattered for every
100 pm of tissue (Murphy & Davidson, 2012). A further consideration is that tissue absorption in the
visible is usually significantly higher than in the NIR, so excitation at longer wavelengths is less
attenuated. Tissue autofluorescence is also more efficiently excited at shorter wavelengths, so using
NIR excitation can reduce the unwanted background signal associated with autofluorescence.
Multiphoton microscopy is able to penetrate to about twice the physical distance than confocal

microscopy (Ntziachristos, 2010).

Multiphoton excitation is a non-linear process as more than one photon is absorbed, but only a
single photon is re-emitted. The probability of multiple photons being absorbed simultaneously
depends on the light intensity at the fluorophore. Two-photon and three-photon excitation
probabilities are proportional to the square and the cube of the excitation intensity respectively. To
reach the high intensities needed to generate practically detectable signals, the excitation sources
used for two-photon microscopy are usually femtosecond pulsed lasers, which provide high peak
intensity from a low average power laser beam. Mode locked Ti:Sapphire lasers are most commonly
used for two-photon excitation and two-photon excitation was first demonstrated in 1990 by Denk

et al. (Denk, Strickler & Webb, 1990) .

The square relationship of the light intensity and two-photon excitation probability means that to
increase the rate of two-photon excitation by a factor of 4, the excitation intensity needs to be
increased by a factor of 2 (Murphy & Davidson, 2012). The highest excitation light intensity will be at
the focus of a beam where there is the greatest photon density, and so the two-photon fluorescence
signal will fall off quadratically away from the focal plane. This provides improved optical sectioning
compared to confocal microscopy in biological tissue, as well as increased imaging depth. The laser
scanning microscope design for multi-photon excitation is shown in Figure 2.2(e). It is similar to a
laser scanning confocal microscope, but the pinhole is no longer needed as all of the fluorescence
can be considered to originate from within the focus of the excitation source at the sample.
Removing the pinhole improves the detection efficiency as scattered fluorescence photons are not

blocked from reaching the detector.

Since longer wavelengths are used for excitation, the optical resolution of a multiphoton microscope
could be expected to be worse compared to confocal microscopy (Zipfel, Williams & Webb, 2003).
However, since two-photon excitation has a square dependence on excitation intensity, the effective

PSF is the square of the conventional PSF. Therefore, the optical resolution for a two-photon
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microscope is the square of the intensity point spread function, IPSF?. This volume of the IPSF? is
less than a femtolitre (Murphy & Davidson, 2012). The resolution for two-photon excitation 1/e

widths are estimated by the following formula (Zipfel, Williams & Webb, 2003);

0.320-1 0.23-2 Equation 2.11

d2pE xy ® 2% NA N for NA < 0.7
0.325-1 E ;
N quation 2.12
dopE xy = —\/f < N A0S for NA = 0.7
0.532-1 1
dzpE, * N m] Equation 2.13

The IPSF? have been calculated based on the work presented by Richards and Wolf (Richards, Wolf &
Gabor, 1959). The above estimates come from gaussian fits of the lateral and axial intensity squared
profiles from the calculated IPSF? (Zipfel, Williams & Webb, 2003). Important to note these are the
1/e widths and the equations given above are for the FWHM. In principle, the achievable resolution
of a multiphoton microscope is the same as an ideal confocal microscope but will use longer

wavelengths.

Since the excitation wavelength is longer, the resolution achievable is slightly worse compared to
confocal microscopy when imaging the same fluorophore. Multiphoton microscopy has a much
lower photon efficiency, meaning that the number of excitation photons is much higher than the

number of emission photons, than confocal microscopy and so imaging is usually slower.

2.5.5 TIRF Microscopy

TIRF (total internal reflection fluorescence) microscopy uses evanescent waves to excite
fluorescence in fluorophores situated within ~100 nm into the sample above the coverslip (Murphy
& Davidson, 2012). TIRF microscopy makes use of total internal reflection (TIR). TIR can occur when
light in a higher refractive index medium is incident at an interface with a lower refractive index
medium. If the angle of incidence exceeds the “critical angle”, then the light will be totally reflected
at the interface. However, although the light is reflected at the interface between the different

refractive index media, there is an evanescent wave formed along the interface. The electric field of
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this evanescent wave decays exponentially with perpendicular distance away from the surface over
a scale of ~100 nm (Axelrod, Burghardt & Thompson, 1984) and can excite fluorophores situated
sufficiently close to the interface. Since TIRF microscopy does not excite fluorophores further than
~100 nm into the sample, it provides wide-field optical sectioning with an axial extent below the

diffraction limited depth of field.

As illustrated in Figure 2.3, TIRF is commonly achieved by focusing an excitation laser beam to the
edge of the back aperture of a high NA TIRF objective lens — usually an oil immersion lens. This
means the collimated beam transmitted by the objective lens is highly inclined at the coverslip and

will undergo TIR if the angle of incidence is greater than the critical angle defined by Snell’s law

nysindy =n, sinf, Equation 2.14

- np
Oc =sin™ (—) wheren, <n,

ny Equation 2.15

Where 0. is the critical angle, 1 and 2 refer to the first and second media either side of the interface

and n is refractive index. For a glass water interface, the critical angle of incidence in the glass is:

— cin-1 E)z -1 (1'333)~ €90 Equation 2.16
6. = sin ( sin 118~ 1.07 rad = 62

However, the sample refractive index can range from ~1.33 —1.38. Before entering the glass
coverslip, the excitation beam passes through the objective lens and the immersion fluid (n3),
positioned between the objective and the coverslip, and must satisfy the condition n;>n;,. Snell’s law

states that:

nqsinf. = ny, = nysinfr Equation 2.17
Hence to achieve TIRFM,
ny >n, Equation 2.18
Where n; sin 8 is the NA of the TIRF objective lens.

Therefore, an objective lens with NA higher than 7 is needed for TIRF. The cytosol in cells has a

refractive index of n; ~1.38 and the NA of the TIRF objective lens needs to be larger than this to
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accommodate the angular divergence of the excitation beam. Immersion oil is commonly used as
the immersion media because it typically has a refractive index of 1.52 and matches that of the glass
coverslips. Qil objectives therefore permit a higher NA to be achieved compared to water or silicone
oil immersion objectives and this provides a larger annular area at the back focal plane of the
objective that can be used couple excitation in to achieve TIR. A minimum practical NA for a TIRF

objective lens is approximately 1.45.

The internally reflected beam propagates back through the objective lens but the evanescent wave
at the glass/aqueous sample interface can excite fluorophores near the coverslip. TIRF can provide a
high signal to background ratio because there is no out-of-focus fluorescence to contribute to the
background signal and this has been exploited for single molecule imaging. In addition, there is low
phototoxicity as so little of the sample is exposed to the excitation radiation. However, TIRF can only
be used to image structures very close to the coverslip and TIRF objective lenses are usually

expensive, so it is a specialised form of microscopy.

A related technique is called highly inclined and laminated optical sheet (HILO) microscopy
(Tokunaga, Imamoto & Sakata-Sogawa, 2008), for which the excitation beam is incident at the
coverslip at a large angle of incidence (i.e., highly inclined) but at an angle below the critical angle.
The collimated beam from the objective lens refracts at the interface with the lower refractive index
(aqueous) sample and propagates at a shallow angle to the coverslip through the focal plane of the
objective lens. This produces a thin sheet of excitation across the field of view. Thus, HILO can
improve SNR compared to conventional widefield fluorescence microscopy by only illuminating part
of the sample near the focal plane. It has the advantages that it can be used with lower NA (and
therefore lower cost) objective lenses than TIRF and it can be used to image fluorophores further
from the coverslip. Unlike TIRF, which provides optical sectioning beyond the diffraction limit, the

thickness of the optical section is limited by diffraction.
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2.5.7 Light sheet Microscopy

Optical sectioning of a sample can be achieved without scanning by using a thin light sheet to
selectively illuminate a section of the sample: Selective plane illumination microscopy (SPIM)
(Huisken et al., 2004), is typically implemented by focusing a collimated Gaussian excitation laser
beam in one direction using a cylindrical lens to produce an optical sheet to illuminate a sample and
imaging with a separate objective lens along a different (orthogonal) direction. A simple
configuration of SPIM is shown in Figure 2.2b. Unlike widefield and confocal fluorescence
microscopy where the illumination and detection paths coincide and use the same objective lens,
the selective illumination of a thin sheet through the sample (arranged to be in the focal plane of the
detection objective lens) means that optical sectioning can be achieved with minimal out-of-focus
fluorescence or photobleaching. Furthermore, the use of widefield detection in SPIM means that the
imaging rate can be much faster than for laser scanning techniques such as confocal or multiphoton
microscopy. The sample can then be scanned axially through the excitation light sheet to image the
sample in three dimensions. A disadvantage of SPIM is that the illumination optics (e.g., cylindrical

lens) needs to be mounted in the same plane as the sample, which is not compatible with
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Figure 2.3. Diagram showing TIRF illumination (orange), HILO illumination (green) and widefield
epi-illumination (blue) for a high numerical aperture oil immersion objective (NA=1.45). An
evanescent field extends for a few hundred nanometres above the interface between the coverslip
(n=1.518) and the sample media (n=1.33-1.38) for TIRF illumination. The HILO illumination
excitation beam is introduced at a smaller radial distance from the centre of the back focal plane
compared to TIRF. HILO can illuminate to greater depths than TIRF.
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conventional epifluorescence microscope designs or standard mounting of samples on microscope

coverslips or in multiwell plates.

Besides SPIM, there are other approaches that realise optical sectioning by illuminating a section
within a sample with a thin sheet of excitation light and imaging from a different direction to the axis
of excitation. These techniques are described as light sheet fluorescence microscopy (LSFM, of which
SPIM is an example). The earliest report of LSFM was in 1903 (Siedentopf & Zsigmondy, 1903), in
which the technique was described as ultramicroscopy. An important variation of LSFM is oblique
plane microscopy (OPM) (Dunsby, 2008) where, unlike SPIM, the sample is illuminated and imaged
using the same objective lens. In OPM a light sheet emerging at a high angle from a high NA
objective lens illuminates the sample with an oblique light sheet (similar to HILO microscopy) and
the fluorescence from the sample is collected using the same objective lens with the imaging axis at
90 degrees angle to the excitation light sheet. Since OPM illuminates and images a sample using the
same objective lens, it can be implemented on a conventional microscope frame using standard
sample mounting techniques, including coverslips and multiwell plates. Recently, OPM has been
extended to dual view OPM (dOPM) (Sparks et al., 2020), where two orthogonal views of the sample

can be acquired using the same objective lens.

2.5.8 Optical projection Tomography

Optical projection tomography (OPT) (Sharpe et al., 2002; Sharpe, 2003) is often described as being
an optical analogue of x-ray computerized tomography (CT) (Davis et al., 2018). In OPT, a sample is
rotated through 360 degrees and widefield 2D projection images are acquired at different rotation
angles. The illumination technique for fluorescent OPT is shown in Figure 2.2c. As in computerized
tomography, the 3D structure of the sample is reconstructed from these projection images, usually
using a filtered back projection algorithm (Sharpe et al., 2002; Sharpe, 2003; McGinty et al., 2008).
This assumes parallel ray projection and requires the depth of field (DOF) of the imaging system to
extend at least halfway through the sample (allowing the full volume to be reconstructed from a
complete rotation). OPT can be used with transmitted light, using absorption, or scattering as a
contrast mechanism, or can be a fluorescence imaging technique. In order, to acquire projection
images throughout the sample, it needs to be transparent and so the sample may need to be
chemically cleared to reduce optical scattering. To reconstruct the 3D structure without
undersampling artefacts, hundreds of projection images typically need to be acquired when using

filtered back projection. It is also imperative that the sample is static during the acquisition of the
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projections through the full rotation to avoid motion blurred artefacts. OPT can image a range of
sample sizes (by adjusting the depth of field of the imaging system) and is widely used for 3D
imaging of (~1 -10 mm thick) mesoscopic (semi-transparent) samples such as chemically cleared
animal organs (Sharpe et al., 2002; Bryson-Richardson et al., 2007) or in-vivo studies of small
organisms such as Drosophila (Vinegoni et al., 2008) or zebrafish (McGinty et al., 2011; Kumar et al.,

2016).

When imaging in vivo samples, the animal needs to be anaesthetised during imaging to reduce
motion. It is important to minimise the amount of time that an animal is anaesthetised to reduce
any side effects involved in the anaesthesia and reduce the risk of motion during the acquisition.
Also, when reducing the imaging time, the light dose to the sample is also reduced which decreases
photodamage and photobleaching. Therefore, it is advantageous to reconstruct the structure from
fewer projections. However, if the number of projections is reduced significantly below the
Shannon-Nyquist minimum sampling requirement, streak artifacts are introduced into a filtered back
projection reconstruction (Davis et al., 2018). The effects of using fewer projections can mitigated by
using compressed sensing techniques (Correia et al., 2015) although these iterative reconstruction
techniques are slow and introduce significant computational cost. Convolutional neural network
(CNN) reconstruction techniques have also been shown to produce streak free reconstructions of
under sampled OPT data (Davis et al., 2018). Recently, low-cost single-shot OPT imaging of in vivo
swimming zebrafish embryos has been demonstrated (Darling et al., 2022) using 4 cameras to
capture 8 simultaneous projections of a 1 mm diameter volume at the camera frame rate. Here the
sample no-longer needs to rotate as the cameras are arranged surrounding the sample and the
undersampled OPT data can be reconstructed using either iterative compressive sensing algorithms

or machine learning.

2.6 Super resolution modalities

As described previously by Abbe, the achievable resolution of a microscope is classically limited by
the diffraction limit dppe = A4/(2 - NA). This limits the lateral resolution of a widefield fluorescent
microscope to about 200 nm and the axial resolution to about 500 nm, depending on the NA of the
system and the emitted wavelength. Even for point scanning techniques using high NA oil objectives
(NA > 1.4), the diffraction limited spot will have an area on the order of 200-300 nm? (Murphy &
Davidson, 2012). This means that all the fluorophores within the diffraction limited PSF of the

excitation spot will be excited simultaneously and will all emit fluorescence. This limits the distance
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over which two fluorophores can be resolved to on the order of 200 nm. However, research into
super resolution light microscopy modalities has allowed the resolution of microscopy techniques to
overcome the diffraction limit. In this section, some of the most common super-resolved microscopy

imaging modalities are presented.

2.6.1 Structured illumination microscopy

Structured illumination microscopy (SIM) (Gustafsson, 2000) is described as a super-resolution
imaging technique and can achieve lateral resolutions of up to 100 nm and axial resolutions on the
order of 300 nm. SIM is able to achieve a maximum of a 2-fold increase of resolution compared to
diffraction limited wide-field microscopy (Murphy & Davidson, 2012) by extending the spatial
frequencies that can be collected by a given microscope objective lens beyond the normal region of

support.

In SIM a high spatial frequency sinusoidal excitation pattern is projected onto the sample. This can
be done in a variety of ways that include projecting the first order (and sometimes also zero order)
diffracted beams from a grating onto the Fourier plane of the objective lens or by using a spatial light

modulator (SLM) (Kner et al., 2009).

In frequency space in 2D, the edge of the region of support of the objective can be represented by a
circle, with the lowest spatial frequencies near the origin and higher spatial frequency components
further from the origin. The radius of the region of support is given by Abbe’s spatial frequency

diffraction limit

2-NA Equation 2.19

Where K, describes the highest spatial frequency component that can be transmitted by an

objective.

Within the region of support, the transmission of each spatial frequency is modulated by the optical

transfer function (OTF).

In SIM, the high spatial frequencies introduced by the structured illumination mix with the spatial
frequencies in the sample. One consequence of this is that the high frequency components in the

sample that are usually outside the region of support will mix with the projected grating spatial
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frequencies to produce new spatial frequency components that are within the region of support and

NI

-
N

(a) (b) (c) (d)

Figure 2.4. The concept of Gustafsson’s method for SIM. (a) Region of support for the
microscope. Low spatial frequencies are at the origin and higher spatial frequencies are further
from the origin. The edge of the region of support is given by Abbe’s limit and represents the
maximum spatial frequency that can be resolved by the microscope. (b) Fourier transform of a
coherently illuminated sinusoidal grating with the +1% orders positioned at the edge of the back
aperture of the objective (c) the extended observable region with two offset regions
demonstrating frequencies that have been shifted by Moiré fringes (d) The extended OTF formed
from three rotations of (c) formed by using different orientation and phase of the illuminated
pattern, it is possible to recover spatial frequencies up to twice that defined by Abbe’s diffraction
limit. (Images recreated from those presented by (Gustafsson, 2000))

therefore detectable as lower spatial frequency structures contributing to the recorded image. This
effect is referred to as Moiré fringes. Since the frequency of the projected grating sinusoidal pattern
is known, it is possible to extract the information about the sample’s spatial frequency components
outside the region of support from the recorded Moiré fringes. Because the maximum spatial
frequency of the grating that can be projected onto the sample is itself limited by the region of
support of the objective lens, this technique allows access to higher resolution information for
spatial frequencies up to twice the cut-off frequency, thereby doubling the diffraction limited

resolution.

The concept of SIM is shown in Figure 2.4 demonstrating the increase in spatial frequency space
which is accessible in the observable region and the increased resolution. SIM is still a diffraction
limited imaging technique but provides resolution beyond the Abbe limit established for wide-field

microscopy.

A recorded SIM image is the sum of the Moiré fringes and the normal diffraction limited image. In
order to separate out and extract the higher spatial frequency components and reconstruct a
“super-resolved” imaging of the sample, it is necessary to acquire multiple images with different
phases of the grating projected onto the sample. This will only improve the spatial resolution along
the direction perpendicular to the projected grating fringes and so this procedure should be applied

with at least three grating orientations/angles to obtain a complete super-resolved SIM image. It is
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possible to access the spatial frequency up to twice the original limit defined by Abbe’s diffraction
limit. If the grating illumination pattern is formed by the two first order diffracted beams from a
grating, then three images are required to be recorded at different grating phases in each direction
(i.e., 9 images in total for three grating orientations). This will provide a super-resolved SIM image
but not optical sectioning. If three beams (i.e., zero and two first order beams) are used to project
the grating pattern on the sample, then the grating will have spatial frequency components in the
axial as well as the lateral directions. It is then necessary to acquire 5 images at different grating
phases in each direction (i.e., 15 images in total) to reconstruct an optically section super-resolved
SIM image. Thus, SIM potentially provides faster imaging than laser scanning confocal microscopy
and better resolution, but is slower than wide-field imaging with more

photobleaching/phototoxicity.

2.6.2 Stimulated emission depletion microscopy

The first demonstrated super-resolved microscopy technique was stimulated emission depletion
(STED) microscopy (Hell & Wichmann, 1994) — a technique that utilises the concept of reversible
saturable (or switchable) optical fluorescent transitions (RESOLFT). This concept was originally
presented by Stefan Hell and exploits the ability to reversibly switch fluorophores between “on” and
“off” states in order to achieve super resolved imaging far beyond the diffraction limit. An “on” state
is a fluorescent state and an “off” state is a long-lived stable dark state. For STED microscopy, the
fluorophore ground state is the “off” state and the excited singlet state is the “on” state.

Fluorophores are switched off by stimulated emission back to their ground state.

STED can be considered an extension of laser scanning fluorescence microscopy that reduces the
excitation PSF below the diffraction limit to improve the spatial resolution. The super-resolved image
is acquired pixel by pixel. STED makes use of co-aligned laser beams at wavelengths appropriate for
excitation and stimulated emission of the sample fluorophores, with the depletion beam having a
hollow (“doughnut-shaped”) profile in the focal plane. The power of the depletion beam is set to
induce stimulated emission of excited fluorophores from the excited singlet state with a higher
probability than de-excitation by fluorescence, such that it effectively switches off the fluorescence.
The centre of the doughnut shaped depletion beam is aligned to overlap with the central peak of the
(Gaussian profile) excitation beam and so stimulated emission depletes the outer rim of the
excitation beam but not the central region. This results in a narrower excitation PSF — the width of

which depends on the power in the depletion beam. Usually, the two laser beams are pulsed to
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provide high peak power at much lower average power and the sample is excited first with the
excitation pulse and then the depletion pulse. The excitation pulse is shorter than the depletion
pulse, so that the excited fluorophores in the depletion region undergo stimulated emission back to

the ground state before they get a chance to relax via fluorescence.

The size of the STED excitation PSF scales with the power in the depletion laser beam. As the
depletion beam’s intensity increases, the achievable resolution increases but there is also increased
photodamage and photobleaching to the sample. Lateral resolutions on the order of 50 nm can be
achieved with typical (organic dye or fluorescent protein) fluorophores. It is also possible to achieve
axial super resolution using an appropriate depletion beam profile (Klar et al., 2000). As a laser
scanning microscopy technique, STED is slower than SIM but can achieve better spatial resolution
than SIM and since it can be implemented with confocal or multiphoton microscopy, it can provide
optical sectioning to a deeper depth in biological tissue than other super-resolved microscopy

techniques and has been demonstrated in vivo (Rankin et al., 2011).

2.6.3 Single molecule Localisation microscopy

Today the most widely used (and arguably easiest) super resolution approach is the family of
techniques called single molecule localisation microscopy (SMLM), which can be implemented on a
standard widefield epi-fluorescence microscope. SMLM works on the principle that the position of a
single emitting fluorophore can be determined to a greater precision than the width of the PSF if its
emission can be assumed to be from a single fluorophore. Typically, this can be done by fitting the

recorded image (“PSF”) of each emitter to an Airy function or Gaussian model. The precision to
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Figure 2.5. Image of a PSF distribution from a single fluorescent emitter recorded by a pixelated
sensor. A small shift in the emitter’s lateral position results in a noticeable asymmetry in the
measured pixel digital number values. A Gaussian can be fitted to these distributions to give a
prediction of the localisation to sub-pixel precision. Image from Small et al. (Small & Stahlheber,
2014)

which the centre of the PSF can be determined is limited by the size of the PSF and the number of
photons collected. Therefore, if the emission PSF from the many fluorophores in a sample can be
detected separately, e.g., by temporally distinguishing overlapping PSF, the resolution of the whole
image can be improved by at least an order of magnitude, i.e., down to ~20-50 nm (Murphy &
Davidson, 2012). The emission from different fluorophores is separated in SMLM by causing the
fluorophores to emit stochastically (i.e., “blink”), such that there is a low probability that
fluorophores located within the size of the PSF do not emit at the same time. The desired sparse
blinking can be provided by putting all the fluorophores into a dark (non-emitting) state and
stochastically switching them on using light of an appropriate wavelength and intensity. In SMLM,
many thousands of frames of sparse fluorescence PSF are acquired and the fluorophores in each
frame are localised such that a full image can be reconstructed from the co-ordinates of all the

individual PSF - in a manner similar to the artistic painting technique called “pointillism”.

SMLM was first demonstrated to provide super resolved imaging of cells by Eric Betzig et al. in 2006
using a technique called photo-activated localisation microscopy (PALM) (Betzig et al., 2006). In the
same year Hess et al. also published a fluorescence photoactivation localization microscopy

technique (Hess, Girirajan & Mason, 2006) and a different SMLM technique called Stochastic Optical
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Reconstruction microscopy (STORM) (Rust, Bates & Zhuang, 2006) was developed by Rust et al.,
which used photo-switchable dyes to stochastically switch the fluorophore emission. Many SMLM
techniques have been subsequently demonstrated with most of the innovation around the
mechanism of inducing the stochastic switching of the fluorophore emission. Three of the most
common SMLM techniques in current use are outlined below. Since SMLM can be implemented in a
simple epifluorescence microscope, it currently provides the simplest, lowest cost and most

widespread approaches to super-resolved microscopy.

PALM can be implemented with photoactivable or photoconvertible fluorophores. Photoactivatable
fluorophores are irreversibly switched from a dark “off” state to a fluorescent “on” state (Lelek et al.,
2021), usually using a high photon energy UV activation laser (e.g., at 405 nm). Before being
activated, the fluorophores are all in a stable dark state and a random subset of the fluorophores is
activated upon irradiation with a short pulse of UV excitation. The fluorophores can then be excited
using a longer wavelength laser source and their emission localised to determine their spatial co-
ordinates. Once this subset of fluorophores has been localised, they are photobleached using the
excitation laser source and then another subset of fluorophores can be activated. This process is
repeated for thousands of frames until all the fluorophores have been activated, localised, and
bleached. The co-ordinates of the individually localised fluorophores are then used to reconstruct a
super-resolved image of the sample by convolving a model PSF with the co-ordinate map obtained
from the thousands of acquired frames. PALM was originally demonstrated using photoactivatable
fluorescent proteins like PA-GFP (Lukyanov et al., 2005) which uses a A,¢¢_,,n, = 405nm and
Aon—orf = 488nm. There are also photoactivatable fluorescent dyes include photochromic
rhodamine amides (Bossi et al., 2008) and the silicon rhodamine PA Janelia Fluor dyes (Grimm et al.,

2016).

The same approach is used for photoconvertible fluorophores, such as photoconvertible fluorescent
proteins which can irreversibly switch between from one spectral state to another under irradiation
(Lelek et al., 2021). Eos is a photoconvertible protein which can be switched from green emission to
red emission by illumination with a 15z = 405nm laser source. These Eos protein spectral states
are respectively excited at 488 nm and 561 nm. The shorter wavelength can be used to first focus
the sample and then acquire a widefield fluorescence image before the protein is photoconverted to
enable the PALM acquisition. Once again, the proteins need to be bleached after imaging for

localisation before another subset of proteins are activated.

STORM makes use of reversible photo-switching to provide temporal separation of emission from

individual fluorophores. STORM was first demonstrated by Rust et al. (Rust, Bates & Zhuang, 2006)
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Figure 2.6. Schematic of first implementation of STORM. Cy5-Cy3 dye switch pairs are used to
label a sample. The Cy5 dye is all initially switched to a stable dark state using a high power
633nm pulse. A random subset of fluorophores are switched to the on-state after illumination by
a 532nm source. The sample is then re-excited by a continuous 633nm source exciting
fluorescence before the cy5 dye returns to the dark state. The fluorophores that have emitted
are localised. Then another subset of fluorophores is switched to the “on” fluorescent state by
the 532nm source. This cycle repeats until all the fluorophores have been localised. Figure
adapted from Rust el al. (Rust, Bates & Zhuang, 2006)

using photo-switchable cyanine dyes (Bates, Blosser & Zhuang, 2005; Heilemann et al., 2005). Cy5
dye molecules can be switched reversibly between a fluorescent “on” state and a dark “off” state
using two different wavelength lasers. A red laser source at 633 nm, which excites fluorescence from
the Cy5 dye, switches the Cy5 dye to a stable dark state and a green, 532 nm laser source can
reversibly switch the Cy5 back into a fluorescent “on” state. The recovery rate to switch the dye back
into the fluorescent state is dependent on the proximity of a Cy3 dye (Bates, Blosser & Zhuang,
2005). Therefore, a Cy3-Cy5 dye pair are used in combination as a photo-switch between the “on”
and “off” states. In Rust et al.’s first implementation of STORM, the dyes are all initially switched into
the dark state using a high-power pulse of the 633 nm laser source. Then the green, 532nm, laser is
used to switch “on” a random small subset of fluorophores whose PSF have low probability to
overlap. These fluorophores are then irradiated at 633 nm until they have switched off again. The
emission from the “on” fluorophores is used to localise their positions. This process is then repeated
thousands of times for different random subsets of fluorophores before the dye is permanently

photobleached. The process is illustrated in Figure 2.6.

Another implementation of STORM is direct STORM or “dSTORM”, which was presented by
Heilemann et al (Heilemann et al., 2008) and also by Félling et al., who described in as “ground-state
depletion and single-molecule return” (GSDIM) (Folling et al., 2008). dSTORM makes use of only a
single photo-switchable dye, in the presence of chemical reducing agents, and a single laser source

rather than the dye pair and multiple sources described above. Some common classes of dyes used
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for dSTORM include carbocyanines (Dempsey et al., 2009), rhodamines and oxazines (Heilemann et
al., 2009). The labelling strategies that are commonly used in dSTORM include immunolabelling,
where a primary antibody targets a specific antigen and a secondary antibody, which has the
fluorophore attached, targets the primary antibody and the use of chemical tags. Examples of
chemical tags used for dSTORM include SNAP-tags (Keppler et al., 2003) and Halo-Tags (Los et al.,
2008).

The process involved in the redox induced photo-switching of dyes into a dark state during dSTORM
is shown in the Jablonski diagram in Figure 2.7. A fluorophore is excited from the ground state, S,
into one of the higher energy excited states. The fluorophore will then de-excite, through internal
conversion and vibrational relaxation, back to the lowest vibrational energy level of the first excited
state ;. From here the fluorophore can either undergo fluorescence or a non-radiative de-
excitation and return to the ground state, or through the non-radiative process of intersystem
crossing, the fluorophores can cross into a long-lived triplet-state (Endesfelder & Heilemann, 2015).
In dSTORM, reducing agents are introduced which match the redox potential of the fluorophores
and make it possible for an electron transfer to happen. When the fluorophore is in the presence of
a thiol group, a reducing agent, the fluorophores are reduced from the triplet state to form a radical
anion, F "~ (van de Linde et al., 2011). This is the “off” state used in the dSTORM process. The
fluorophore is stable in this state, in aqueous solution, for up to potentially hours. The fluorophore
can return to the ground state either through reaction with oxygen or irradiance with high energy
UV excitation. Some fluorophores, like Atto 655, are able to be fully reduced to the leuco-form of the
fluorophore, FH (Kottke et al., 2010). From here, they can return to the ground state through

reaction with oxygen.

In order to control the number of fluorophores in the fluorescent “on” state and those in the dark
“off” state, the concentrations of reducing agent and oxygen needs to be carefully adjusted. This is
done by using a STORM buffer solution. In order to have a long-lived dark state, the oxygen
concentration needs to be controlled using an oxygen scavenging agent such as the oxyrase enzyme.
Otherwise, if there is a high oxygen concentration, the fluorophore will quickly de-excite from the
dark state back to the ground state. The return of the fluorophore from the dark state is a random
stochastic process. Therefore, provided the conditions have been optimised, under irradiance from
the excitation laser, a subset of the fluorophore emitters will be in the fluorescent “on” state and the

rest will be in the dark stable “off” state.

Another commonly used SMLM technique is “points accumulation for imaging in nanoscale

tomography” (PAINT) (Sharonov & Hochstrasser, 2006). Here the sample sits in a solution of
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fluorophores that are able to transiently bind and unbind to the target protein. This can be
combined with DNA origami to enable reversible specific binding of labelled oligonucleotides to DNA
nanostructures (DNA-PAINT) (Jungmann et al., 2010). In DNA-PAINT a docking strand is
immunolabelled to a biological target and an imager strand is conjugated with an organic dye. The
imager strand is able to freely diffuse within the imaging buffer. The imager strand and docking
strand are single-stranded DNA oligomers (Schnitzbauer et al., 2017). The unbound imager strands
generally do not appear in the imaged frames because they diffuse freely over multiple camera
pixels during a single frame. When the imager strands transiently bind with the docker strands, they
become temporarily stationary and will appear as single emitter in the image, which can then be
localised. The time the imager strand is bound is dependent on the stability of the formed DNA
duplex between the strands. The emitter will stop emitting fluorescence to be imaged by the sensor
when it photobleaches. The fluorophores still emit if the strands transiently unbind, but it is moving
faster than the exposure time of the camera and hence is not localised to a fixed position. The influx
rate of new imager strands will determine the frequency of new binding events. Since the
fluorophores can be repeatedly replaced from the buffer, the maximum achievable number of

photons received from a target is not limited by photobleaching in DNA-PAINT.

SMLM performance can be compromised by several factors. There are many different algorithms
that are used for the fitting of single fluorophore localisation data, e.g., (Sage et al., 2019, 2015;
Small & Stahlheber, 2014) and the accuracy of these localisation algorithms can be affected by the
amount of noise in the CMOS or EMCCD sensors being used and by the effects of dipole orientation
of the fluorophores (Engelhardt et al., 2011). In order to localise a single emitter, the PSF needs to be
sampled with at least twice its spatial frequency width to satisfy the Nyquist criterion (Sauer, 2013;
Legant et al., 2016), which requires that the size of the detection pixels in the camera cannot exceed
half of the FWHM of the magnified PSF. In the absence of noise, a single emitter being imaged by
either a sCMOS or EMCCD sensor would appear as a continuous distribution, with the greatest
digital number being recorded near the centre of the fluorescence intensity distribution. The fact
that the PSF is being sampled by the camera pixels will result in a pixelated distribution as shown in
Figure 2.5. However, it is still possible to fit a Gaussian to the pixel values and give a prediction of the
emitter position to less than the size of a pixel. The detected photons in the fluorophore images will
have shot noise and may be distributed within the recorded PSFs over multiple frames according to a
normal distribution that will limit the precision of the localisation algorithm to determine the
emitter’s spatial co-ordinates. The standard deviation of the estimates of the fluorophore position

across multiple frames gives a measure of the precision of localisation (Deschout et al., 2014).
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A further factor that can degrade the localisation precision is the amount of background
fluorescence contributed by out-of-focus fluorophores, which will add further noise to the recorded
PSF images. A non-uniform fluorescence background may shift the predicted positions of some
fluorophores towards brighter regions of the frame (Small & Stahlheber, 2014). Most single
molecule localisation algorithms can account for uniform background, although it will reduce the
SNR and the accuracy of the localisation prediction, but accounting for a non-uniform distribution is
more difficult. Another challenge for SMLM is that the assumption only a single fluorophore is “on”
in its local vicinity may not be valid. Some localisation algorithms aim to address overlapping
fluorophore PSF but generally the precision will be worse than if the fluorophore PSF are well
separated. A final consideration is that aberrations in the optical system can change the shape of the
PSF. If the aberrated PSF is significantly distorted, then fitting to a Gaussian model PSF will be

compromised.

The achievable resolution, R, of a SMLM is hard to determine, however it cannot be better than the
Cramér—Rao lower bound (CRLB) (Kay, 1993). An approximation for the CRLB limit to resolution,
R;,c, is described below (Lelek et al., 2021).

Ry = 2Y2I02 0y ~ 23550, Equation 2.20

Where g, is the localisation precision where the system is shot noise limited. The R}, is the
FWHM value of a gaussian fit calculated from the gy, as the standard deviation. The CRLB is a way
to estimate the localisation precision, but it generally overestimates the actual precision. The CRLB
can be calculated in terms of g, the standard deviation of a Gaussian fit to the PSF and N, the
number of photons collected by the camera, whilst assuming that the camera noise and camera

pixelation can be neglected (Lelek et al., 2021):

0o .
Oloc = \/_ﬁ Equation 2.21

0.512 i
FWHM = Zm% _ = Equation 2.22

This means that the achievable resolution is dependent on the NA of the objective lens, the

wavelength of the light used and most importantly the number of photons collected from a specific
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fluorophore. For typical wavelengths and fluorophores, g, is on the order of 100 nm and N = 10%-10*

photons (Lelek et al., 2021).

e = 1 — 10nm Equation 2.23

However, this is an over-estimate on the achievable precision for a SLM technique. This does not
take into account the effects from using a Gaussian fit for the PSF, read noise, background
fluorescence, pixelization and dipole orientation. A more accurate description of the localisation

precision is given by (Mortensen et al., 2010)

2 a?
% +(ﬁ) (E 87T002b2> Equation 2.24

Tloc = N 9 t aznz

Where a is the pixel size and b is the background intensity. The CRLB provides the maximum

achievable resolution for localisation algorithms.

In order to localise the position of a fluorophore, most localisation algorithms fit the recorded
fluorophore PSF to a Gaussian model. These algorithms will usually use an iterative process to
determine the fitting parameters and need a metric of the quality of the fit. The most common
techniques to quantify the goodness of fit are least squares criterion (LS) and maximum likelihood
estimation (MLE) (Small & Stahlheber, 2014). LS estimations are able to fit to the PSF without any
knowledge of the camera’s noise and the error is calculated in the following manner (Small &

Stahlheber, 2014):

(data — predicted fit)? Equation 2.25
pixels expected variance of data

Sum of squared errors = Z

The parameters of the fit are varied to minimise the sum of squared errors.

MLE (Kay, 1993) is less biased for low numbers of detected photons but is computationally more
demanding and is able to approach the limit of CRLB when a sufficiently high SNR is achieved (Small
& Stahlheber, 2014).

ThunderSTORM (Ovesny et al., 2014), WindSTORM (Ma, Xu & Liu, 2022) and Picasso (Schnitzbauer et

al., 2017) are examples of single molecule localisation algorithms.
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ThunderSTORM is implemented as an open-source plug-in for ImagelJ and offers a variety of different
processing and post-processing techniques. The approximate molecular positions are determined by
applying low pass and band pass filters to the recorded PSF image data. The sub-diffraction and pixel
localisation is performed by either computing the centroid of the local neighbourhoods, by a radial
symmetry technique or by fitting a function to the PSF. The lateral drift of the sample during the
acquisition can be corrected for by either tracking fiducial markers (Balinovic, Albrecht &
Endesfelder, 2019) or using cross-correlation of different time segments (Mlodzianoski et al., 2011).
ThunderSTORM is implemented on the CPU. This means it is slower than some newer GPU-based
techniques but the throughput of SMLM localisation can be increased via a parallelized
implementation of ThunderSTORM on a high-performance computing cluster (HPC) (Munro et al.,

2019). This is important if SMLM is to be scaled to an HCA modality.
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Figure 2.7. Jablonski diagram showing the energy levels involved in dSTORM. A fluorophore is
excited to the first singlet state S; from the ground state S, under excitation from a single laser
source. Then it can either fluoresce or undergo intersystem crossing into a triplet state T;. In the
presence of a reducing agent, e.g., a thiol, the triplet state can be reduced to a radical anion

F " ~.This is the very long lived dark “off” state of the dye used in dSTORM. The fluorophore can
then return to the ground state through either irradiance by UV light or interaction with oxygen.
Some dyes can be fully reduced from the radical anion state to the leuco-form of the fluorophore
(FH). From here they can react with oxygen to return to the ground state S,

WindSTORM uses a non-iterative linear deconvolution fitting approach that can achieve high density
and high-speed emitter localisation (Ma, Xu & Liu, 2022) while minimising image artifacts and
improving the localisation accuracy by using a background subtraction method based on extreme
value-based emitter recovery. WindSTORM also applies an inverse deconvolution and frequency

truncation step to remove noise frequencies above the PSF limit of the microscope and identifies
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overlapping fluorophore PSF by finding their local maxima. WindSTORM can be implemented using a
CPU or a GPU.

Picasso is a GPU implemented localisation algorithm which was developed in Python. It is available
as an integrated downloadable software package composed of standalone modular components
with graphical user interfaces (Schnitzbauer et al., 2017). The components are called “Localize”,
“Filter”, “Render, “Average”, “Design” and “Simulate”. The Localize component uses a spot
identification algorithm that uses image gradient. This is done to reduce the impact of non-uniform
background. The local maxima are first detected by finding the pixels with the highest count for the
local vicinity. The local vicinity is defined by a square box with a user defined pixel side length. The
net gradient is calculated around the local maximum for each box. The net gradient of a localisation
is the sum of intensity flow toward the centre of the spot (Schnitzbauer et al., 2017). This is
approximately proportional to the signal photons. Then there is a user defined threshold for the net
gradient which decides which spots will be further considered for fitting or be disregarded. After the
boxes have been determined, they are the inputs for a maximum likelihood fitting procedure. After
fitting, the localisations can be filtered using the “Filter” component and rendered using the

“Render” component software.

There are also 3D localisation algorithms that make use of axially varying PSF. Traditionally the
required axial variation is induced by adding astigmatism to the microscope PSF using a cylindrical
lens positioned in front of the camera (Huang et al., 2008) . By first imaging a z-stack of fluorescent
sub diffraction limited beads, it is possible to provide a calibration of the axial variation of the PSF
and predict the axial localisation of fluorophores from the shape of their recorded PSF. Alternatively
a spatial light modulator can be used to engineer an axially varying PSF such as the double helix PSF

(Pavani et al., 2009) .

2.7 Conclusion

In this chapter, there was a brief overview of the history of optical microscopy, followed by a
presentation of the photophysics involved in fluorescence and the classical diffraction limit
definition for resolution. Some commonly used microscopy illumination and imaging modalities
were briefly described, including conventional widefield epifluorescence, confocal, light-sheet
microscopy, multiphoton microscopy, and OPT. Some commonly used super resolution modalities

were also presented, including SIM, STED and SMLM (focusing mainly on STORM). There are many
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more imaging modalities that are not included in this introductory chapter, which provide further

scope for development, including MinFlux (Gwosch et al., 2020) and correlative imaging approaches.
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3. EasySTORM

This chapter describes easySTORM (Kwakwa et al., 2016), a low-cost implementation of dSSTORM
(Heilemann et al., 2008; Folling et al., 2008) that was developed in our laboratory at Imperial and
which | used throughout my PhD project. easySTORM utilises multimode laser diodes and multimode
optical fibres and provides uniform high power (~1 W) illumination across a large FOV

(~125 x125 um). Taking fuller advantage of large sSCMOS or CMOS camera sensors, this enables many
more cells to be imaged in a single FOV than is possible in many commercial microscopes, which is
convenient for high content analysis. easySTORM can be implemented for wide-field
epifluorescence, HILO or TIRF microscopy. This chapter outlines the experimental configurations
used at the start of my project and presents the demonstration of super-resolved imaging of nuclear
pore complexes (NPC) - confirming a lateral resolution below 40 nm — and also describes
histoSTORM, the application of easySTORM to histological samples for pathology, illustrating the

potential to be used in the clinical diagnosis of kidney disease.

3.1 Implementation of easySTORM on commercial microscope frames

dSTORM was adopted in our laboratory as we found it to be the most convenient and flexible SMLM
technique in terms of sample preparation and image data acquisition. It can be implemented on
most widefield capable fluorescence microscopes using just one excitation laser wavelength to
provide the required stochastic fluorophore blinking. The only requirement for the laser illumination
is sufficient high (typically > = 1-3 kW/cm? (Lelek et al., 2021)) intensity across the field of view,

which should be as uniform as possible.

The use of multimode laser diodes provides excitation power levels in the range of ~0.7- 2 W at
discrete wavelengths (e.g., 405, 462, 470, 525, 635 nm) that are well matched to commonly used
fluorophores including fluorescent proteins and small molecule dyes. This radiation can be coupled
into multimode optical fibres with high (>90%) efficiency using low-cost optical components. As
discussed below, the use of multimode diode laser radiation propagating through a vibrating
multimode optical fibre can provide a relatively uniform flat-top illumination excitation intensity
distribution when the output beam from the optical fibre is focussed to the back focal plane of the

microscope objective lens. While a low-cost dSTORM microscope had previously been reported
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(Holm et al., 2014), easySTORM (Kwakwa et al., 2016) was the first demonstration of the potential to
use multimode laser diodes for SMLM and the first demonstration of SMLM with FOV >100 x100 um.

By propagating multiple collimated multimode diode laser beams, which provide different excitation
wavelengths, into a single multimode optical fibre, it is possible to perform multi-labelled STORM
acquisitions on samples labelled with multiple appropriate fluorophores sequentially or
simultaneously, e.g., (Bossi et al., 2008). easySTORM has been implemented using Vectashield
(Olivier et al., 2013) to mount the samples or using chemical STORM (oxygen scavenging) buffers as
described in chapter 2. For the results described in this thesis, a chemical STORM buffer was used to

mount the nuclear pore complex samples.

easySTORM was designed so that it could be easily implemented on a standard (commercial)
microscope frame without any input required from the manufacturer. Figure 3.1 shows a schematic
of the experimental configuration for easySTORM implemented with laser illumination introduced
via the back port of the microscope frame. Collimated beams from the multimode diode lasers are
coupled into a multimode optical fibre (previously shown to be useful for STORM with single mode
lasers (Kfizek, Raska & Hagen, 2011)) by a 12.5 mm focal length lens inside the laserbank (Comar
Optics 12 DQ 06) and the output from the optical fibre is collimated by lens L1 of 100 mm focal
length (Thorlabs, AC254-100-A). An advantage of using multimode optical fibres rather than single
mode optical fibres is that it is easier to deliver the excitation laser radiation to the microscope
sample with high (>90%) coupling efficiency. Since the core size of the multimode optical fibres used
is typically 50 to 100 um for our STORM systems, the coupling efficiency — and therefore the
excitation power at the sample - is also more robust to misalignment and optical beam drift (e.g.,
due to laboratory temperature variation or the mechanical relaxation of optomechanical
components) compared to when using single mode optical fibres, which typically have a core

diameter of ~5 um.

Lasertack multimode diode laser modules are used as the excitation sources for our implementation
of easySTORM. These laser diode modules make use of anamorphic prism pairs to produce a more
circular collimated beam profile. This helps to maximise the coupling efficiency of the lasers into the
multimode optical fibres. Propagating laser radiation through a multimode optical fibre will typically
introduce a speckle pattern (Goodman, 2007) at the output. This speckle pattern would produce
inhomogeneities in the illumination across the FOV. The resulting variation in power density could
lead to varying SMLM resolution across the FOV. However, it is possible to time average the speckle

pattern over the camera exposure to achieve an effectively uniform illumination across the FOV. This
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can be done by vibrating the multimode optical fibre at a sufficiently high frequency to scramble the

propagating modes within the exposure time of the camera.

Sample | |

6

Objective back
focal plane

Dichroic

Multimode laser
diode laserbank |

openExcite

Microscope frame ,

-

Figure 3.1. Diagram of optical configuration of easySTORM implemented on a standard inverted
fluorescence microscope frame using an openExcite laser excitation module. By adjusting the tip
and or tilt of the mirror (M1) in the openExcite module, the position where the beam focusses in
the back aperture of the objective lens can be adjusted (see inset top right) to switch between
epi-illumination (dashed line), HILO (shaded), or TIRF (solid) if supported by the objective lens. To
realise TIRF, it is necessary to focus the excitation laser within the indicated annular region, 6.
See Figure 4.6 for diagram of multimode laser diode laserbank.

A basic implementation of easySTORM on a standard fluorescence microscope frame (Zeiss Axiovert
200) is shown in Figure 3.1. The laserbank comprises an array of multimode laser diodes and mirrors
and beam splitters arranged to combine their respective output beams into a single beam that is
coupled into a multimode optical fibre (0.1 NA, 100 um core diameter) using a 12.5 mm focal length
lens (Comar Optics 12 DQ 06). The multimode optical fibre is vibrated using a despeckler motor
(Cairn Research Ltd, Despeckler) clamped to the outside jacket of the fibre. The output of the
multimode optical fibre is connected to an openExcite module mounted at the back port of the
microscope frame. This essentially collimates the laser beam from the multimode optical fibre and
steers it using an adjustable mirror (M1) to a lens (L2) that focuses it to the back aperture of the

microscope objective lens via the fluorescence microscope dichroic beam splitter.
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3.1.1. openExcite module

The openExcite module can be assembled from generic components and Figure 3.2 shows a CAD
rendition of the configuration | used that is based on components from Thorlabs costing less than
£700. The list of these openExcite components is publicly available on the Imperial photonics group

website for easySTORM (Kwakwa et al., 2016):

https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/super-

resolved-microscopy/easystorm/.

A copy of the components list is also shown in Appendix A2.

SM1L35

SM1L40

SM1A16
KCB1E/M

BB1-EO2

49-364 (L2)

SM2D25D

SM2A6

SM1L30C

SM1L20
SM1FCA

TR100/M

AC254-100-A (L1)
UPH100/M

Figure 3.2. openExcite CAD rendition (Thorlabs and Edmund Optics component part numbers
indicated)

The laser beam emerging from the optical fibre is collimated by a lens of 100 mm focal length (L1 in
Figure 3.1), and then reflected by an adjustable mirror (M1 in Figure 3.1) positioned in the back
Fourier plane of the excitation tube lens of 200 mm focal length (L2 in Figure 3.1), which focuses the
laser beam to back focal plane of the objective lens to provide reasonably uniform “top-hat"

widefield illumination of the sample. With this combination of multimode optical fibre and lenses L1
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https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/super-resolved-microscopy/easystorm/
https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/super-resolved-microscopy/easystorm/

and L2, the illumination extends over a field of view exceeding 120 um in diameter when using a

100x 1.4NA objective.

Item Supplier Part #
Fibre connector [FC-APC] Thorlabs SM1FCA
1-inch lens tube Thorlabs SM1L20
Slotted 1 inch lens tube Thorlabs SM1L30C
Fibre collimating lens [100mm)] Thorlabs AC254-100-A
1-inch to 2-inch adapter Thorlabs SM2A6
25mm clear aperture iris Thorlabs SM2D25D
SM2 to SM1 adapter Thorlabs SM1A2
90-degree kinematic mount (elliptical hole) Thorlabs KCB1E/M
1" elliptical mirror (EO2 coating) Thorlabs BBE1-E02
100mm post holder Thorlabs UPH100/M
100mm post Thorlabs TR100/M
1-inch lens tube Thorlabs SM1L40
1-inch tube lens tube Thorlabs SM1L35
Tube lens [200mm] Edmund Optics 49-364

Table 3.1. Components list and part numbers used to build openExcite module

The steering mirror, M1, positioned in the back Fourier plane of lens L2, can be used to change the
angle of the excitation beam to implement epifluorescence (when the beam is on the optical axis),
total internal reflection fluorescence (TIRF), or highly inclined and laminar optical sheet (HILO)

microscopy (Tokunaga, Imamoto & Sakata-Sogawa, 2008).

There is a commercial alternative to the low-cost openExcite module that can be provided by Cairn
Research Ltd; the OptoTIRF V2 provides similar functionality to the openExcite module but is
motorised to enable electronic control of the steering of the focussed excitation laser beam in the
back aperture of the objective lens. We have an OptoTIRF V2 unit in our laboratory and sometimes

use this instead of an openExcite module.

3.1.2 TIRF and HILO microscopy
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The mirror M1 inside the openExcite module (or the equivalent mirror in the OptoTIRF V2) can be set
to enable total internal reflection fluorescence (TIRF) microscopy when using a TIRF objective lens by
steering the focussed beam to the outer edge of the back aperture of the TIRF objective lens. TIRF
requires that the angle of incidence of the excitation beam at the coverslip-sample interface should
be greater than the critical angle of incidence such that excitation is confined to an evanescent field
in the lower refractive index medium of the PBS STORM buffer solution. This limits the fluorescence
to a few hundred nanometres above the coverslip, avoiding any background due to out of focus

fluorescence.

To achieve TIRF illumination, the incidence angle at the interface between the sample media and the

glass coverslip needs to exceed the critical angle

Nsample Equation 3.1

sing, =
¢ Ngiass

Where ¢ is the critical angle and # is the refractive index of the sample media or the glass coverslip
respectively. Thus, the excitation radiation should be confined outside a circle in the back aperture

of the objective lens with a radius exceeding (Kwakwa et al., 2016):

. _ Equation 3.2
r 2 f X nglass X Sln(pc - f X nsample q

Where the back focal length of the lens f'can be estimated by dividing the magnification of the

objective lens by the focal length of the standard tube lens.

The outer radius of the back aperture of the objective lens is given by (Juskaitis, 2006):

r=f xNA Equation 3.3
Where 7 is the radius, f is the back focal length of the objective lens and NA is its numerical aperture.

This means the excitation radiation should be confined to an annulus in the back aperture between
the limiting aperture radius and the minimum radius required for TIRF. This width, 67, of this

annulus is described by the following equation:

81 = fF(NA — Ngampie) Equation 3.4

TIRF easySTORM has previously been implemented with an oil immersion TIRF objective lens (Zeiss,
o Plan-apochromat 100x/1.46 oil DIC Vis) with NA of 1.46. Since the refractive index of PBS is ~1.335
and the back focal length of this objective lens is 1.65 mm, the width of the annulus can be

calculated:
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6r = 1.65(1.46 — 1.335) = 0.206 mm Equation 3.5

This annulus is shown by the dotted region in the back aperture of Figure 3.1. Therefore, if the
focussed excitation spot size is ~200 um, then all the laser power can contribute to the easySTORM

TIRF excitation (Kwakwa et al., 2016).

Highly inclined and laminar optical sheet (HILO) microscopy entails illuminating the fluorescent
sample with an inclined beam to increase the signal to background ratio compared to that obtained
using epi-illumination. While HILO microscopy does not provide the sub-diffraction limit optical
sectioning or background-free fluorescence imaging of TIRF microscopy, it has the advantage that it
does not require a TIRF objective lens (which are expensive) and can image objects further than
~200 nm from the microscope coverslip. To implement HILO illumination, the excitation beam is
focused near the edge of the objective lens’ back aperture — but inside the circle beyond which TIRF
would be implemented if a TIRF objective lens was used. The off-axis excitation beam is then
collimated by the objective lens to be incident at the coverslip at a highly inclined angle such that
only a thin section of the sample is illuminated. This provides optical sectioning of the sample and
reduces the background fluorescence compared to what would be observed when using widefield
epi-fluorescence illumination. The increase in signal to noise ratio (SNR) is important for SMLM since
it improves the localisation precision and hence the achievable resolution of the microscope. When
using a multimode optical fibre (with a core diameter of 100 um), the excitation beam is not

perfectly collimated but still provides close to uniform illumination over the HILO FOV.

Figure 3.4 in the following section illustrates the imaging performance achievable with TIRF and HILO

microscopy, compared to epi-illuminated easySTORM.

3.2 easySTORM images of Nuclear Pore Complexes

To quantify the achievable resolution of easySTORM, | imaged cells expressing SNAPtag-labelled
nuclear pore complexes (NPCs) (Thevathasan et al., 2019), derived from a cell line (Cell Line Services
GMBH, U-2 OS-Nup96-SNAP clone no.33 cells, Catalogue No. 300444) that is becoming a de facto
standard in STORM resolution measurements. In this cell line, Nucleoporin Nup96 is expressed in U-
20S cells labelled with a SNAP-tag (Keppler et al., 2004) to which the dye AF647 can be linked. There
are 32 copies of Nup96 in each NPC and these form two (cytoplasmic and nucleoplasmic) “rings”
that are separated axially by 50 nm. The rings each have 16 copies of Nup96 arranged with 8

corners, each containing two Nup96 proteins separated by 12 nm. The corners of the two rings are
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vertically aligned with each other and the distance between Nup96 proteins in neighbouring corners
of the nuclear pore complex is 42 nm, while the diameter of the rings between opposite corners is
107 nm. The prior knowledge of these reproducible biological structures (well-characterised using
electron microscopy) makes them a useful reference sample to quantify the achievable resolution.
For example, if the individual corners of the nuclear pore complex are clearly resolved, then the
resolution is better than 42 nm. A useful feature of U-20S cells on a microscope coverslip is that the
lower nuclear envelope containing the NPC is flat, enabling hundreds of complexes to be imaged in a

single TIRF FOV.
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Figure 3.3. (a) image of U-20S nuclei showing Nup96 proteins in nuclear pore complexes
endogenously labelled with a SNAP-tag AF647; (b) magnified region of interest from (a)
containing a nucleus; (c) magnified region of interest of nuclear pore complexes within the
nucleus shown in (b). A line profile across the diameter of one of the nuclear pore complexes is
shown. A double Gaussian fit has been plotted to the line profile (d), where the amplitudes,
stand deviations and central positions of the two Gaussians are used as fit parameters together
with a global offset to account for the background intensity level

Figure 3.3 shows easySTORM image data of these nuclear pore complexes expressed in U-20S cells
that were acquired with TIRF illumination (using the OptoTIRF V2 to couple the multimode diode
laser excitation into the Zeiss Axiovert 200 microscope fitted with a 100x, 1.46 NA Zeiss TIRF

objective lens) and imaged using a (Photometrics Prime 95B) sCMOS camera. The optical autofocus
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module described in Chapter 5 was used to maintain the sample in focus during the TIRF easySTORM
image data acquisitions that comprised 20,000 frames with an 80 ms exposure per frame for each

FOV.

All widefield images shown in this thesis were acquired as a single seperate acquisition prior to the
acquisition of the STORM frames. The STORM images in this thesis were rendered using
ThunderSTORM. There are a number of common visualisation techniques (Baddeley, Cannell &
Soeller, 2010; Ovesny et al., 2014). The simplest visualisation approach is to just present the
localisations as a scatter plot. This presents the image as a binary image with pixel values set to 1 at
the localisation positions. All other pixel values are set to zero. This however does not provide high
quality reconstructed images. Another approach is gaussian rendering. Here, for every localisation a
2D or 3D Gaussian function is integrated over the voxel volume. The standard deviation for each
gaussian is the respective localisation uncertainty. The render is the sum of these gaussians centred
at their respective localisation positions. The disadvantage of the gaussian rendering approach is

that it is slow.

SMLM data can also be visualised as a 2D histogram counting the number of the localisation
positions within a bin size chosen as the final pixel size in the super-resolved reconstructed image.
The histogram can be “jittered”. Here, a random number is chosen from the normal distribution with
a standard deviation matching the localisation uncertainty. This number is added to the co-ordinates
of all the localisations before making the histogram. This is repeated multiple times until and all the
generated histograms are then averaged. As the number of jitters increases, the reconstruction
approaches the gaussian rendering. An alternative approach to visualisation is “average shifted
histograms” with jittering (Scott, 1985; Ovesny et al., 2014). Here, n¢ multidimensional histograms
of the same bin width are averaged. The histograms are created by shifting the original histogram for
“n” times in each of its “d” dimensions. The bin width for the histogram is chosen to be the equal to
the number of shifts, n, multiplied by the chosen pixel size for the reconstructed super-resolved
image. The average shifted histogram method is fast orders of magnitude faster than the gaussian
rendering and gives a reconstruction that approaches the gaussian rendering with a constant
standard deviation for each localisation. The renders used in this thesis use the average shifted

histogram approach.

There is a trade-off between imaging speed and quality of SMLM reconstruction (Diekmann et al.,
2020). Lower power densities at the sample enable more individual pores to be localised at the cost
of greater total image data acquisition times. | empirically found 80 mW average laser power

(measured at the sample plane, corresponding to a power density of 0.60kW /cm? over the 130 pm
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FOV) with 80 ms exposure time to be a reasonable compromise. The transverse drift during each
image data acquisition was corrected in post processing using 100 nm diameter TetraSpeck
fluorescent beads (T7279) as fiduciary markers, which were added to the sample within the FOV.
The easySTORM image data were processed using Picasso (Schnitzbauer et al., 2017), which has the
capability to track the drift of the fiducial markers embedded in the sample and hence correct for
any transverse drift during acquisition. The reconstructions shown in Figure 3.3 are rendered with

10 nm resolution. Figure 3.3(d) shows that neighbouring corners within the NPC were resolved in the
reconstructed images and that the measured separation of opposite proteins within an NPC was
consistent with the expected value of 107 nm. A double gaussian was fitted, using Origin Pro 2022,
to the line profile between the opposite pores within the NPC, see yellow line in Figure 3.3(c). The
locations of the peaks were found to be at 47.5+0.6nm and at 154.7+1.1nm, as shown by the table in
Figure 3.3(d). The errors quoted are those returned by the non-linear Origin fitting algorithm for a
double gaussian. This gave a measured separation of 107.2+1.7nm and agreed with the expected

value.

The same NPC sample was imaged under the same conditions using the OptoTIRF V2 unit to switch
the excitation modality between widefield epi-illumination, HILO (Tokunaga, Imamoto & Sakata-
Sogawa, 2008) and TIRF (Funatsu et al., 1995; Tokunaga et al., 1997) by moving the position of the
focused spot on the back aperture as shown in Figure 3.1. Representative results are shown in Figure
3.4 to illustrate the relative performances of the different modalities. The top row shows rendered
easySTORM images of individual nuclei and the second row shows the corresponding magnified ROls
for each modality, presenting the reconstructions of individual NPCs. The background fluorescent
signal is lowest for TIRF illumination, with only on the order of 100 nm penetration of the
evanescent field into the sample (Almada, Culley & Henriques, 2015). HILO provides some
background reduction, as fluorescence is only excited within the thin optical sheet of excitation
radiation, while widefield epi-illumination results in out of focus fluorescence within the sample that
contributes to a significant background. This means that the signal to background ratio in the raw
data will be significantly reduced for the epi illumination in comparison to TIRF and HILO.
Background fluorescence can reduce the localisation precision and hence the achievable image
quality and resolution. The extent to which this impacts the SMLM image data, e.g., through artifacts
in the reconstructed SMLM images, will depend on the labelling of the sample and the specific

SMLM software used.
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Figure 3.4. (Top) Rendered easySTORM images of U-20S nuclei acquired on the Zeiss Axiovert
200 microscope frame under TIRF, HILO and epi-illumination. Each FOV was acquired using the
Photometrics Prime 95B sCMOS camera with 20,000 frames of 80 ms exposure. (Bottom)
Corresponding magnified ROIs showing individual nuclear pore complexes for the respective
ilumination modalities.

Figure 3.4 illustrates how TIRF illumination provides the best reconstructed images of the NPC,
resolving most of the NPC proteins, HILO provided an intermediate SMLM image quality, resolving
proteins in many NPC but with more artefacts present and some NPC not resolved, while epi-
illumination provided the worst reconstructed image - with few NPC protein being resolved and the
characteristic NPC ring structure being difficult to discern. For the different illumination modalities,

the power measured at the sample plane was kept constant.

3.3 histoSTORM

We were motivated to explore potential clinical applications of easySTORM, particularly where
electron microscopy (EM) is used for diagnostic pathology. In the UK, EM is routinely used in the
diagnosis of kidney disease, particularly human glomerular diseases (Haas, 1997; Shore & Moss,

2002). EM can be helpful to image structural abnormalities of the basement membrane and is also
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used to investigate the shape, sub-structure, and location of immune complexes relative to the
glomerular basement membrane. It may also be applied to diseases that involve fibrils and rare

genetic diseases like Fabry’s disease.

However, clinical EM is expensive and requires specialist staff. It is currently limited to a few NHS
facilities, the number of which has decreased in recent years. Outside the UK, most countries do not
include EM in their standard clinical diagnoses (Kurien et al., 2016). We were therefore interested to
investigate whether cost-effective super-resolved SMLM microscopy, e.g., easySTORM, could be
used to image ultracellular structure to aid in clinical diagnosis and thereby augment or replace EM
in the diagnosis of kidney disease, partly in the hope that it could provide clinical benefit to patients
in countries with no access to clinical EM. We therefore developed protocols to apply easySTORM to
clinical histological sections that have been stained for immunofluorescence using clinically
approved antibodies on human kidney biopsy samples (Garcia et al., 2021). Edwin Garcia developed
the staining protocol and | developed the imaging protocol. We termed the approach of applying
easySTORM to clinical histological samples to acquire super-resolved immunofluorescent images

using clinically approved antibodies as “histoSTORM” (Garcia et al., 2021).

For histoSTORM, the kidney samples were either frozen or formalin-fixed paraffin-embedded (FFPE)
sections. Silicon (Polycraft ZA22 Mould RTV Addition Cure Mould Making Silicone Rubber;
MBFibreglass, Newtownabbey, Northern Ireland) was added to the frozen kidney biopsy samples
and then the sample was polymerised at room temperature to provide a “rubber” consistency
(Garcia et al., 2021). The biopsy samples had a thickness of 3 microns. For the FFPE samples, xylene
was used to remove the paraffin in two 5-minute treatments followed by five 2-minute ethanol
washes with decreasing ethanol concentration (100%, 75%, 50%, 25% and 0% dilution in water). The
FFPE and frozen samples were then dried before being fixed with acetone. The kidney tissue was
labelled with primary antibodies (laminin MAB1920 and IgG or Rabbit isotype X0936). The samples
were then washed and then treated with the secondary antibodies (goat anti-mouse IgG H+L, goat
anti-rabbit IgG H+L). Then the secondary antibodies were conjugated with fluorescent dyes (Alexa
Fluor 555 or iFluor 647). Finally, the samples were washed and fixed with acetone. The samples were
also cleared by immersing them in a PBS solution with 70% thiodiethanol (TDE). The samples were
then mounted in a PBS STORM buffer. The STORM buffer used was composed of 50 mM of
mercaptoethylamine, 10 mM D-lactate, 60% TDE in a PBS solution and 0.75 U/mL of an Oxyrase-EC
enzyme (SAE0010; Sigma-Aldrich).
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Figure 3.5. (a-b) Widefield immunofluorescence images of frozen membranous
glomerulonephritis biopsy samples with (a) the laminin labelled with Alexa Fluor 555 (green) and
(b) IgG deposits labelled with iFluor 647 (red). (c) shows a two colour merged image of the ROI
indicated in (a, b). (d, e) show the widefield IF image and corresponding histoSTORM image of
the ROl indicated in (c). (e) has been rendered at 25 nm resolution. (f) shows an EM image
acquired at 5500x magnification of a similar structure as (e) from the same biopsy. (g, h) show
magnified widefield and easySTORM images of the 3.2 um x 2.4 um ROl indicated in (d, e). (i)
shows the magnified EM ROl indicated in (f), in which the yellow dashed line indicates the
location of the GBM (light grey), and the purple arrows point to the dark grey regions indicating
the immune complexes that contain IgG on the subepithelial side. Reproduced from (Garcia et
al., 2021)

The kidney tissue sections were imaged using the Zeiss Axiovert 200 microscope frame with the
OptoTIRF V1 unit and a multimode diode laser bank provided by Cairn Research Ltd. No autofocus
was available on the microscope when these easySTORM image data were acquired using a 100x,
1.46 NA TIRF oil objective lens (Zeiss, a Plan-apochromat 100x/1.46 oil DIC Vis) and the Photometrics
Prime95B sCMOS camera. Since the tissue sections were so thin, the easySTORM image data were
acquired with epifluorescence illumination. The two fluorescent dyes (AF 555 or iFluor 647) were
imaged sequentially, with iFluor 647 being imaged first to avoid it being bleached by the shorter
wavelength excitation radiation before being imaged. The AF 555 was excited using a 520 nm laser

diode (Lasertack LDM-520-1000-C) and the iFluor 647 was excited using a 638 nm laser diode
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(Lasertack LDM-638-700-C). The exposure time of the sCMOS camera used to acquire the
easySTORM image data was 30 ms and the power density at the sample was initially at

1.045 kW/cm? for the 520 nm excitation and 2.5kW/cm? for the 638 nm excitation. The sample was
excited at these power densities for 5-10 s before the power density was reduced by approximately
50%. The easySTORM images were reconstructed using ThunderSTORM (Ovesny et al., 2014) and
lateral drift correction (without fiduciary markers) was performed for both spectral channels. The
two spectral channel images were registered using cross correlation with software developed by

Yuriy Alexandrov that is available at the following address https://github.com/yalexand/Imperial-

ClusDoC.
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Figure 3.6. Widefield (a, c) and easySTORM (b, d) images of minimal change disease in FFPE
section from a biopsy. (c) and (d) show enlarged ROIs indicated by the yellow boxes in (a) and
(b). Laminin present in the GBM is labelled with iFluor 647. (e) shows an EM image of the GBM
from a different section within the same biopsy imaged with a magnification of 15,500x. The
GBM thickness was measured using EM to be 281 nm. The FWHM of the line profile of the
yellow lines in (c) and (d) measure the thickness of the GBM from the widefield and STORM
reconstruction. The widefield gives a measured thickness of 657 nm and the STORM gives a
measured thickness of 212 nm. Reproduced from (Garcia et al., 2021)

For this initial study, both the frozen and FFPE samples were labelled using clinically approved
antibodies. Figure 3.5 shows widefield epifluorescence, STORM and EM images of kidney tissue
sections presenting membranous glomerulonephritis, which is characterised by subepithelial
immune complex deposits containing IgG, in the glomerular basement membrane (GBM).
Membranous glomerulonephritis also results in a thickening of the GBM (Lai et al., 2015). Figure 3.5
(a, b) show the two separate colour epifluorescence images, with an anti-human laminin probe
labelled with AF 555 (green) and the GBM and IgG deposits labelled with iFluor 647 (red). Figure 3.5
(c) shows a magnified view of the indicated ROI with the two colours superimposed. Figure 3.5 (d)

shows a magnified epifluorescence image of the indicated ROl in Figure 3.5(c) that contains a
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capillary loop and Figure 3.5 (e,h) show the corresponding histoSTORM images of the same ROI
rendered at 25 nm resolution. The histoSTORM images clearly show the IgG subepithelial deposits in
context of the laminin-labelled GBM ultrastructure. By comparing the results with the EM
equivalents of a similar region within the same biopsy, Figure 3.5 (f, i), it can be seen that the
location of the IgG is consistent between the different imaging modalities, providing some

confidence that histoSTORM could be used for clinical diagnosis.

Figure 3.7. Widefield (a, d, e, f) and dSTORM (b, g, h, i) images of Lupus nephritis type IV in
frozen sections. The basement membrane is labelled by staining of the laminin using Alexa Fluor
555 (green) and the IgG deposits are stained with ifluor 647 (red). The yellow box indicates the
expanded regions in (d) and (g) showing Lupus Nephritis presenting mesangial deposits. The blue
boxes indicate the expanded regions in (e) and (h), and present regions with subendothelial
deposits. The purple boxes indicate the expanded regions as shown in (f) and (i) presenting
regions with subepithelial deposits. (c) shows an EM of a similar structure from within the same
sample imaged at 8000x magnification. The dark grey regions represent electron dense deposits
that contain IgG. The purple arrows indicate deposits on the subepithelial side of the GBM. The
blue arrows show deposits on the subendothelial side of the GBM, and the yellow star indicates
mesangial deposits. Reproduced from (Garcia et al., 2021)
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As described earlier, the thickness of the GBM is measured using EM as part of the diagnosis of
glomerular disease. This can be addressed using histoSTORM, as shown in Figure 3.6, which
compares histoSTORM and EM images of FFPE sections of a kidney biopsy. The thickness across the
GBM measured by EM was 281 nm (Figure 3.6 e). Widefield immunofluorescence images do not
allow measurement of the GBM thickness below the diffraction limit and a line intensity profile
across the GBM has a FWHM of 657 nm (Figure 3.6 c,f). However, the histoSTORM images, rendered
at 25 nm per pixel, present a thickness of 212 nm (measured in a different tissue section, Figure 3.6
d, g). This value is credible and indicates that histoSTORM could be used to measure the GBM

thickness as clinical diagnostic tool.

Lupus Nephritis (LN) is another glomerular disease that is commonly diagnosed using clinical EM.
The glomerular deposits that characterise LN usually contain polyclonal IgG and can be detected by
immunofluorescence (Weening et al., 2004; Haas et al., 2020). These deposits are distributed in
various regions across the glomerulus as shown for subendothelial, subepithelial and mesangial
deposits in a glomerular capillary of stage IV LN. The IgG has again been labelled with iFluor 647 and
the basement membrane laminin was labelled with AF 555. The histoSTORM images are
reconstructed with a 25 nm resolution and demonstrate that the 1gG deposits can be localised and

have a similar distribution as presented by the EM image shown in Figure 3.7 (c) (Garcia et al., 2021).

The work developing histoSTORM demonstrated that easySTORM (and other SMLM techniques) can
be applied to both FFPE and frozen biopsy sections, e.g., to indicate the positions of subendothelial,
subepithelial and mesangial immune complex deposits, or to measure the thickness of the GBM.
Thus, histoSTORM provides more information than is available from standard widefield
immunofluorescence and may be useful as part of clinical diagnosis of glomerulonephritis. Because
histoSTORM is much cheaper to implement than EM and can be undertaken by staff trained for
immunofluorescence, it can be used much more widely. histoSTORM cannot achieve resolutions
matching EM but since it is a lower cost to implement, it could find particular use for clinical
applications in low resource settings, where expensive EM facilities are not as readily available.
Further research is required before the technique can be fully use in clinical applications.
histoSTORM may also provide higher throughput, due to the larger FOVs that can be imaged using
easySTORM (Garcia et al., 2021) compared to EM.

3.4 Conclusion
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In this chapter, easySTORM was presented as a low-cost implementation of dSTORM, including how
by using low-cost multimode diode laser sources coupled into a vibrated multimode optical fibre to
provide uniform illumination over large FOVs that can be imaged by CMOS and sCMOS sensors. The
application of easySTORM was verified by resolving the neighbouring pore structures within NPC in
U-20S nuclei. This verifies that the resolution achievable exceeds 40nm. These NPCs were imaged
using three different easySTORM illumination modalities, namely widefield epifluorescence, HILO
and TIRF. EasySTORM was also applied to image the ultrastructure in renal pathology for histological
kidney samples. The application of easySTORM to histological samples is referred to as
“histoSTORM”. HistoSTORM was used to image both frozen and paraffin embedded kidney samples
and the position of IgG deposits were found to be consistent with that observed with EM. The aim is
to continue to apply histoSTORM to other histological samples and see if it can be used as a cost-

effective alternative to EM for clinical diagnosis.
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4. Low-cost, modular, sustainable open-source microscopy

Optical microscopy has provided powerful tools to study cell biology and automated imaging
workflows have potential to accelerate discovery but access to many advanced microscopy
modalities has been limited by the cost of the instruments and components (e.g. microscope frames,
cameras, excitation sources, computing resources) and automated imaging/high content analysis
(HCA) instruments are typically too expensive for lower-resource research settings (e.g., low and
middle income countries), and in some medical, industry or teaching contexts. This is being
addressed within the microscopy community by open-source approaches with the free exchange of
ideas, technology, and capabilities. This has predominantly involved the open-source access to
software tools (as exemplified by Imagel). There is increasing interest, however, in open microscopy
hardware (Hohlbein et al., 2022) to reduce cost and widen access to a range of microscopy
techniques. The development of open-source hardware for microscopy has been accelerating over
the last few years (Hohlbein et al., 2022), partly to enable lower resourced researchers around the
world to freely replicate imaging modalities elsewhere but also for leading microscopy laboratories
to more easily implement and prototype new microscopy approaches. A further benefit of open-
source-based instruments is that they may be more easily maintained, upgraded or adapted to new

modalities than proprietary commercial microscopes.

When implementing or developing new imaging modalities, microscopists generally have to modify a
commercially available microscope or build a custom microscope from generic optical and
optomechanical components. Commercially available microscope frames are typically designed to
provide stability and robustness and optimise optical performance (e.g., minimising aberrations) and
offer ease of use. Unfortunately, the development and optimisation of hardware and software is
expensive, resulting in advanced instruments costing >>$100,000 to purchase and >>5$1000/year for
service agreements. Commercial instruments can also be limiting because it can be difficult to add
additional excitation sources, optical systems and detectors as there is typically a limited number of
ports on the microscope frame. In addition, it can be difficult to access important imaging and
Fourier planes when they are located inside the microscope frame (Folling et al., 2008). It is usually
difficult to modify the proprietary control software or change/upgrade the hardware components
and so the instruments are typically limited to their specifications at the time of purchase and

become obsolete over time as microscope technologies and techniques develop.

These considerations have motivated the work described in this chapter developing an open source,

modular, low-cost, robust and sustainable microscope platform (www.openScopes.com), including a
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cost-effective modular microscope frame (“openFrame”), new low-cost cooled CMOS cameras, a
low-cost Arduino-controlled laser engine for fluorescence microscopy including easySTORM
(Kwakwa et al., 2016) (a low-cost implementation of dASTORM (Heilemann et al., 2008; Folling et al.,
2008)), and the optical autofocus approaches described in Chapters 5-6. These open microscope
hardware components are controlled using the open-source software uManager 2.0 and associated
plug-ins. These components can be utilised to develop open-source microscope systems including
for SMLM, for HCA and for pathology. In this thesis a prototype super-resolved HCA system utilising

easySTORM of samples arrayed in multiwell plates is demonstrated.

4.1 Exemplar open microscope systems

There are several open hardware microscopes that have been developed over the past few years,
ranging from optical microscopes that can increase the access and availability of microscopy, e.g. for
educational purposes, to much more complex instruments for specialist applications. One of the
simplest concepts for an open microscope is the Foldscope (Cybulski, Clements & Prakash, 2014) - an
origami-based microscope that can be used to perform multiple different imaging modalities
including brightfield, darkfield and fluorescent microscopy. Samples can be viewed by eye or can be
imaged using a small ball lens and a smartphone. The sample can be focused and scanned
positionally by using the folded origami structure. This design lends itself particularly well to

scientific communication and for educational outreach.

The recent wide availability of 3D printing has allowed for the creation of 3D printed microscope
frames that can be easily shared to provide open hardware. The OpenFlexure (Collins et al., 2020)
microscope is a 3D printed open hardware microscope frame with a flexure mechanism that
provides a 3D positioning capability that provides the ability to scan the sample transversely and
offers a focusing capability. A Raspberry Pi camera V2 (8MP CMOS camera, Sony IMX219 sensor) is
used for image capture. The OpenFlexure z and xy stages are controlled using actuator gears which
can be driven by stepper motors for automated imaging with a range of 12x12x4mm of travel with a
vertical step interval of 50nm and a transverse step interval of 70nm (Collins et al., 2020). This travel
range is smaller than that of standard commercial microscopes with a more limited step interval size
than commonly used commercial XYZ stages. There are optional electronics including stepper motor
controllers and a Raspberry Pi which can control the automation. The OpenFlexure is provided with

software that includes two software based autofocus algorithms for imaging thin samples.
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The OpenFlexure was designed to provide access to microscopy in lower resource settings where not
just the cost of a commercial microscope, but also the maintenance, is prohibitive. Since it is 3D
printed, replacement parts can be printed locally and there is no need for an engineer to visit the
laboratory to install the components. However, the system is somewhat limited as it cannot be
directly adapted to more complex designs, e.g., utilising multiple excitation and emission paths, and
the Raspberry Pi camera can limit the sampling performance and bit depth of the acquired images.
Nevertheless, it is sufficient to perform multiple imaging modalities including, epifluorescence,

brightfield and polarisation contrast.

Other examples of 3D printed microscopes include the Flypi (Maia Chagas et al., 2017), UC2
(Diederich et al., 2020), uCube (Delmans & Haseloff, 2018) and Octopi (Li et al., 2019). These systems
are all able to be produced for less than $500 and can be maintained or replaced without the need
for service engineers. They allow access to internal imaging and Fourier planes and are able to
perform multiple imaging modalities including epifluorescence, automated slide scanning. These
systems can often be automated using Raspberry Pi controllers and open-source GUI hardware
control. However, it may not be practical to extend them beyond their initially designed

functionality. They may also be relatively low mass, which could impact their stability.

As an alternative to these 3D printed microscopes, there has also been development of more robust
(metal-based) approaches that are designed to provide similar performance and stability to
conventional commercial microscopes — and to work with standard microscope components. They
can be designed to give more flexibility and many of the designs include modularity - allowing for the
easy introduction of multiple excitation and imaging lines. This means that more imaging modalities

can be added to a microscope frame, or the use of the frame can be altered easily.

Some of these platforms have been used to implement low-cost SMLM. One of these platforms is
the liteTIRF (Auer et al., 2018), which is built from custom-made and generic optomechanical
components on a breadboard and was designed specifically for SMLM and used to acquire super
resolved images using DNA-PAINT. The performance of liteTIRF was assessed using DNA-origami
(Rothemund, 2006) structures with known fluorescent structures arrayed in 10 nm intervals. An
alternative modular open microscopy platform is “Squid” (Li et al., 2020). Implementing microscope
frames with many generic commercial optomechanical components can be relatively expensive, due
to the cost of the individual components required, and these designs may not support rapid

switching of imaging modalities.

A more cost-effective example of an open microscope frame is the miCube (Martens et al., 2019),

which utilises an aluminium cube for its basic structure and with additional generic optomechanical

84



or 3D printed components. The aluminium central body, which can be Computerized Numerical
Control (CNC) milled in most standard mechanical workshops, provides stability of the microscope
frame and it has been applied to SMLM. Other open microscope frames have been used to
implement a range of specific imaging modalities, including “LSFM” (Prakash, 2021), “smfBox”

(Ambrose et al., 2020), “OpenSPIM” (Pitrone et al., 2013) and SIM (Sandmeyer et al., 2021).

This range of recently developed microscope frames demonstrates the growing interest for low-cost
optical microscopes. Most have been designed for a specific microscope application. We were
interested to develop a fully modular low-cost but robust and stable microscope platform that could
be applied to a wide range of applications and would be straightforward to assemble and could be as
flexible as standard commercial microscopes with respect to switching or combining microscope
modalities without rebuilding the microscope. Thus, as well as enabling research microscopy at low
cost, we wanted a platform that would be the approach of choice to prototype and apply new

microscopy techniques.

The Optic’s workshop at Imperial fabricated our own miCube-based instrument to explore its
potential but found it limited in terms of functionality and difficult to switch filter cubes —which
required partly dismantling the microscope. We therefore designed our own modular microscope
frame, basing it on a cylindrical layered structure with the idea that functionality could be switched
by just modifying one layer and not dismantling or adapting the whole microscope frame. Our
“openFrame” was designed to be used for a variety of different imaging modalities and to be of
comparable mass to standard commercial research microscopes, making it sufficiently robust and
stable to allow long image data acquisition times, e.g., for super-resolution imaging, high content
analysis and slide-scanning. Because of its inherent compatibility with a wide range of 3 party
microscope components, and its applicability to almost any microscope modality, the potential for
commercially available and user-friendly open-source microscopes was indicated and our laboratory
at Imperial started collaborating with Cairn Research Ltd to refine the design for ease of use. The
basic openFrame CAD files of the basic modules (layers) are freely shared at

https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/fluorescence-

microscopy/openframe/ (and in Appendix A3) to allow anyone to fabricate their own openFrame

microscope, e.g. using parts lists accessible via www.openScopes.com or

https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/. These basic

openFrame components are also commercially available at low cost from Cairn Research Ltd, who

also sell more advanced modules.
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4.2 Design and implementation of openFrame microscopes

The aim of the openFrame was to develop an open-hardware microscope frame that was modular,
could be upgraded easily and rapidly and could be maintained without the need for experts or
service engineers. Unlike the cubic block structure of the miCube, the openFrame was designed to
have a cylindrical core shape around the primary optical axis with cylindrical layers carrying the
required optical components such as the main dichroic beamsplitter and excitation path, the
objective lens, the tube lens and stackable ports for cameras and other detectors. This concept and
the implementation are illustrated in Figure 4.1. The inherent rotational symmetry makes the
manufacturing of the modular layers convenient using lathes, and the well-defined optical axis (in
which it is easy to centre apertures and circular components) provides a reference to which optical
subsystems can be aligned. The core microscope frame’s capabilities can be enhanced with the
addition of add-on modules which can be attached to these modular layers or incorporated in a new
layer module. These add-on modules included fibre coupled excitation modules (“openExcite” — see

Figure 4.3) and imaging layers with ports for cameras or other detectors.
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Figure 4.1. (a) shows a schematic of a simple arrangement of an openFrame for automated
easySTORM (Kwakwa et al., 2016). The top layer contains a short pass dichroic and has the
objective mounted on a L-shaped bracket attached to an encoded linear Z-stage. There is an
automated XY stage with a sample above. The excitation source is introduced from the layer
below the autofocus layer. The excitation beams are reflected by a multiline dichroic and
fluorescence is transmitted by the dichroic. The fluorescence is then focused by the tube lens
mounted horizontally inside the openFrame and forms an image on the camera after the signal is
reflected by a mounted mirror. (b) shows a CAD of the openFrame showing the different layers,
stage adaptor plate, and base plate with mounting slots and countersunk holes. (c) shows the
openFrame arranged for HCA STORM imaging. There is a vertical transilluminator, the
openExcite module which provides the multiline excitation via a multimode fibre source. There is
an automated XY stage and an automated piezo Z-stage.
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The openFrame was conceived by Paul French and initially developed within the Photonics group at
Imperial College London. Significant development of the first prototype was performed by Simon

Johnson and Martin Kehoe in the Optomechanical Instrumentation workshop within the Optics
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Figure 4.2. (a) shows a photo of the original prototype openFrame. This version was built in
Imperial Photonics group’s Optomechanical Instrumentation Workshop. The layers were
machined using a lathe and CNC milling machine. The setup above shows the frame arranged
with an Olympus manual XY stage mounted on a stage adaptor top layer plate. Beneath the
stage layer is the excitation layer with a Thorlabs dichroic cube mounted and a 30mm input for
the excitation laser source. Below the excitation layer is a layer housing the tube lens. Below the
tube lens is the camera layer with a 60mm smooth bore output to the camera and 60mm spaced
Thorlabs cage system. And finally, at the bottom of the frame is a base layer which can be fixed
to an optical bench using L-shaped brackets and M6 screws. (b) shows a view looking down the
centre of the frame along the optical axis defined by the objective and the centred tube lens. The
dichroic cube containing the dichroic, excitation filter and emission filter can be seen mounted
and positioned in the centre of the optical axis. Beside the dichroic is the mounting bracket that
a piezo linear Z-stage could be mounted to, and the objective is attached to the stage using an L-

shaped bracket

Section with contributions from members of the Photonics Group. The CAD design was then refined
by Frederik Gorlitz of the Photonics Group in collaboration with Cairn Research Ltd (“Cairn”) and
subsequently developed in partnership, with Cairn, who are also developing their own commercial
modules that are compatible with openFrame.

The initial openFrame prototype is illustrated in Figure 4.2. It comprised layers machined using a
lathe and milling machine. The module layers had channels drilled through them so that they could

be located on rods fed through the layers to help maintain the relative angular orientation of the

layers. These rods were externally threaded, and a nut was screwed downwards on each of the four
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rods to provide stability and hold the layers together. The imaging layer had a 2-inch side port
opening for the camera and Thorlabs cage rods could also be mounted into pre-drilled holes in a
60mm spacing format. The tube lens (Nikon MXA20696) was positioned in a separate layer,
mounted horizontally, and centred on the optical axis. The frame was designed to have an inner
circular channel running through the middle of the frame of sufficient width to mount (Thorlabs
DFM1/M) dichroic beamsplitter cubes and associated mounting plate. An image of this first
prototype openFrame with a manual XY microscope stage is shown in Figure 4.2. The stage was
designed to have enough space to incorporate a low-cost (~£3000 including controller) piezo inertia
drive Z-stage (with encoder) that was mounted vertically on the inside circular channel and the
objective lens was attached to this via an L-shaped bracket. The piezo inertial drive (Pl, Q-545.140)
uses a single piezoelectric actuator, controlled with a modified sawtooth voltage. As the actuator
explands, it moves the runner. The runner has an associated inertia so doesn’t follow the same fast
contractions of the actuator and hence remains in its current position as the actuator retracts. This
first openFrame prototype presented some significant challenges. Although the vertical retaining
rods created a stable microscope frame, they made it time-consuming to add new layers and

precluded changing the dichroic filter cube while the frame was assembled.

Figure 4.1 shows an optical schematic and CAD drawing of the next iteration of the openFrame,
developed in collaboration with Cairn. The design maintained the rotational symmetry but the
retaining posts through the layers were eliminated. Instead, each layer now has a dovetail base
shape and is locked in position using set screws. There were also 8 angularly equidistant small
locater metal pins (25 mm long), between sequential layers that prevent the layers rotating relative
to each other, other than allowing the possibility for adjacent layers being rotated by 45 degrees
with respect to one another. The outer diameter of the frame was reduced, which helped reduce the
cost of the frame (requiring less aluminium) and the Thorlabs dichroic filter cube mounts were
replaced with smaller filter cube mounts (fabricated by Cairn) held in place with magnets. Cairn
developed two cube holders: one to incorporate a 25 mm long dichroic beamsplitter and the other
to incorporate a 32mm long dichroic beamsplitter. A mount was built to allow fine positioning of the
dichroic filter cube to align it with the central optical axis of the microscope frame. The design could
also accommodate smaller Thorlabs dichroic filter cube mounts (CM1-DCH/M) instead of Cairn’s
dichroic filter cubes cube mount, although these cannot be used with the magnetic coupling but can
be held in position using an M4 screw. A significant improvement in the openFrame design was the
introduction of ports on the side of the dichroic filter cube layers which allowed the dichroic cubes

to be removed and switched without the need for the frame to be disassembled.
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The top “focussing” layer housing the objective lens is similar to that of the first openFrame
prototype, incorporating the same vertical piezoelectric z-stage (Pl, Q-545.140) with objective lens
on L-bracket in the central channel, but also incorporates a beamsplitter cube and SM30/Thorlabs
30 mm cage system port to support an optical autofocus module. This autofocus beamsplitter is a
short pass dichroic that transmits the excitation and fluorescence radiation and reflects an infrared

autofocus laser beam. Two optical autofocus designs are discussed in detail in chapters 5 and 6.

After the focussing top layer, the openFrame is designed to be formed from standard layers of

65 mm or 80 mm height. There is a 2-inch clear aperture running through the layers that can be
fitted with alignment pinhole tools at the top and the bottom of layers to align laser beams onto the
optical axis. On the bottom of each layer, there is a thread to which a 30 mm diameter horizontal
tube lens (e.g., a large FOV tube lens from Nikon, Olympus or Thorlabs) can be attached. The tube

lens suspended below the layer can be housed inside a 30 mm height spacer layer.

The standard 65 mm high layer has two 30 mm smooth bore (SM30) output ports opposite each
other with 30 mm (Thorlabs) cage rod mounting holes around each SM30 opening. This layer can be

used to mount the dichroic filter cube and to introduce an epifluorescence excitation source.

The 80 mm camera layers have two output ports that incorporate C-mount camera adaptors on
sliders to enable adjustment of the camera position relative to the tube lens or SM60 output ports
with mounting holes for 60 mm Thorlabs cage system. This camera port layer is generally positioned
immediately after the tube lens spacer layer and typically includes a mirror mounted at 45 degrees
to direct the light from the tube lens to the camera. This mirror has fine adjustment to adjust the

position of the image on the camera.

Below the camera layer, there is a base layer that has slots and countersunk holes for screws to

attach the openFrame to an optical breadboard or bench.

The cost of a standard openFrame (composed from a base layer, camera layer, 655mm standard layer,
a focusing layer and stage layer) is ~£3,200. The cost of a piezoelectric z-stage and controller was
£3,600. The breakdown in costs can be found in the components list, on the openFrame webpage

and in Appendix A3.

https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/fluorescence-

microscopy/openframe/

This refined openFrame can be used with a range of microscope accessories. Above the top
focussing/autofocus layer there is a stage adaptor plate that has sets of tapped holes to allow

mounting of the most common commercial XY-microscope stages. An important aim of the
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openFrame is to be manufacturer-agnostic, meaning that components from multiple companies can
be installed and so users are not limited to only buying components from a single commercial
source. The microscope stage can be manual or automatic. Since we aimed to develop an automated
high content analysis capable system, an automated Zaber stage (Zaber, ASR100B120B-T3) was
mounted to the stage adaptor. The stage adaptor plate also has mounting points for a
transillumination arm to mount an LED source above the sample on the optical axis to provide
transillumination through the objective lens. The Zaber ASR100B120B-T3 stage costs in the region of
£7,500.

All of the motorised components and cameras discussed in this work were controlled using
UManager 2.0 software. However, an openFrame-based microscope could be implemented with
other software and the basic openFrame layers can be replaced with other commercial or open
source or self-built alternatives. For example, Cairn now provides an 80 mm camera layer with a 2-
mirror switching unit that can direct the image to one of two cameras mounted on the ports. This
module can be manual or motorised and allows imaging of the same FOV with different detection
functionality, e.g., different spectral channels or different imaging modalities. Cairn can also now
provide a 65 mm layer with a unit to switch (manually or automatically) between different dichroic

filter cubes and different (input) ports.

4.2.1. openExcite

To introduce the excitation laser beam into the excitation layer, which houses the main microscope
dichroic beamsplitter (e.g., the multiline dichroic used for the easySTORM (Kwakwa et al., 2016)
implementation) Dr Sunil Kumar and | have developed the openExcite module, which can be
assembled from generic components (from Thorlabs) at a cost of less than £700. The list of
openExcite components is available on the Imperial photonics group website for easySTORM

(Kwakwa et al., 2016) and in Appendix A2:

https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/super-

resolved-microscopy/easystorm/.

Figure 4.3 shows a CAD rendition of the openExcite module. It has an optical fibre adapter port to
couple the excitation sources via a multimode optical fibre. The laser beam emerging from the
optical fibre is collimated by lens L1 and then reflected by a mirror positioned in the Fourier plane of

the excitation tube lens L2, which focuses the laser beam to the back focal plane of the objective
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lens to provide widefield illumination of the sample. A fibre-vibrator is applied to the multimode
optical fibre to time-average laser speckle and the result is a uniform excitation intensity over field
of view. If the focal lengths of L1 and L2 are 45 cm (Thorlabs, AC254-045-A) and 150 cm (Edmund
optics, 32-502), the illumination enables imaging over a field of view exceeding 120 um when using a
50 um diameter core, 0.22 NA fibre. The choice of focal length for the collimating and tube lens can
be altered depending on the size of FOV that requires illumination, the NA of the optical fibre used

and depending on the type of illumination modality that is being used.

SM30L10
SM30L30

SM1A16
KCB1E/M

BB1-E02

#32-502(L2)
SM2D25D
SM2A6

SM1L20C

SM1L15
SM1FCA

TR100/M

AC254-045-A(L1)
UPH100/M

Figure 4.3. openExcite CAD rendition (Thorlabs and Edmund Optics component part numbers
indicated)

The steering mirror can be used to change the angle of the beam to enable highly inclined and
laminar optical sheet (HILO) microscopy (Tokunaga, Imamoto & Sakata-Sogawa, 2008) or total
internal reflection fluorescence (TIRF) microscopy. For HILO illumination, the beam is no longer
focused on the optical axis of the objective lens but is focused near the edge of the objective’s back
aperture. This is the position just before total internal reflection would occur if a TIRF objective was
used. The resulting excitation beam is then collimated by the objective lens at a highly inclined angle
such that only a thin section of the sample is illuminated. This reduces the background fluorescence
that occurs in epifluorescence and increases the signal to noise ratio (SNR), which is important for
SMLM where it improves the localisation precision and hence the achievable resolution of the
microscope. HILO does not require an (expensive) TIRF objective lens but provides some optical

sectioning. The openExcite components cost in the region of ~£665.
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4.3. Cost-effective multiline laserbank

A key component of a fluorescence microscope for SMLM and many other applications is a laser
excitation source. The group previously demonstrated the efficacy of multimode diode lasers for
easySTORM (Kwakwa et al., 2016) and | set out to design a low-cost sustainable multiline laserbank
that would be a suitable excitation source for automated easySTORM. The lasers should be
automatically controllable using uManager 2.0, and so low-cost laser driver controllers were

developed using Arduinos to interface between the computer and the laser.

4.3.1 Low-cost laser drivers

The multiline laserbank is based on high-power multimode laser diodes from Lasertack

(www.lasertack.com), which provide approximately 1W of continuous wave power at their

respective visible wavelength. Lasertack provide low-cost laser diode driver modules (iLD series
diode high power laser diode driver with TEC controller) to be used with the laser diodes that,
depending on the model, can output a maximum drive current of 0.5A, 2.5A or 4.5A. These
controllers can monitor and maintain the temperature of the laser diode using a negative
temperature coefficient thermistor (NTC) and thermoelectric cooling (TEC). The temperature
controller is designed to be used with a 10 kQ NTC (NTCAFLEX05103HH) and the temperature is set
using a potentiometer on the chip. The resistance is measured across two pins on the controller
using a multimeter and the resistance values measured can be compared to the datasheet to match
with the corresponding required temperature when using the NTCAFLEX05103HH thermistor. The

diodes were set to operate at a nominal temperature of 25°C corresponding to 18,0488 Q.

The driver circuit boards have connections for a power supply, external modulation signal and an
interlock connection. An Arduino Uno was used to provide the required analogue modulation signal
for the controller and also communicate with uManager 2.0 via a USB connection. The power supply
to the diode controller could be between 5V and 24V. A 12V, 3.34 A power supply was used for each
of the controllers (Mean Well GST40A12-P1)).
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Figure 4.4. A schematic showing the wiring for the TLV5618AIP DAC to convert the digital output
signal to an analogue modulation signal for the Lasertack iLD series laser diode drivers.

Din: Digital serial data input, SCLK: Digital Serial clock input, CS: chip select, AGND: Ground, REF:
analogue reference, Vpp: Positive power supply, Out A & B: DAC A & B analog outputs connected
to the negative and positive modulation terminals on the driver

A device adaptor for the Arduino Uno was provided for uManager 2.0, as part of the uManager
installation, with firmware to enable analogue control of the diode laser output modulation by a
programmable signal output from a digital-to-analogue converter (DAC) on a daughterboard of the
Arduino (which normally only outputs a digital signal). The firmware was downloadable from the
uManager documentation for Arduinos. The DAC was a Texas Instrument TLV5618AIP, which is a 12-
bit voltage output DAC with dual channels that can output a voltage range of 0-5.1 V and can accept
a 5.5 Vinput. The Arduino firmware can communicate natively with the DAC through a built-in SPI
protocol. The wiring of the TLV5618AIP DAC is shown in Figure 4.4. The DAC requires a reference
voltage of 2.04 V between pins 5 and 6. The 5 V output from the Arduino Uno pin is connected to pin
8, Vpp, and two resistors connected in series are used to split the voltage and match the required
reference voltage for the DAC. Pin 5 of the DAC is connected to the ground pin on the Arduino to
ensure there is a shared ground connection. A 100 nF capacitor is connected between pins 5 and 6
to act as a decoupling capacitor, which is used to decouple the two circuits connecting the reference

and ground pins to the Vpp pin. The SCLK, pin 2, is the serial clock and is the connection that carries

93


https://micro-manager.org/Arduino

the clock pulse from the Arduino (master device) via the Arduino digital pin 4. The CS connection, pin
3 on the DAC, is connected to the Arduino digital pin 5, and is the slave chip select connection,
through which the Arduino, acting as the master device, informs the slave device that it will send or
receive data. When the Arduino is sending or receiving data, the chip select pin is set to Low,
otherwise it is set to High. When the reference voltage is set correctly, the response time of the DAC

to a trigger is 50 ps.

The DAC output pins A and B are connected to the negative and positive modulation inputs on the
laser driver. The voltage signal for the modulation of the laser driver is varied between 0 and +5 V.
The driver is set such that when the modulation voltage is set to 0.2-0.3 V, the drive current to the
laser results in the laser just reaching lasing threshold. A modulation voltage of 5V modulation
provides the maximum drive current for the laser. There is a shunt resistor as part of the iLD series
driver that willbe 1 Q, 0.2 Q or 0.1 Q, to output a maximum of 500 mA, 2500 mA or 4500 mA,
depending on the model of the driver. The driver board has potentiometers for the bias and gain
levels on the board which are adjusted using a flatheaded screwdriver. Initially both the bias and
gain potentiometers are set to zero by rotating the screw 25 times anti-clockwise. Then, with the
interlock connected and the laser diode connected, the modulation signal is set to 0.2V. The bias
potentiometer is adjusted until the point where the laser diode has just begun to lase. Then, with
the laser output enclosed, the modulation voltage is set to the maximum 5 V, and the gain
potentiometer is adjusted, by rotating the screw clockwise, until the operating maximum laser drive
current is reached for that specific diode. This is measured by monitoring the voltage across the

shunt resistor and calculating the drive current accordingly.

For example, if the diode driver is the 4500 mA series, then the resistor will have a resistance of
0.1 Q. For the Lasertack multimode 638 nm, 700 mW laser diode (LDM-638-700-C), the operating
current is 1000 mA and hence the voltage measured across the shunt resistor at this current will be

0.1V.

V=IR=1000mA4 X 0.10 = 0.1V Equation 4.1

After the maximum current has been set, the bias level should be checked again in case the gain has
shifted the cut-on voltage level. If it needs to be adjusted, the voltage is set again to 0.2 V and the
potentiometer is adjusted to the correct level. Similarly, the maximum level should be checked

again, and the gain potentiometer adjusted accordingly.
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As illustrated in Figure 4.5, the iLD series driver, the TLV5618AIP DAC and the Arduino are housed in
an aluminium box (Takachi Electric industrial MB5) and the DAC is raised from the aluminium using
nylon posts and screws. The DAC, capacitor, and resistors are soldered onto a breadboard (Roth
Electronik RE941-S2) and the connections to the Arduino and driver are also soldered to the board.
Holes are machined into the box for the 12 V power supply and the USB serial communication
between the Arduino and uManager. The Arduino is powered by the USB connection. Holes are also
added to the box so that two 9-pin D-sub connectors can be attached. One of the D-sub connectors
has male connection pins and the other has female connection pins. The connections for the driver’s
interlock, laser diode positive and negative current connections are made to one of the 9-pin D-subs
and the NTC, TEC+ and TEC- pins are connected to the other 9-pin D-sub. This is to match the pin
configuration used by Thorlabs for their laser diode driver and temperature controller units
respectively. This enabled these home-built drivers to be used interchangeably with a Thorlabs laser
diode controller such as the LDC220C, which would be used with a Thorlabs temperature controller
such as the TED200 (together these Thorlabs units cost ~£1800). The LDC220C has the interlock
connections on pins 1 and 5. It also has pin 3 as the laser diode ground and for cathode grounded
laser diodes it has the laser diode anode connected to pin 8. The TED200 temperature controller has
connections to pins 1 and 2 for the TEC- and TEC+ respectively and the NTC thermistor is connected
to pins 3 and 4. The connections inside our Lasertack diode laser driver are shown in the schematic
in Figure 4.5, which also shows a photograph of the home-built laser diode driver and TEC. The total
cost to build this driver is “£102 and the breakdown of the costs is available on the .csv file on the

Imperial Photonics website and in Appendix A3.
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These low-cost laser diodes controllers have been designed to control only a single diode laser. Since
our multiline laserbank typically includes 4 diode lasers (e.g., at 405, 470, 520 and 630 nm) four

homebuilt drivers are therefore required.

4.3.2 Low-cost multiline laserbank

EasySTORM is an implementation of dSTORM that uses multimode diode lasers coupled into a
multimode optical fibre to provide excitation of the fluorescence samples. We use diode lasers from
Lasertack and are all OEM modules. The laser diodes used are the 405 nm (LDM-405-350-C,

350 mW), 462 nm (LDM-462-1400-C, 1400 mW), 520 nm (LDM-520-1000-C, 1000mW) and the

638 nm (LDM-638-700-C, 700mW). These multimode diode lasers output elliptical beam profiles. In
order to improve the coupling efficiency into the optical fibre, the diode laser beams are collimated
by an aspheric lens and then the collimated beam profiles are corrected using an anamorphic prism
pair, which magnifies the laser beam along one transverse axis. Thus, the diode laser beam can be
corrected from an elliptical to a circular beam profile. Before the prism pair, the collimated beams
have an elliptical profile with a long axis diameter of 4 mm and short axis diameter of 1 mm

(4 mmXx1 mm). After the optical correction by the prism pair, the beam has a circular profile with a
(4 mmXx4 mm) diameter. The diode lasers and their collimating/beam-shaping optics are supplied
incorporated into OEM modules by Lasertack, onto which the NTC and TEC connections are

attached.

In our multiline laserbank, these diode laser modules are heatsinked to machined copper blocks that
have countersunk holes to allow them to be screwed directly down onto an aluminium breadboard.
These laser modules and copper heatsink blocks are enclosed within black die-cast aluminium boxes
(RS PRO 146-5333) in which a hole is machined to provide an output aperture for the collimated
laser beam. Two holes are machined in the box to attach the 9-pin D-sub connectors to connect with
the laser driver diode and temperature controls. The LD+ and LD- pins on the iLD laser driver module
are connected to the laser diode, the NTC pins are connected to the NTC (which is attached by
heatsink paste to the OEM module) and the TEC+ and TEC- connectors are connected to the laser
diode OEM unit. A further hole is machined in the box so that a RS PRO 3.5 mm Chassis Mount Mono

Socket can be connected for the interlock.
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The external laser safety interlock connections are soldered onto a 3.5 mm jack socket pin that
completes the circuit between pins 1 and 5 on the 9-pin D-sub and the interlock on the driver board
when inserted into the socket. If the external interlock is turned off, the laser diode driver will not

send a drive current to the diode laser.

A Thorlabs smooth bored half inch cage plate is mounted on the outside of each die cast box centred
on the laser output aperture. This is used to mount 12.5 mm diameter, OD4 emission filters, which
are fixed in place by a grub screw. These emission filters used are: 405 nm/10 nm (Edmund Optics
65072), 467 nm/10 nm (Edmund Optics 39308), 520 nm/10 nm (Edmund Optics 65093) and

636 nm/10 nm (Edmund Optics 65106).

These enclosed laser modules are mounted on a Thorlabs optical breadboard and the whole
laserbank is enclosed with aluminium composite shielding. As shown in Figure 4.6, the 4 laser
modules are positioned parallel to each other and the output beam from each laser module is
steered by a set of 2 half inch mirrors and beamsplitters mounted on tip/tilt controllable kinematic
mirror mounts (Thorlabs KM05/M) on posts (Thorlabs TR30/M). The posts are held in pedestal post
holders (Thorlabs PH20E/M) and clamped into position on the breadboard using clamping forks
(Thorlabs CF125C/M). The mirrors/beamsplitters are orientated at 45 degrees to the beam. Via a
mirror (Thorlabs BB05-E02) and 25 mm diameter longpass dichroic beamsplitters —a 613 nm long
pass filter (Edmund Optics 86394), a 482 nm longpass filter (Edmund Optics 86324) and a 427 nm
longpass filter (Edmund Optics 86389) mounted in 1-inch fixed mounts (Thorlabs FMP1/M) — the 4
laser beams were steered to be collinear on the optical axis before being reflected by a final 1-inch
kinematic mirror (Thorlabs KM100-E02). All the mirrors have a visible wavelength anti-reflection

coating from 400nm to 700nm.

The collinear laser beams are then focused into a multimode optical fibre (Thorlabs FG105LVA
105nm 0.1NA) by a half inch diameter bi-convex lens of 15 mm focal length (Thorlabs LB1092-A-ML)
— chosen to fill the numerical aperture of the optical fibre and hence to maximise the number of
laser modes that are be coupled into the optical fibre. The fibre had an APC connector fibre and was
connected into an angled fibre adaptor plate (Thorlabs SM1FCA) mounted in a XY translating mount
(Thorlabs CXY1) that was connected to a half-inch Thorlabs cage plate holding the lens by 4 Thorlabs
cage rods. The 4 laser beams, already aligned to a common axis, could be coupled into the optical
fibre by adjusting the XY mount holding the fibre adaptor and the final 1-inch mirror. The axial
position of the lens relative to the fibre could be adjusted by sliding the lens cage plate along the
Thorlabs cage rods. The coupling efficiency of the individual laser beams into the multimode optical

fibre all exceeded 80%.
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Figure 4.6. Home-bult multiline laserbank for easySTORM excitation using high power multimode
diode lasers.

The assembled multiline laserbank is shown in Figure 4.6. The whole assembly was enclosed by a
light-tight aluminium enclosure mounted on posts at the corners of the breadboard. A lid for the
laserbank was made of an aluminium/plastic composite material and could be locked into position
using M6 screws into the posts. A slot just above the breadboard was cut into the side of the
laserbank shielding to accommodate the cables connecting to the diode driver units, interlock cables
and the optical fibre. The total cost for a 4-line excitation source presented above, with drivers, is

~£4,500. A commercial laser engine costs in the region of ~£35,000.

4.3.3 Uniformity of excitation using multimode diode lasers and optical fibres

The use of a multimode optical fibre (MMF) to deliver the excitation laser radiation to the
microscope (openExcite module) provided high coupling efficiency and insensitivity to small changes
in alignment of the laser beams compared to using a single mode optical fibre (SMF). The MMF also
provides a much more uniform intensity distribution across the field of view compared to using a
SMF, although the use of multimode diode lasers and multimode propagation along the MMF will
produce a speckle pattern. However, if the fibre is vibrated, any speckle in the excited fluorescence
images will time-average as long as the image integration time is longer than the timescale of the
vibration (Fujimaki & Taniguchi, 2014). The typical exposure time used for easySTORM is 30 ms (e.g.,
for a camera frame rate of ~33 fps, requiring the fibre to be vibrated at a frequency greater than

330 Hz.

In SMLM, and for most quantitative microscopy techniques, it is important to maintain a

homogenous illumination field across the sample whilst maintaining a suitably high intensity, which
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is challenging for SMF-delivered excitation light — where it is often necessary to overfill the FOV to
achieve a reasonably uniform intensity. Exploiting the “flat-top” field output from a MMF (Almada,
Culley & Henriques, 2015) in which the radiation is coupled into a large number of modes provides a
reasonably homogeneous Illlumination across the FOV, while also benefitting from the high coupling
efficiency and insensitivity to alignment drift of the MMF. To maximise the homogeneity of the
illumination, it is helpful to make the NA of the laser coupling lens as large as the NA of the MMF —
and the number of modes is further increased by the use of multimode diode lasers. If the NA of the
coupling lens is higher than the NA of the MMF, however, the power coupling efficiency into the

fibre will be lower.
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Figure 4.7. Improvement in field homogeneity through the vibration of a multimode fibre.
Figures (a, b) show images acquired by an Andor Zyla 5.5 when imaging a thin film of fluorescent
highlighter pen fluid illuminated by a 635nm Lasertack multimode diode via a multimode fibre.
Left (a, c): shows the FOV when the fibre is vibrated using a CAIRN despeckler unit. Right (b, d):
The fibre is not vibrated and there is a speckle pattern in the illumination. The yellow lines in (a)
and (b) indicate where the line profiles shown in (c) and (d) are taken from.

Figure 4.7 illustrates the improved image homogeneity obtained when vibrating a MMF delivering
635 nm multimode diode laser excitation. The sample used was a fluorescent highlighter fluid that
has been wiped onto a coverslip to produce a “thin” film. The fluorescence from the highlighter was
imaged using a Andor Zyla 5.5 sCMOS camera on an easySTORM microscope with a 30 ms exposure.

Figure 4.7 (a) shows the image recorded of the highlighter across the full FOV of the sensor when the
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MMF is vibrated, and Figure 4.7(b) shows the same FOV imaged when illuminated by the non-
vibrating MMF. There is an obvious laser speckle pattern observable in Figure 4.7 (b). By vibrating
the MMF, the laser speckle pattern is time averaged to produce a more uniform illumination. Figure
4.7 (c, d) show the average line profile from the yellow boxes indicated in Figure 4.7 (a, b)
respectively. There is greater percentage variation in digital number for the non-vibrating MMF

illumination in the illuminated region on the sensor.

4.4 Low-cost cameras for fluorescence microscopy and SMLM

Another key component for any microscope, including HCA instruments, is a sensitive low noise
camera. SMLM requires sufficient sensitivity to detect the fluorescence signal from single
fluorophores, and historically this was provided by Electron-Multiplying Charge Coupled Device
(EMCCD) cameras that can provide high quantum efficiency (up to 95%) and the fast readout speeds
(>~70 frames per second) required for STORM (Huang et al., 2013). In our laboratory we use a high-
end back-illuminated EMCCD (Andor iXon 897) that has a 11.6 mm diagonal sensor size of 512x512
pixels with a square pixel size of 16 um and a maximum frame rate of 56 fps at full FOV. However,
due to the high gain, the noise is amplified in EMCCD sensors if each pixel detects more than one
photon on average per frame (Chao et al., 2013) and this can reduce the signal to noise by a factor of
approximately v2, which results in the effective quantum efficiency being halved (Mortensen et al.,

2010).

The more recently developed scientific complementary metal-oxide semiconductor (sCMOS) sensors
provide a cost-effective alternative to EMCCD and typically have more pixels, (e.g., >2000x2000
pixels) and a high quantum efficiency (~60-70% for front-illuminated sensors). For example, the
Andor Zyla 5.5 sCMOS camera has a maximum quantum efficiency of 64% at 600 nm, and a full FOV
frame rate of 40 fps that is sufficient for STORM of the Alexa Fluor dyes. It has a pixel sensor size of
2560x2160 with square pixel size of 6.5 um, giving a diagonal sensor size of 21.8 mm. This larger
area is important for HCA since it increases the FOV and therefore the number of cells that can be
imaged per frame, thereby increasing the throughput of the system. The larger imaging FOV makes
the impact of non-uniform (e.g. Gaussian) illumination intensity profiles more significant but this can
be mitigated by delivering the excitation light via a vibrating MMF, as discussed above. The smaller
pixel size means a smaller magnification objective lens is needed to achieve Nyquist sampling of the
sample in imaging space — for which the maximum resolvable intensity spatial frequency of the

optical system should be sampled at twice per period. Numerically this is approximately the same as
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sampling the FWHM of the point spread function (PSF) of the fluorescence emission of a single
molecule with at least 2 camera pixels. Ideally, the pixel size sampling the wide field image should be
2.3 times smaller than the diffraction limited resolution of the microscope (Almada, Culley &
Henriques, 2015). For fluorescence emission at 668 nm (e.g., for peak of emission spectra for Alexa
Fluor 647 dye) when using a 1.4 NA, oil immersion objective lens, the FWHM definition for resolution

of the diffraction-limited system is given by:

~051x24 0.51x668nm Equation 4.2

o= NA 12 = 243.3nm

This would mean that a pixel size of less than 105.8 nm (243.3/2.3 = 105.8nm) is needed for Nyquist

sampling (in the image plane).

Camera Peak Full FOV Pixel Sensor Number | Full Well | Read Bit Cooling

(approximate | Quantum frame size Size of pixels | Capacity | Noise | depth

cost) Efficiency rate (m) (mm) (e7) (e7) TE=
(%) (fps) Thermo-
electric
Andor Ixon >95 56 16 x 8.2x8.2 512 x 180000 <1 16bit Air cooled
life 897-BV 16 512 (800000 | With Or Liquid
(Back for gain EM cooled
illuminated) register Gain
(~£26,000) depth)

Photometrics 95 40 11 13.2x 1200 x 80000 1.6 16bit Air Cooled
Prime 95B 13.2 1200 TE
(~£15,000)

Andor Zyla 5.5 64 30 6.5 16.6 x 2560 x 30000 0.9 16bit Air cooled
(~£8000) 16.6 2160 TE
CellCam 90 35 @ 8- 4.63 13x19 4128 x 66000 in <1.5 8-bit Air-cooled

Kikker bit, 17 (can 2808 LCG and TE
(~£2000) @ 14- be 7500 in 14-bit
bit) 2.315) HCG
CellCam >80 17 @ 8- 2.4 13.2x 5440x36 15000 <1.5 8bit or Air-cooled
Centro Bit, 9 @ 8.8 48 12bit (fan, no TE)
(~£900) 12-Bit

Table 4.1. Camera Specifications for sSCMOS and CMOS sensors used for easySTORM at Imperial

sCMOS cameras are cheaper than EMCCD cameras and have become more commonly used for
STORM but they are still relatively expensive (£10000-£20000) for a low-cost microscope system.
Recently, there has been significant development of new, high performance CMOS sensors.
Historically CMOS sensors have been used for industrial applications like machine vision and are
much cheaper than EMCCD or sCMOS cameras, but they have been limited to inferior signal to noise
levels and presented fixed pattern noise. However, CMOS sensors have been developed over time
(partly driven by smart phone camera priorities) to improve their QE, read noise and performance
for low photon count settings. This new generation of CMOS cameras are much lower cost

compared to sSCMOS cameras and recently have become available with cooling. This makes them
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interesting for fluorescence microscopy and SMLM acquisitions. Table 4.1 compares sCMOS and

newly available cooled CMOS cameras in use in our easySTORM microscopes.

The new generation CMOS sensors are back illuminated and can be thermoelectrically cooled to
reduce the noise level of the sensor. They have peak quantum efficiencies exceeding 80% and, as
discussed below, can be incorporated in low-cost cameras that appear to offer comparable
performance to sCMOS cameras. Like the sSCMOS sensors, they have a faster read frame rate than
the EMCCD sensors as each pixel in a CMOS has an individual capacitor and amplifier and there is an
analogue-to-digital converter (ADC) for the readout of each column. In contrast, an EMCCD has a
single ADC and amplifier which is used to read out all the pixels of the sensor. For the CMOS and
sCMOS sensors, the pixel readout can be parallelised and a rolling shutter across the sensor can be
implemented, which provides faster readouts— and therefore faster frame rates— than a global

shutter.

| have worked with two new low-cost cameras utilising this new generation of CMOS—- specifically
the Sony IMX 183 sensor incorporated in a camera (Cairn Research Ltd, CellCam Centro 200MR) that
utilises fan-cooling and the Sony IMX 492 sensor incorporated in a camera (Cairn Research Ltd,
CellCam Kikker 100MT) that utilises thermoelectric-cooling. The CellCam Centro camera costs ~£900
and the CellCam Kikker camera costs ~£2000. Thus, these “CellCam” CMOS-based cameras are much

cheaper than the nearest equivalent sCMOS camera.

The main limitation of these new CMOS sensors compared to sCMOS is the relatively low frame
rates: 9 fps for 12-bit depth acquisitions for the CellCam Centro and 17 fps for 14-bit depth
acquisitions for the CellCam Kikker. This arises because of the large number of image pixels relative
to the total image data rate from the cameras. These frame rates are relatively low for SMLM and
would lead to long image data acquisition times — particulate for automated “high throughput”
STORM. For dSTORM, the fluorophore photoswitching rate depends on the laser power density at
the sample (Lin et al., 2015) and an on-state lifetime of 5-30 ms is typically used in our laboratory.
We would like to acquire STORM image data at a frame rate of at least 33 fps to minimise image

data acquisition times (and photobleaching if the excitation laser is on continuously).

In order to achieve a STORM frame rate >30 fps, the FOV could be electronically cropped by reading
out fewer pixels of the sensor per frame and so the frame rate could be increased. Normally this
would reduce the FOV and hence reduce the number of cells imaged and therefore the throughput
for HCA. Further, the illuminated sample outside the cropped FOV would undergo photobleaching
without being imaged, which would be a particular problem if image tiling was to be used for STORM

of large samples. Therefore, instead of electronically cropping the FOV on the CMOS sensor, the
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image formed on the sensor was optically demagnified (using a Motic microscope c-mount adaptor)
such that it illuminated a smaller region on the sensor. A 0.5X or 0.35X adaptor was used to
demagnify the image onto the CellCam Kikker and the 0.35X Motic adaptor was used with the
CellCam Centro. These demagnification factors reduced the active area on the CMOS sensor such

that the cropped region could be read out to achieve frame rates in excess of 33 fps.

The pixel size of the two respective CellCams (2.4 um for the CellCam Centro and 4.63 um for the
CellCam Kikker) were sufficiently small to still reach Nyquist sampling of the demagnified images. A
1951 USAF resolution test chart was used to calculate the magnification and hence calculate the size
of the pixels in imaging space when using the respective Motic adaptors. The pixel size in image
space for the CellCam Centro with a 0.35x Motic adaptor was 85.8 nm and the pixel size for the
CellCam Kikker was 90.8 nm when using a 0.5X motic and 115.0nm when using the 0.35X motic.
Thus, Nyquist sampling was achieved since the FWHM of the PSF of the fluorophores was

~220 — 250 nm. The overall magnification of the STORM microscope using a 100X objective lens was
changed by the Motic adapters to be ~28 when using the CellCam Centro (2.4um/85.8nm = 27.97)
and to be ~51 when using the CellCam Kikker with the 0.5X motic (4.63um/90.8nm = 50.99) and ~40
when using the CellCam Kikker with the 0.35X motic (4.63um/115.0nm =40.26).

To compare the performance of the new CellCam CMOS cameras with an sCMOS camera, three
cameras listed in Table 4.1 were used to acquire easySTORM data of the same sample of FRTL5 Rat
Follicular thyroid cells in which the tubulin was decorated with AF488. The reconstructed wide-field
and STORM images are shown in Figure 4.8. It is apparent that the CellCam CMOS cameras can both
be used for STORM and that the quality of the super-resolved images of tubulin obtained with the
CellCam Kikker, using the 0.5X Motic adaptor here, is comparable to that obtained with the (Andor

Zyla 5.5) sCMOS camera were able to produce super-resolved reconstructions of the tubulin.
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CellCam Centro 200MR CellCam Kikker 100MT Andor Zyla

CellCam Centro 200MR

CellCam Kikker 100MT Andor Zyla

Figure 4.8. Top images: Widefield and easySTORM reconstructions of tubulin in a FRTL5 Rat
Follicular thyroid cell line decorated with AF488 for the CellCam Centro, CellCam Kikker and
Andor Zyla 5.5 camera. All images acquired on the same day and reconstructed from 10000
frames with 30ms exposure.

To further compare the SMLM performance of these different cameras, | used the SMLM image
analysis software SQUIRREL (Culley et al., 2018), which is part of the NanoJ (Laine et al., 2019)

imagelJ plugin for SMLM. SQUIRREL compares widefield epifluorescence images of the sample with
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pseudo-widefield images reconstructed from the super-resolved image data (by convolution with a
resolution scaling factor derived from the data) for the same FOV and can output an error map and
Fourier Ring Correlation (FRC) map across the FOV. Figure 4.9 shows the NanoJ-SQUIRREL error
maps (purple and yellow plots) for the same FOVs presented in Figure 4.8. In regions that do not
have sufficient localisations, Squirrel will automatically colour code the region based on

neighbouring regions.

STORM reconstruction
& FRC Map

Squirrel Error Map  Squirrel FRC Map

Min FRC:
46.4nm
RSP: 0.829

Centro

Min FRC:
45.5nm
RSP: 0.827

Kikker

Min FRC:
41.1nm
RSP: 0.829

Zyla

Figure 4.9. NanoJ-SQUIRREL SMLM reconstruction analysis of cameras and FOVs as shown in
Figure 4.8. Images on the left show an error map from comparing the super-resolved
reconstructions with the widefield images. Regions with a low error are shown in purple, regions
with higher error are shown in yellow. The middle column images show Fourier ring correlation
(FRC) maps of the same FOVs. The localisations were split into odd and even frames and used to
create two reconstructions. The images were segmented into 100 regions and FRC analysis was
then performed on each region. The minimum FRC value in each image is given and the
resolution scaled Pearson-correlation (RSP) is provided for each error map. Images on the right
show an overlap image of the STORM reconstruction and the FRC map to highlight the FRC
regions containing localisations.

The error map is generated by calculating the pixel-wise absolute difference between the actual
widefield image and the scaled-up super-resolution image. The error map can also yield the
Resolution scaled Pearson coefficient (RSP) for the entire FOV. The RSP is a metric that gives an

indication of the correlation between the two image datasets and can be used to compare the
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performance of STORM with the different cameras. The RSP coefficient varies between -1 and +1
with a greater value indicating a higher correlation. For the images shown in Figure 4.8, the
corresponding error maps shown in Figure 4.9 (lefthand column) indicate that the three cameras

provide a similar performance in terms of the RSP calculation.

The Fourier Ring Correlation (FRC) is a way to estimate the resolution of a SMLM dataset
(Nieuwenhuizen et al., 2013). To calculate the FRC, the STORM localisation tables are split in half to
produce two distinct tables, e.g., of the even-numbered frames and the odd-numbered frames. Two
super-resolved images of the same FOV are then reconstructed from these two tables. The FRC is a
statistical correlation between the Fourier transforms of the two reconstructed super-resolved
images and entails calculating the correlation coefficient for rings of constant spatial frequency in
frequency space. For low spatial frequencies, the correlation will be high, approaching 1, but at
higher spatial frequencies, the correlation will be increasingly degraded by noise, eventually tending

to 0.

The FRC is formally calculated using the following equation for two images, f;(#) and f,(7), where #
denotes the spatial coordinates. Their respective Fourier transforms are given by f;(§) and £ (@),
where ¢ is the spatial frequency coordinates. The magnitude of the ring used to describe the radius

of the Fourier ring is given as ¢ = |q|.

Zﬁ € circle ﬁ(d)f; (‘_j)*
\/Zﬁ € circlelﬁ(ﬁ)lz \/Zﬁ € circle'ﬁ(ﬁ)lz

A figure of merit for the FRC is provided by determining the spatial frequency at which the

FRC(q) = Equation 4.3

correlation falls to a predefined threshold, which is commonly taken to be% ~ 0.143.

(Nieuwenhuizen et al., 2013) The reciprocal of this FRC spatial frequency gives the estimation of the

resolution in spatial coordinates.

The FRC analysis may be applied to the entire FOV to give a single value, but it can also be useful to
sub-divide the FOV into smaller regions to see how the resolution varies across the SMLM image —
provided that these regions are sufficiently large that there are sufficient correlations for the FRC to
be calculated. Thus, a colour coded heat map of the FRC-derived resolution can be generated. If
there are insufficient correlations in a particular region, that region can be colour coded according to
a natural neighbour interpolation). For the data presented in Figure 4.9 and Figure 4.11, the
easySTORM images were divided into 100 spatial regions and the FRC value is calculated for each
region. Taking the minimum FRC value across the FOV (“Min FRC”) provides an overall indication of

the resolution of the easySTORM images. It is important to note that this will be systematically
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overestimating the achievable resolution in the images. It is also worth noting that the FRC values
returned in the regions in which there are no cells, do not provide a meaningful resolution estimate

as they are determined purely by noise.

Figure 4.9 (middle column) shows the FRC plots of the super-resolved images obtained using the
CellCam Centro and Kikker CMOS cameras and the Andor Zyla 5.5 sCMOS camera. The images on the
left show column show the error map that was calculated by comparing the super-resolved
reconstructions and the widefield images. The error map is colour scaled with regions with low error
shown in purple and regions with higher error in yellow. The middle column of figures show the FRC
maps corresponding to the same FOVs. In order to create this the localisations were split into odd
and even frames to create two separate localisation tables used to reconstruct the images. The
images were then segmented into 100 smaller square regions and then FRC was calculated for each
respective region. This demonstrates the variation in FRC values across the FOV. The minimum FRC
region value and the scaled Pearson correlation was calculated for each error map. The minimum
FRC region values are similar with the sSCMOS camera providing slightly better performance in this
experiment, but the FRC maps clearly show the inferior performance of the fan-cooled CellCam
Centro compared to the two thermoelectric-cooled cameras. In the regions which overlap with the
cells, right-hand column of Figure 4.9, (i.e not the background), the CellCam Centro camera STORM
image data yields FRC values ranging between 50 nm and 110 nm and the CellCam Kikker has FRC
values ranging between 45.5 nm and 100 nm with more of the regions shaded blue compared to the
Centro, indicating a superior performance for the Kikker camera. The outer edge of the FOV for the
Kikker presents poor FRC values but this is in regions without any cells, suggesting this may be due to
noise in the images. The Andor Zyla 5.5 camera produces FRC values ranging between 41.1 nm and
95 nm, but these FRC values are generally more uniform across the entire FOV, including in the outer

regions away from the cells.
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CellCam Centro CellCam Kikker Prime 95B

Figure 4.10. easySTORM reconstructions of tubulin in a FRTL5 Rat Follicular thyroid cell line
decorated with AF647 acquired using the CellCam Centro, CellCam Kikker and Photometrics
Prime 95B cameras. All images reconstructed from 10000 frames with 30 ms exposure.

In a further easySTORM experiment imaging tubulin labelled with AF647 in a FRTL5 Rat Follicular
thyroid cell line, the CellCam Centro and Kikker CMOS cameras were compared against a high end
sCMOS camera — the Photometrics Prime 95B. Figure 4.10 presents the easySTORM images acquired

using the CellCams and the Prime 95B and Figure 4.11 shows the corresponding error and FRC maps.

In this experiment, the CellCam Kikker, using the 0.5X Motic adaptor here, provided a slightly higher
RSP value, but these were similar for all cameras. The FRC values were more uniform across the
FOVs for the Prime 95B sCMOS camera and the CellCam Kikker and all cameras yielded an FRC value

below 30 nm for this experiment.

Overall, it is likely that the easySTORM images acquired using the CellCam Centro are more impacted
by noise than the CellCam Kikker or the two sCMOS cameras, which is understandable because only
the CellCam Centro utilises fan-cooling rather than thermoelectric cooling, and the Centro also has a
slightly lower QE compared to the CellCam Kikker and the Prime 95B. However, all the cameras were
able to achieve low FRC values and can be used for SMLM image data acquisition. Furthermore, the
difference in performance between the CellCam Kikker and sCMQOS cameras is sufficiently small to

support the use of the CellCam Kikker as a useful low-cost alternative to sCMOS cameras.

4.5 Implementation of easySTORM on openFrame microscope

As discussed in Chapter 3, easySTORM (Kwakwa et al., 2016) is a low-cost implementation of

dSTORM (Heilemann et al., 2008) utilising multimode diode lasers coupled into multimode optical
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fibres to provide the high excitation power needed for the photoswitching of the fluorescent dyes
for dSTORM and other SMLM techniques. While it is possible to implement easySTORM on a
standard microscope frame, we are particularly interested to develop low-cost SMLM and HCA
instrumentation and so | implemented it on an openFrame-based microscope, for which the

experimental configuration is depicted in Figure 4.12.

The multimode diode lasers used were from Lasertack (LDM-405-350-C, LDM-462-1400-C, LDM-520-
1000-C, LDM-638-700-C, 700mW) and were mounted inside the homebuilt laserbank described
above. The lasers were aligned onto the same optical axis and coupled into a 0.1 NA step-index
multimode optical fibre (Thorlabs FG105LVA) using a 15 mm focal length lens (Thorlabs LB1092-A-
ML). The output end of the optical fibre connected to the input fibre face-plate of the openExcite
module mounted on the openFrame. A fibre vibrator (Cairn Research Ltd, Despeckler,
P1350/DES/000) oscillating at ~230 Hz was attached to the multimode optical fibre to increase the
coupling into higher order modes and to time-average the speckle pattern to achieve a reasonably

uniform intensity illumination of the sample.

109



Squirrel Error Map  Squirrel FRC Map STORI:: ;eggnh:;?mon

Min FRC:
23.1nm
RSP: 0.588

Min FRC:
22.1nm
RSP: 0. 628

Kikker §

Min FRC:
27.1nm
RSP: 0.576

Prime 95B

Figure 4.11. NanoJ-SQUIRREL SMLM reconstruction analysis of cameras and FOVs as shown in
Figure 4.10. Images on the left show an error map from comparing the super-resolved
reconstructions with the widefield images. Regions with a low error are shown in purple, regions
with higher error are shown in yellow. The middle column images show Fourier ring correlation
(FRC) maps of the same FOVs. The minimum FRC value in each image is given and the resolution
scaled Pearson-correlation (RSP) is provided for each error map. Images on the right show an
overlap image of the STORM reconstruction and the FRC map to highlight the FRC regions
containing localisations.

The output of the multimode optical fibre was collimated by a 100 mm focal length lens, L1,
(Thorlabs AC254-100-A) and the collimated beam was reflected by an elliptical mirror in a mount
(Thorlabs KCB1E/M and Thorlabs BBE1-E02) with tip and tilt controls for steering the beam that is
focussed by a tube lens (L2) of 200 mm focal length (Edmund Optics 49-377) to the back focal plane
of the objective lens. This enabled the excitation to be switched between epifluorescence, HILO
(Tokunaga, Imamoto & Sakata-Sogawa, 2008) illumination and total internal reflection fluorescence
(TIRF) if a suitable TIRF objective lens is available. The multimode optical fibre has a core diameter of
100 um and this is imaged with a 2x magnification to a focal spot size of 200 um at the back aperture
of the objective lens. For epifluorescence illumination, this spot is steered to the optical axis. Due to
the size of this focal spot, the illumination is not perfectly collimated but still provides uniform

illumination over a FOV exceeding 130 um.
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Figure 4.12. easySTORM implementation on the openFrame using the openExcite module

Exemplar easySTORM image data acquired using the openFrame microscope to image tubulin in
Hela cells immunolabelled with ifluor647 are shown in Figure 4.13. The primary antibody used was

the T8203 anti-alpha tubulin (https://www.sigmaaldrich.com/GB/en/product/sigma/t8203) and the

secondary antibody was goat-anti mouse label (https://www.aatbio.com/products/ifluor-647-goat-

anti-mouse-igg-h-1?unit=16482). These cells were imaged with a Photometrics Iris 9 sCMOS camera.

Another exemplar easySTORM image is shown in Figure 4.14 for a formalin fixed paraffin embedded
histological histological section of kidney tissue from a biopsy of a patient presenting Lupus
Nephritis. The laminin in the glomerular basement membrane (GBM) was labelled with iFluor647.
The section was prepared according to the same “histoSTORM” (Garcia et al., 2021) protocol
discussed in Chapter 3. Figure 4.14 demonstrates the openFrame’s ability to acquire super resolved
easySTORM reconstructions of kidney tissue. Figure 4.14(d) shows the line profile indicated in Figure
4.14(c), with a recorded FWHM thickness of the GBM of 89nm. This was on the same order of

magnitude as expected from measurements using electron microscopy (EM).
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Figure 4.13. Widefield (left) and easySTORM (right) images of Hela cells with tubulin
immunolabelled with iFluor 647 and acquired on the openFrame using a Photometrics Iris 9
camera. Top row shows whole FOV imaged, and centre and bottom rows show zoomed in views
of the top and bottom regions respectively indicated by the yellow squares in the top left panel.

To quantify the achievable resolution of easySTORM on the openFrame, | imaged samples with
labelled nuclear pore complexes (NPCs), which are becoming a de facto standard in STORM
resolution measurements (Thevathasan et al., 2019). Here, Nucleoporin Nup96 was endogenously
labelled using SNAP-tags labelled with iFluor647 in a U-20S-CRISPR-NUP96-SNAP cell line clone
(Thevathasan et al., 2019) (distributed by CLS Cell lines Services GmbH). There are 32 copies of
Nup96 in each nuclear pore complex and these form two (cytoplasmic and nucleoplasmic) “rings”
that are separated axially by 50 nm. The rings each have 16 copies arranged with 8 corners, where
each corners contain two Nup96 proteins separated by 12 nm. The corners of the two rings are
vertically aligned with each other and the distance between Nup96 proteins in neighbouring corners

of the nuclear pore complex is 42 nm, while the diameter of the rings between opposite corners is
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107 nm. This prior knowledge of these well-characterised biological structures makes them a useful
test sample to quantify the achievable resolution. For example, if the individual corners of the

nuclear pore complex are resolved, then the resolution exceeds 40nm.
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Figure 4.14. Whole FOV (a) epifluorescence widefield and (b) easySTORM images of a FFPE
section presenting with Lupus nephritis imaged on the openFrame using a CellCam Kikker, with a
0.35X Motic adaptor. (c) shows a zoomed Roi indicated in (b) by the yellow box. (d) shows a line
profile section through the GBM, with an indicated FWHM thickness of 89nm.

Figure 4.15 shows easySTORM image data of these nuclear pore complexes expressed in the U-20S-
CRISPR-NUP96-SNAP-iFluor647 cell line that were acquired using HILO illumination on the
openFrame microscope and imaged using the CellCam113ickerr camera using the 0.35X Motic
adaptor and a 100x 1.4NA Olympus objective. The U-20S cells are a useful cell line for this
measurement because the lower nuclear envelope is flat, enabling hundreds of complexes to be

imaged in a single FOV since the nuclear pore complexes lie on the nuclear envelope.
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Figure 4.15. HILO illuminated whole FOV (a) widefield and (b) easySTORM reconstruction of fixed
U-20S-CRISPR-NUP96-SNAP-iFluor647 cells from 80000 frames at 60ms exposure. (c-f) show
zoomed ROIs indicated in (b). The expanded ROIs show the sub-units are resolved within the
nuclear pore complexes. Images were acquired on an openFrame microscope and imaged using a
CellCam Kikker, using a 0.35X Motic adaptor. Axial drift was continuously corrected using the
closed loop autofocus presented in Chapter 5.

The axial drift during this easySTORM image data acquisition was corrected using the hardware
autofocus described in Chapter 5. 80,000 frames were acquired with a 60 ms exposure per frame.
The transverse drift was corrected in post processing using fiduciary markers, for which 100 nm
diameter Tetraspeck fluorescent beads were added to the sample and were imaged during the
acquisition. The STORM image data were processed using Picasso (Schnitzbauer et al., 2017), which
has the capability to track the drift of the fiducial markers embedded in the sample and hence
correct for any transverse drift during acquisition. Figure 4.15 shows that neighbouring corners
within the nuclear pore complex, for a number of ROIs across the FOV, were successfully
reconstructed, demonstrating that easySTORM can achieve resolutions exceeding at least 42 nm

across a large FOV.
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4.6 Conclusion

In this chapter, | have presented the work involved developing a low-cost open-source microscopy
platform, that can be used for multiple imaging modalities including SMLM. The components of the
platform include, the development of a modular, low-cost open hardware microscope frame, the
“openframe”, a low-cost but high-power multimode diode laserbank with low-cost drivers and the
openExcite module. This chapter also introduces a description of the next generation CMOS sensor
based, low-cost and cooled cameras, called CellCams. | demonstrated that these CellCams can be
used for easySTORM acquisitions with comparable performance to commercial sSCMOS cameras that
are typically used for STORM. These components were used in combination to acquire easySTORM
acquisitions of nuclear pore complexes (NPCs), Kidney histological kidney biopsy samples and a
FRTL5 Rat Follicular thyroid cell line. The openframe is now being developed by other PhD students

within the Biophotonics group at Imperial College for other imaging modalities.

An open hardware HCA microscopy platform, capable of performing automated SMLM acquisitions,
can be assembled utilising the openFrame, the home-built excitation source laserbank presented, a
piezoelectric z-stage with an autofocusing module (described in chapter 5), the openExcite module,
a dichroic layer and a motorised XY stage for <€25000 (see
https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/fluorescence-
microscopy/openframe/ or Appendix A3 for a full breakdown of costs). A commercial motorized epi-
fluorescence microscope, including an LED illuminator, filter sets, software, cameras etc. costs in the
region of ~£100,000. An automated SMLM HCA capable commercial microscope, with a laser engine
and cameras would cost up to £250,000. Therefore, the cost of building the SMLM HCA capable
system presented in this chapter is approximately 5-10x less than the cost of a commercial

equivalent depending on the configuration.
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5. Development of an optical autofocus module

This chapter presents the development of a hardware based autofocus, which can enable automated
imaging, on both the openFrame and commercial microscope frames, and provides continuous
closed-loop focus correction. The autofocus makes use of orthogonally orientated cylindrical lenses
to collimate a fibre coupled infrared super luminescent diode (SLD) source. This provided an elliptical
beam profile with differing confocal parameters, for its two respective orthogonal axes. The differing
confocal parameters provided both a long-range, but less precise metric, and a short-range, more
accurate metric, to be used near to the focus. The autofocus was used to provide closed-loop

continuous correction during easySTORM acquisitions.

5.1 Motivation for high-throughput microscopy

Fluorescence microscopy is a powerful tool to investigate cell dynamics and structure with
subcellular resolution that can be applied to in vivo imaging as well as fixed samples. Since the
labelling of the fluorophores is highly specific, spectrally-resolved imaging can follow multiple
biological entities or processes in parallel. This is often not possible for structural techniques such as
electron microscopy, which can achieve significantly higher resolution than the optical diffraction
limit but usually are not able to follow biological function. The diffraction limitation of classical
optical microscopy has been addressed by the development of techniques aiming to provide super-
resolution. Examples of these imaging modalities include SIM, RESOLFT, STED, SMLM, as described in

in chapter 2.6.

One challenge encountered when using these super-resolved methods is that they require long
image data acquisition times. SMLM techniques like DNA-PAINT, STORM and PALM, require
thousands of individual frames to be acquired to reconstruct a super-resolved image of a single FOV.
As the image acquisition timescales increase, the number of samples that can be practically imaged
using manual microscopy is limited. Automated high-throughput microscopy aims to increase the
amount of image data that can be acquired and analysed within a single experiment, without
decreasing the image quality (Oheim, 2011). In order to decrease the acquisition time and hence
increase the throughput of a microscopy experiment, automation needs to be introduced for the cell

preparation, the focusing of the system during acquisition, the image analysis and data storage. Such
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automation also reduces or eliminates operator bias and the increased number of samples imaged

within an experiment confers significantly improved statistical robustness of an experiment.

For drug discovery research in the pharmaceutical industry, high content analysis entails imaging
with subcellular resolution at throughputs compatible with screening compound or gene libraries.
This requires automation of sample preparation, imaging and data storage with parallelisation of
procedures where possible. The use of multiwell plates enables cell biology experiments to be
parallelised with consistent preparation of arrays of different samples with repeated conditions in
multiple wells. It is then important to make the imaging of the sample arrays as consistent as
possible and this requires that all image data is taken under the appropriate focussing conditions.
This can be challenging because the distance from objective lens to sample can vary laterally
between wells across a multiwell plate. In addition, for techniques like STORM that require long (> 1
minute) acquisition times, samples can move out of focus due to thermal or mechanical drift. The
focus position can drift by an amount that is significant compared to the DOF of the imaging system
and Shen et al. have measured it to be on the order of 1 micron per 1°C fluctuation (Shen, Hodgson
& Hahn, 2006) and a single FOV being imaged using 2 channel STORM typically requires a minimum
of 5 minutes (5000 frames with a 30ms exposure for each channel). Thus, a “focus-lock” — or
autofocus - mechanism is required to ensure that every FOV is imaged with the same focus
conditions, e.g., acquiring every FOV image in a plane at the same distance from the coverslip. Thus,
a critical component of automated microscopy is the autofocusing capability. In this chapter, the

work developing a hardware based optical autofocus will be presented.

5.2 Introduction to autofocus techniques

Autofocus methods fall into two main categories: software and hardware-based techniques. These
all typically determine the current defocus (i.e., the distance by which the separation between the
objective lens and the sample (coverslip) needs to change to bring the system back into focus). Once
the current defocus is quantified, a correction can be applied, usually by axially translating the

objective lens or the microscope stage.

Software autofocus (also described as “image-based autofocus”) techniques calculate image metrics
that are chosen to be minimised or maximised at focus from the acquired images. This typically
requires acquiring multiple images of the same FOV at different axial planes. Software-based

autofocus techniques do not require any additional optical components in the system, but the need
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to acquire multiple images can slow the imaging throughput and increase phototoxicity. Their
performance can be sample-dependent, and they may not work with thick (i.e., axially extended)

samples.

Hardware-based autofocus techniques (often described as “optical autofocus” approaches) do
require additional components to be incorporated in the instrument that are used to measure the
degree of defocus — typically by measuring the separation between the objective lens and the
coverslip (LIRON et al., 2006) using a separate (auxiliary) illumination and imaging system. They can
be implemented using lower phototoxicity near infrared radiation and can often operate in parallel
with the acquisition of microscope images, thereby not decreasing the imaging throughput, and

their performance can be largely sample-independent.

5.2.1 Software-based autofocus techniques

Software or image-based autofocus techniques calculate the current defocus in the optical system
by analysing the images acquired by the microscope’s usual camera. The image data can be
brightfield or fluorescence images. The image-based methods calculate an image metric that varies
with defocus (either maximised or minimised at focus). An ideal image metric would change rapidly
with axial position and should be monotonic either side of a single peak (or trough) at focus since
multiple peaks could result in the autofocus locking onto a local maximum (minimum) that does not
correspond to the true focal plane. A range of different image metrics can be used as a measure of
defocus, as reviewed by Sun et al. (Sun, Duthaler & Nelson, 2004). These include image contrast,

variance, entropy, standard deviation and Brenner gradient (Yazdanfar et al., 2008).

The first commonly used metric is image contrast. For a thin sample, there will be maximum image
contrast (with sharper edges and larger intensity variations) when the image is in focus. This metric

is quantified using the difference between the maximum and minimum pixel values in an image.

I — i
C — max min

Equation 5.1

Imax + Imin

Where C'is the image contrast, and / is the pixel intensity value.

A second image metric is the image variance:
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N M
MZZ 1(i,)) — Equation 5.2

i=1j=1

Where V'is the image variance, [ is the mean pixel value in the image, [ is the pixel value at
coordinates i andj. N and M are the maximum number of pixels along the x and y axes respectively

of the sensor.

The standard deviation can also be used as an image metric, this is the square root of the variance of

the image

o=V Equation 5.3

Where ¢ is the image standard deviation.

The entropy of an image can be calculated by making a histogram of pixel intensity values in the
image and determining the probability that a pixel has an intensity within a certain bin in the

histogram:

H = Zpi]og (pi) Equation 5.4

Where H is the entropy, i is the histogram bin number and p; is the probability that a pixel has an

intensity value within histogram bin i.

Another image metric is the Brenner gradient (Brenner et al., 1976) . The Brenner gradient is an edge
detection metric that looks at the difference between a pixel value and another pixel at set distance
away (typically 2 pixels). As the image becomes better focused, it becomes sharper with more

defined edges, hence the difference between neighbouring pixels at an edge should increase.

B

N M
Z Z 1(i,j) — 10 +m,)]? Equation 5.5

i=1j=1

Where B is the Brenner gradient, / is pixel value, (7, j) are the pixel coordinates and m is the

separation between neighbouring pixels.
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Yazdanfar (Yazdanfar et al., 2008) performed a comparison of the four metrics presented above and
found the best performing metric was the Brenner gradient with the worst being entropy. The
Brenner gradient had the most symmetric and monotonic of the curves through focus with the
steepest gradient. This meant a more defined focus position can be determined. In contrast, the
entropy-based metric did not vary symmetrically either side of focus and the variation in entropy

values was smaller.

Low-cost

o = == mm multlmod_e
laser unit

objective

BS3 BS2
L5 ;
I
2 o
I Bs1 830nm |
I

imaging
camera

— o o o - o o o E———,

laser diode | :

~ (ﬂ(mﬁs ﬁmlami 2 cu2

autofocus
camera

autofocus excitation unit :

Ccu1

Figure 5.1. showing the optical setup for a knife-edge-based centroid autofocus using an
infrared, 830 nm, fibre coupled source implemented on an Olympus IX81. The path of the
autofocus beam is represented by the red line. The output from the fibre is collimated by an
18.4 mm focal length aspheric lens, (Thorlabs C280TMD-B), and bisected by a knife-edge mask.
The beam then passes an excitation filter, CU1 (Edmund 65-119), and is steered by a pair of
mirrors. The beam is reflected by a 50:50 beamsplitter, BS1 (Edmund 47-026), a short pass
dichroic, BS2 (Edmund 69-220) and a custom multiline dichroic, BS3 (Chroma
ZT405_465_625_825rpc-UF2). An image of the knife-edge is formed on the back focal plane of
the objective (Olympus UplanFL 100x, NA 1.3, oil) using a 100 mm focal length lens L3 (Thorlabs
AC254-100-B-ML) and a 200 mm focal length Lens L4 (Edmund 49-364). The bisected beam is
reflected at the interface between the coverslip and the sample before propagating back
through the system. Here it is transmitted by the 50:50 beam splitter, BS1, and a clean-up
bandpass filter, CU2 (Edmund 65-180), before being imaged onto a secondary autofocus USB
camera (FLIR CM3-U3-3154M-CS).

This order of metric performance was in agreement with the analysis by Sun et al. (Sun, Duthaler &
Nelson, 2004) who compared the performance of 18 different image metrics using 5 different
performance criteria (accuracy, range, number of false maxima, width and the noise level). The

authors combined these results to determine an overall score for the 18 metrics presented. The best
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performing metric when applied to brightfield, phase contrast and DIC imaging modalities was the

normalised variance:

N M
Viorm = N x M x lel I(l ]) - Equation 5.6
i=1j=

Where Vnorm is the normalised variance, NV is the image pixel height, M is the image pixel width.

For all of these metrics to be used to determine focus, multiple images needed to be acquired at
different axial positions through focus with interpolation between the measured metric values being
used to quantify the defocus. It is preferable to minimise the number of image acquisitions that are
required to determine the optimal focus position. A minimum of 3 images acquired through focus
are required to fit a Gaussian if the defocus curve is a single peak and monotonic either side.
However, measuring at more axial positions will improve the performance at the expense of

increased measurement time per FOV.

The disadvantage of image-based autofocus methods is that they are inherently slow, as they
require multiple frames to be acquired for each FOV, during which time the sample should be static,
which can be a problem for imaging live samples. In addition, the acquisition of multiple images per
FOV for the autofocus can increase the light dose on the sample and increase the probability of the
sample suffering from photobleaching or phototoxicity. Another limitation for image-based
autofocuses, is they typically work over a limited narrow axial range close to the DOF of the
microscope objective. This would not be adequate to accommodate large axial focus variations such
as those encountered when moving between wells across a multiwell plate which can be as much as
~250 um for a 96 well plate. A further significant limitation is that image-based autofocus techniques
may not work with thick samples such as biological tissue where there may be features that

contribute to image-based metrics at multiple axial planes in the sample.

5.2.2 Hardware-based autofocus techniques

In these techniques, additional optical components are introduced into the system to measure the
separation between the coverslip or the sample and the objective lens. In general, hardware-based
techniques use a separate detector to the primary microscope camera and can operate faster than
software-based techniques and in parallel with the primary imaging modality - typically requiring
only one or two auxiliary “autofocus measurements” and often being able to operate in “closed

loop” mode to lock on the focus condition. In addition, the optical system of the autofocus can be
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designed to optimise the autofocus readout without compromising the primary microscope function
and this can make the signal (image) processing simpler. The performance of optical autofocus
systems is much less dependent on the sample, and they will usually work with thick samples.
However, implementing an optical autofocus requires either a new design of the microscope frame
or the integration of additional hardware components and this adds cost and complexity to the

instrument.

Optical autofocus techniques have been implemented using a range of different principles to
measure the coverslip objective lens separation. These include confocality (LIRON et al., 2006),
where the intensity of a laser beam, focused onto and reflected from the coverslip, is monitored
through a pinhole located in a conjugate plane to the coverslip. When the coverslip is in the focal
plane of the objective lens, the light transmitted through the pinhole will be at maximum intensity
and this signal will decrease with defocus. Alternatively, the light reflected from the coverslip can be
imaged on an auxiliary camera (with no detection pinhole required), as discussed later in this
chapter. For other autofocus techniques, fiducial markers (such as gold beads (Coelho et al., 2023))
are introduced into the sample and are imaged on an auxiliary camera using a variety of imaging
modalities including intensity or phase imaging or using a wavefront sensing device (Bon et al.,
2015). Defocus can be determined from the auxiliary camera images using a range of metrics such as
measuring the displacement of an image (Liao et al., 2016) or by calculating a centroid value from
the optical signal being monitored from the sample (Liu et al., 2010). As well as using light reflected
from the coverslip, this approach can also be implemented using fluorescent emission (Silvestri et
al., 2021) (as long as it originates from a single plane in the sample) or light scattered from fiduciary

markers (Bon et al., 2015).
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Figure 5.2. showing the image formed on the full FLIR CM3-U3-3154M-CS camera sensor
(2048x1536 pixels) of the bisected autofocus beam as the sample is passed axially through focus.
The images were acquired every 5 microns. The defocus in the images increase in axial height
scanning from left to right along each row from -110um (top left) to +90um (bottom right)
through focus. A 6.4mm focal length lens was used to collimate the beam out of the fibre.

A disadvantage of these optical techniques can be that they are limited by diffraction. If the optical
autofocus illumination is through the objective lens, then the short confocal parameter may limit the
range of the autofocus such that it cannot accommodate large defocussing experienced with

multiwell plates or slide scanning.
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5.3 Knife-edge centroid autofocus

The initial implementation of an optical autofocus system was based on a centroiding measurement
of a laser beam that is focussed by the objective lens on the sample coverslip and reflected back to
an auxiliary (autofocus) camera, as illustrated in Figure 5.1. A knife-edge was used to bisect a laser
beam after collimation from an optical fibre to form a semi-circular collimated illumination beam
incident on the back aperture of the objective lens. This design, which was originally presented by
Liu et al. (Liu et al., 2010), was implemented on an Olympus IX81 microscope frame with a motorised
sample stage. An infrared beam from a laser diode at 830 nm (Ushio HL8337MG), was coupled into a
single mode optical fibre (FS-SN-4224) fibre and collimated using an 18.4 mm focal length lens
(Thorlabs C280TMD-B) to provide a collimated TEMqo illumination beam with a Gaussian intensity
profile. This beam was coupled into the microscope via the main (multiline) dichroic beamsplitter
and was aligned with the optical axis of the microscope using two steering mirrors. A knife-edge was
placed before the steering mirrors to bisect the collimated illumination beam which was then
reflected by a 50:50 beamsplitter (Edmund 47-026). The beam was then reflected by a short pass
dichroic beamsplitter, BS2 (Edmund 69-220), before being reflected by the microscope dichroic
beamsplitter, BS3, to be collinear with the optical axis of the microscope. The short pass dichroic
beamsplitter was used to introduce an excitation laser beam into the microscope (e.g., for
easySTORM). The 50/50 beamsplitter transmitted part of the reflected infrared laser beam. Lens L4
(Edmund 49-364) of 200 mm focal length effectively imaged the autofocus laser spatial profile at the
coverslip onto the autofocus camera (FLIR CM3-U3-31S4M-CS).

Figure 5.2 shows frames from an “axial fly-through” movie acquired by the autofocus camera as the
microscope sample stage was translated through focus, where the optical fibre aspheric collimating
lens here was changed to a focal length of 6.4 mm, to increase the operating range, giving a beam
diameter on the order of 12.8 mm at the back aperture of the objective lens. The choice of
collimating lens focal length impacts the confocal parameter of the system. The shorter the confocal
parameter, the more accurate the focus prediction will be but the shorter the operating range. The
knife-edge bisecting the collimated illumination laser beam produces an asymmetric intensity
distribution that changes size and shape and moves across the autofocus camera sensor as the
objective lens is translated through focus. When the coverslip is in focus, the image on the autofocus
camera will be a focussed spot, and this grows as an approximately semi-circular intensity
distribution when the sample stage is translated either side of focus. Figure 5.2 illustrates how the
direction of defocus is indicated by the lateral position of the intensity distribution on the autofocus

camera.
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Liu et al. (Liu et al., 2010) used an approach based on the centroid of the intensity distribution on the
autofocus camera, using a ray optics description to establish a linear relationship between the
degree of defocus (quantified by the sample stage position) and the radius and centroid position of
the intensity distribution on the sensor. By fitting the image data acquired from an axial scan of the
objective or sample stage to their ray optics model, they could use that relationship to predict the

current defocus from the acquired autofocus camera image after appropriate image processing.
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Figure 5.3. Centre of mass (CoM) position of the distribution of light on the camera as a function
of sample defocus for the knife-edge-based autofocus system shown in Figure 5.2. This
calibration data was used as a look-up table for the image data shown in Figure 5.4. The linear
range is approx. 13 um. The raw image data was acquired in 200 nm step intervals.

For my implementation of this knife-edge autofocus system, | acquired a “calibration” axial scan of
autofocus camera images, calculated the centroid position of each frame and stored these values in
a look-up table of centroid position and axial stage position. This allows the defocus (i.e., the stage
translation required to bring the microscope back into focus) to be determined from a single
autofocus image by calculating the intensity centroid position and comparing it to the look-up table.

The nearest value in the table could be found and hence the current defocus could be predicted.

This approach can avoid artefacts that could arise if the relationship between centroid position and
defocus is nonlinear. However, it requires an up-to-date calibration z-stack of autofocus camera
images acquired during an axial scan through focus as the relationship between centroid position

and defocus may change if the alignment is perturbed or drifts over time.

| found the useful axial range of this knife-edge autofocus approach to be limited because the
intensity distribution on the autofocus camera expands with defocus such that its diameter exceeds

the size of the camera sensor and then the calculated centroid position no longer increases linearly
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with defocus but flattens off and then starts decreasing, as illustrated in Figure 5.3. This stack was

acquired when using the 18.4 mm focal length aspheric collimating lens. Therefore, outside the

(a) anti-mouse anti-rabbit (b)  anti-mouse anti-rabbit

Figure 5.4 A figure showing automatically acquired HCA acquisition of HEK293 cells arrayed in
two wells of an 8 well chamber slide. 4 FOV’s were acquired in each well. The cells in A1 were
labelled with a mouse primary antibody (Sigma Aldrich T8203 clone AA13, Lot:013M4788V,
1:1000) and the secondary antibody was a donkey anti-mouse conjugated with Alexa Fluor 647
(ThermoFisher Scientific catalogue A31571, Lot:1692912). The cells in A2 were labelled with a
rabbit primary polyclonal antibody (Abcam ab18251, Lot:GR275948-1, 1:1000) and a goat anti-
rabbit secondary antibody (ThermoFisher Scientific A-21244) conjugated with Alexa Fluor 647.
(a) shows the automatically acquired widefield images of the same super-resolved reconstructed
FOV’s shown in figure (b). The focus was maintained using the knife-edge centroid autofocus
technique.

approximately linear regions, the autofocus is no longer able to reliably determine the defocus. The
signal to noise ratio of the images acquired on the autofocus camera also decrease with defocus and
ultimately this prevents any useful calculation of the centroid position in a single step, but rather it

must move back to the linear region first and then jump to focus.

If the defocus is outside the linear range but the images still present sufficient signal to noise for

useful image processing, it is possible to implement a multistep approach to return to focus. The sign
of defocus can still be determined from the autofocus camera images and so the stage can be moved
in the direction towards focus to search for the linear region, from where the system can then move

to focus with a single step. However, this iterative process can be slow.
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5.3.1 HCA STORM using knife-edge autofocus

To demonstrate the efficacy of this knife-edge autofocus system, | used it when imaging samples
arrayed in a multiwell chamber slide with STORM. Having acquired a calibration autofocus z-stack, |
applied the autofocus every 200 frames during the STORM acquisitions to correct for any axial drift.
Figure 5.4 shows representative images of HEK293 cells from an easySTORM experiment where the
cells were arrayed in 2 wells of an 8-well chamber slide and 4 FOV’s were acquired in each of the
wells. In the first well the tubulin in the cells were labelled with a donkey anti-mouse secondary
antibody (ThermoFisher Scientific A31571, Lot:1692912) conjugated with Alexa Fluor 647 and a
mouse primary antibody (Sigma Aldrich T8203 clone AA13, Lot:013M4788V) in 1:1000
concentration. The cells in the second well were labelled with a goat anti-rabbit secondary antibody
(ThermoFisher Scientific A-21244) conjugated with Alexa Fluor 647 and a rabbit primary polyclonal
antibody (Abcam ab18251, Lot:GR275948-1) in 1:1000 concentration. Each FOV was acquired with
20,000 frames and the exposure was set at 30 ms. The widefield epifluorescence and super-resolved
image reconstructions are shown in Figure 5.4. The cross-section of a feature interpreted to be a
single isolated microtubule structure was measured to be 56 nm for the reconstructed STORM
images compared to 289 nm in the widefield epifluorescence images. The measured cross section of
the microtubule is increased from the expected 25nm when using primary and secondary antibodies
since the secondary antibody is located up to 20nm from the target after labelling. Therefore, the

FWHM is increased to an expected ~50nm (Leduc et al., 2018).

| observed that, while this autofocus technique worked well for short image acquisitions of less than
2 hours, it could fail during longer experiments such as multiwell plate image data acquisitions. This
is because the optical autofocus system can be subject to environmental perturbations over time in
a similar manner to the microscope itself. While thermally induced drift in the microscope can lead
to the defocus that the autofocus is intended to correct, the optical system for the autofocus itself
can be affected by thermal or mechanical drift that can change the optical alignment. If such drift
leads to lateral displacement of the autofocus laser beam relative to the knife edge or the camera
sensor, this can have a strong impact on the defocus measurement. This would be an issue for any
optical autofocus technique that uses a metric based on position of an image on the autofocus
camera sensor. It is therefore desirable to base the defocus measurement on an autofocus image
metric that will not be as sensitive to perturbations of the alignment of the autofocus laser beam. |
therefore explored designs that determined defocus from the shape of the intensity distribution on

the autofocus camera sensor, rather than its position.
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5.4 Slit-based autofocus

Figure 5.5 shows the schematic of an optical autofocus design that utilises a rectangular slit to
aperture the autofocus illuminating laser beam profile, thereby creating a collimated rectangular
beam that is aligned to propagate through the optical system to the back focal plane of the objective
lens centred on the optical axis. The aspect ratio of the slit used was approximately 3:1. The defocus
is then determined by the width of the intensity distribution on the autofocus camera sensor, rather
than its position. The mask was located in the back focal plane of the collimating lens after the
optical fibre and this plane was designed to be conjugate with the back focal plane of the objective
lens. The slit leads to different beam diameters along the two orthogonal axes parallel and
perpendicular to the slit. In turn, this leads to stronger or weaker focussing of the autofocus laser
beam on the coverslip relative to the orientation of the slit, which means that the autofocus
provides different precision and range when measuring the width of the intensity distribution on the

autofocus camera sensor in orthogonal directions.

The defocus measurements are made by averaging the intensity along either the rows and columns
of the autofocus image to provide two respective intensity “projections” along the horizontal and
vertical axes of the sensor, i.e., parallel, or perpendicular to the slit. The defocus can then be
calculated from a measure of the width of these intensity projections. Initially | used the numerical
standard deviation of the averaged intensity values along each projection, which peaks at focus, as

the defocus metric to be used in the look-up table.

The range and precision of the autofocus is governed by the confocal parameter of the focussed

autofocus illumination beam:

Confocal Parameter = 2 X Zg Equation 5.7
Tw,*n .
Zp = /‘{ Equation 5.8

Where Zj, is the Rayleigh range, w, is the beam waist, n is refractive index and A is the wavelength.

128



Olympus IX81 frame

sample
P Low-cost
o = = = == multimode
laser unit

objective

BS3

imaging
camera

- m | o o o o o ———,

microscope frame e
~ i -

830nm
laser diode

autofocus
camera

cu1

Figure 5.5. The optical system for the slit-based autofocus implemented on an Olympus I1X81
frame. An 830 nm laser diode (Ushio HL8337MG), was coupled into a single mode fibre with a
0.1 NA and the output of the fibre was used as the source for the autofocus. The beam was
collimated using an 18.4 mm aspheric lens (Thorlabs C280TMD-B). The collimated beam was
masked using a rectangular slit with a slit size of 1.2 mm. This resulted in a collimated
rectangular beam (3.6 mm and 1.2 mm respective diameters), propagating through the optical
system. The beam diameter was magnified by a factor of 2 using a 100 mm focal length lens, lens
L3 (Thorlabs AC254-100-B-ML), and a 200 mm focal length lens, L4 (Edmund 49-364). In between
these lenses, the beam was reflected first by a 50:50 beamsplitter, BS1 (Edmund 47-026), and
then by an 800 nm shortpass filter, BS2 (Edmund 69-220). The beam was then reflected by a
purpose designed multiline dichroic for use with multi-channel STORM excitation, BS3 (Chroma
ZT405_465_625_825rpc-UF2). The rectangular beam was then focused onto the sample by a
100x objective (Olympus UplanFL 100x, NA 1.3, oil) and reflected at the refractive index change
between the coverslip and the sample’s media. The reflected signal then propagated back
through the system and was transmitted by the 50:50 beamsplitter, BS1, before being imaged by
an auxiliary autofocus camera, Flir Chameleon3 (FLIR CM3-U3-3154M-CS). CU1 (Edmund 65-110)
and CU2 (Edmund 65-180) are clean up bandpass filters

The confocal parameter scales with the square of the laser beam waist, which is proportional to the
diameter of the illumination beam at the back focal plane of the objective lens. It should be noted
that the given formula is for a Gaussian beam, but the beam used here is a Gaussian subject to a top
hat mask. The autofocus confocal parameter will be larger or smaller when measured parallel or
perpendicular to the slit. The parallel projection presents a narrower beam waist in the back focal
plane so that the beam reflected from the coverslip will expand faster with defocus, providing more

sensitive measurements but also limiting the range of operation as the beam more quickly exceeds
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the size of the sensor at the autofocus camera. Thus, by controlling the width of the illumination
beam along these two orthogonal directions, we can simultaneously realise a high precision
autofocus over a short operational range and a lower precision over a longer range. This is

characterised in detail in Chapter 6.
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Figure 5.6 Implementation of the slit autofocus on the openFrame. An 830 nm laser diode (Ushio
HL8337MG) was coupled into a single mode fibre with a 0.1 NA and the output of the fibre was
used as the source for the autofocus. The beam was collimated using an 18.4 mm aspheric lens
(Thorlabs C280TMD-B). The collimated beam was masked using a rectangular slit with a slit size
of 1.2 mm. This resulted in a collimated rectangular beam (3.6 mm and 1.2 mm respective
diameters), propagating through the optical system. The beam was transmitted first by a 50:50
beamsplitter, BS1 (Edmund 47-026), and then reflected by an 800 nm shortpass filter, BS2
(Edmund 69-220). The rectangular beam was then focused onto the sample by a 100x objective
(Olympus UplanSApo 100x, NA 1.40, oil), and reflected at the refractive index change between
the coverslip and the sample’s media. The reflected signal then propagated back through the
system and was reflected by the 50:50 beamsplitter, BS1, before being imaged by an auxiliary
autofocus camera, Flir Chameleon3 (FLIR CM3-U3-3154M-CS) using lens L3 (Thorlabs AC254-200-
B-ML). CU1 (Edmund 65-110) and CU2 (Edmund 65-180) are clean up bandpass filters

Unfortunately, the expansion of the autofocus laser beam is approximately symmetric either side of
focus and so it is not possible to determine the required correction from a single autofocus camera
image. Instead, a 2-step approach can be adopted where the defocus metric is determined for
autofocus camera images acquired at two sample stage positions separated by a 10 um. By
comparing these values, one can determine whether the sample stage needs to be moved in the

positive or negative direction.
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5.4.1 Implementation of slit-based optical autofocus on an openFrame microscope

The slit-based optical autofocus system was implemented and tested on the openFrame modular
microscope discussed in Chapter 4, for which focussing is realised by axially translating the objective
lens rather than the sample stage. The system design for the autofocus is shown in Figure 5.6. A
single mode laser diode emitting at 830 nm was coupled into a single mode optical fibre and the
output was collimated using an 18.4 mm focal length aspheric lens to provide the autofocus
illumination beam with a radius of 1.84 mm. This collimated laser beam was then apertured using a
rectangular slit with a short axis width of 1.2 mm and a long axis width which exceeded the diameter
of the beam, which was approximately 3.68 mm, to provide a beam with an approximately 3:1
aspect ratio between the two axes. The beam was then steered using 2 elliptical mirrors to
propagate through a 50:50 beam splitter and reflect off the microscope multiline dichroic
beamsplitter to propagate along the optical axis to the back aperture of the Olympus 1.4 NA 100x
objective lens, which focused it down onto the sample where it was partially reflected at the
refractive index interface between the glass coverslip and the sample media. The reflected beam
then propagated through the system where part was reflected at the 50:50 beam splitter and
focused by a 100 mm focal length tube lens onto the autofocus camera. As the beam diameter
differs by a factor of ~3 in the two orthogonal directions, the confocal parameter differs by a factor
of ~9 between the two orthogonal directions, giving almost an order of magnitude difference in the

precision and range of the autofocus operation using the orthogonal intensity projections.

5.4.2 Comparison of slit-based and knife-edge-based autofocus systems: temperature

variations

The performance of the slit-based optical autofocus was compared to the knife-edge approach in
two experiments designed to explore the impact of drift in the optical alignment, with the
hypothesis that the slit-based approach would prove more resilient since the defocus measurement
does not depend on the position of the reflected laser beam at the autofocus camera sensor. These

comparisons were carried out on the openFrame microscope.

The first comparison was made by imaging 100 nm Tetraspeck fluorescent beads (T7279) arrayed in
a 96-well plate over a timescale similar to that needed for STORM experiments, where 5000 frames

with 30 ms exposure times would typically be acquired for each FOV, i.e., requiring >150 seconds per
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FOV. Accordingly, a FOV of beads was imaged in each well 15 times at 10 second intervals. For the
first 1hr20min of the experiment, both autofocus approaches were applied under normal laboratory
conditions and then the air conditioning fans were turned off and the temperature in the lab was
allowed to rise. 2hr40min into the experiment the temperature in the vicinity of the equipment was
further increased using a portable fan heater and the room temperature was monitored using a

temperature sensor (Teracom TCW210-TH controller and Teracom TSH300v2 Temperature sensor).

(a) (b)

Figure 5.7. 96-well plate image acquisitions of one 100 nm tetraspeck bead in each well acquired

using (a) centroid metric utilising a knife edge and (b) standard deviation of the mean projection

intensity along the axes. Each sub-image shows the bead image acquired in a different well. The

wells were acquired starting in the top left well (A1), moving straight down column 1, one well at

a time until after imaging H1. After imaging H1, the image in H2 was acquired. Then the

acquisition proceeded vertically up column 2. The wells were then accordingly acquired in this

snake pattern down and up the columns. After 1hr20min into the experiment, the system was

imaging well A4. After 2hr40min since experiment start, the system was imaging well A8.
Using each autofocus approach, the 96-well plate was traversed in a vertical snake-like pattern,
starting in well A1 and initially moving down the plate, 1 well at a time, before reaching H1. Then the
acquisition travelled back up column 2. The acquisition continued in this fashion progressing column
by column. Figure 5.7 shows representative images of 100 nm Tetraspeck fluorescent beads
acquired in each well using an sCMOS camera (Andor Zyla 5.5). Each FOV is represented by a single
bead image The autofocus systems were applied before the image data acquisition at each new FOV.

It took 4 hours for all 96 wells to be imaged. The 2 different autofocus approaches were tested on

consecutive days.

As illustrated in Figure 5.7(a), when using the knife-edge autofocus approach, the beads were
maintained in-focus for the initial 1hr20min during which time the temperature in the lab was
steady (changing by less than 0.1°C). After the air conditioning fans were switched off, the
temperature increased by 1.1°C over the next 1hr20min, during which time the defocus

measurement acquired an offset with respect to the true value due to the beam position shifting
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across the autofocus camera sensor. When the fan heater was switched on, the temperature in the
vicinity of the experiment increased by 3.6°C during the final hour of the acquisition and the knife-

edge autofocus failed such that the beads were too far from focus to be resolved.

Using the slit-based autofocus approach, it was possible to image beads in all of the wells
throughout the 4-hour experiment. The laboratory temperature changed during the first 1hr20min
of the experiment by only +0.1°C, whereas it increased by 1.3°C over the next 1hr20min with the air
conditioning units switched off and then the local temperature increased further by 4.2°C in the final
hour of the experiment. Figure 5.7 (b) illustrates how the beads were imaged in focus for the first
2hr40min of the experiment. However, as the temperature increased further when the fan heater
was switched on, the collimated autofocus laser beam drifted relative to the slit, which changed the
shape of the intensity profiles at the autofocus camera sensor. This change compromised the
efficacy of the defocus look-up table such that the autofocus failed to maintain the correct focus for

some of the FOVs.

Overall, it is clear that the slit-based autofocus was more resilient to thermal-induced drift than the
knife-edge technique, but its performance was still compromised by a total temperature change of
5.2°C. However, if the laboratory temperature is maintained within 2°C during an experiment, the
slit-based optical autofocus may be a reasonable strategy for super-resolved microscopy and

multiwell plate imaging or slide-scanning applications.

5.4.3 Comparison of slit-based and knife-edge-based autofocus systems: simulated system

drift

The knife-edge autofocus can fail if the position of the reflected autofocus laser beam on the
autofocus camera changes with respect to the position used when acquiring the calibration z-stack.
This may be caused by thermal or mechanical drift in the alignment of the autofocus optical system.
To demonstrate that the slit-based autofocus approach should be insensitive to such drifts in the
position of the reflected laser beam, | simulated such drift computationally and physically and,
having acquired the respective autofocus calibration image z-stacks (over a range of -25 um to

+25 um in 200 nm step intervals) to build the respective defocus look-up tables for each autofocus
approach, | then shifted the autofocus camera images to challenge the autofocus system and
acquired a new autofocus camera image z-stack at each value of shift. This shift could be realised by

physically moving the camera sensor (mounted on an x-y micrometer stage) or simulated by
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cropping the autofocus camera images by 50 pixels from the outer perimeter and shifting the
camera image horizontally with respect to the calibration defocus look-up table. Both the knife-edge

autofocus and the slit-based autofocus were implemented on the openframe for the comparison.

Figure 5.8 shows the results of the simulated camera shifting in steps equal to half the focussed laser
beam spot size (i.e., ws) on the camera sensor, up to a maximum distance of 4.5 @, The focal spot

size on the sensor was calculated, when using the following Equation 5.9.

Af  830x 1077 x 100 x 1072
Twy T x1.84x1073

wr = = 14.4pm Equation 5.9

Where wy is the focal spot radius, A is wavelength, f is the focal length of the tube lens, and wg was

the beam diameter of the collimated beam into the back focal plane of the tube lens.
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Figure 5.8. Simulated drift of translated cropped images from the autofocus camera. Images
were shifted in half integer values of the focal spot size. The results for the knife-edge centroid
based autofocus are shown on the left (a, c) and the slit-based standard deviation autofocus
results on the right (b, d). As the drift was induced in the images, the current defocus was
predicted from the original calibration stack. The induced drift caused the centroid values,
associated with the knife-edge, to be shifted to larger values. This created an error when
predicting the defocus with a constant offset. Whereas the standard deviation approach was
able to correctly predict the defocus as the drift was introduced and the values did not shift from
the calibration plot.

The pixel size of the FLIR Chameleon3 CMOS camera is 3.45 um and the reflected laser beam has a
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focal spot size radius of 4.16 pixels. For the simulated drift, the cropped image was translated by

4 pixels in the x direction and 1 pixel in the y direction, to give a shift of @w,.. =4.12 pixels.

Figure 5.8(a,b) shows plots of the calibration defocus look-up data for (a) the knife-edge and (b) slit-
based autofocus techniques (in red) and the maximum shifted values (in blue) of the respective
defocus metric (i.e. centroid position or standard deviation of intensity distribution of reflected laser

beam on camera sensor) when using the computationally shifted autofocus camera images.

Figure 5.8(c, d) show the average defocus prediction error across the linear region in the calibration
z-stack that was calculated at each simulated drift value of the autofocus camera images between 0
and 4.5 q.. For the (c) knife-edge-based and (d) slit-based autofocus approaches: the knife-edge
autofocus data shows an incorrect offset in the predicted defocus compared to the true defocus for
that stack, which became worse with increasing camera image shift. In contrast, for the slit-based

autofocus, there was no defocus prediction error for any of the autofocus camera image drift values.

This comparison was repeated by mounting the autofocus camera on an x-y micrometre stage and
physically shifting the camera sensor. Figure 5.9(a,b) shows the plots of the calibration defocus look-
up data (in red) and the maximum shifted values (in blue) of the respective (a) knife-edge-based and
(b) slit-based defocus metric, and Figure 5.9(c,d) show the respective average defocus prediction
error across the linear region in the calibration z-stack that was calculated at each simulated drift
value of the autofocus camera images between 0 and 3.2 .. In this experiment, the maximum
camera shift was limited to 3.2 @, by the translation stage and the knife-edge was mounted in the
opposite side of the illuminating autofocus laser beam so the plots in Figure 5.9(a) are horizontally

flipped.

As was observed with the simulated autofocus camera shift, the knife-edge autofocus data shows an
incorrect offset in the predicted defocus, which again increased with camera shift up to a maximum
of 0.700 um. There was also some error in the defocus prediction of the slit-based autofocus but the
maximum error was lower (<0.125 pum) and is within the depth of field of the 1.4 NA objective lens in
the microscope (~+300 nm for imaging with light at 647 nm). The increased prediction error
compared to the simulated camera shift results may be due to variations in noise across the
autofocus camera image stacks, or there may have been some drift of the relative alignment of the
autofocus laser beam and slit between the acquisitions of the calibration and measurement z-stacks.
However, these experiments demonstrate that the slit-based autofocus is more robust than the
knife-edge-based autofocus with respect to optical drift that may be caused, e.g. by thermal

variations or mechanical relaxation of components.
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Figure 5.9 Induced drift of images acquired from the autofocus camera using a micrometre stage
to shift the image position on the sensor. Images were shifted in half integer values of the focal
spot size. The results for the knife-edge centroid based autofocus are shown on the left (a, b)
and the slit-based standard deviation autofocus results on the right (b, d). As the drift was
induced in the images, the current defocus was predicted from the original calibration stack. The
induced drift caused the centroid values, associated with the knife-edge, to be shifted to larger
values. This created an error when predicting the defocus in the form of a constant offset. In
contrast, the standard deviation approach was able to perform better at predicting the defocus
as the drift was introduced. The maximum error predicted from the knife-edge approach was
700 nm, compared with 125 nm for the standard deviation technique when considering an
image drift up to three times the focal spot size.

5.5 Cylindrical lens autofocus

The slit based autofocus was shown to be more robust than the knife-edge approach and also
provides both long-range/lower precision and short-range /higher precision readouts of defocus.
However, it is still unable to determine the sign of defocus from a single autofocus camera
acquisition and the defocus metric (standard deviation of the intensity distribution of the reflected
laser beam at the autofocus camera) can be impacted by small changes in the relative alighment of
the autofocus laser beam and the slit. To address the latter issue, it was proposed to use a pair of
orthogonal cylindrical lenses of different focal lengths to collimate the autofocus laser beam from
the optical fibre to generate the required (~3:1) difference in beam diameter in orthogonal

directions rather than a slit. This would be less sensitive to small changes in alignment of the laser

136



beam with the optical axis (and therefore the slit). It was also proposed that, by slightly translating
one of the cylindrical lenses from the position where it collimated the light from the optical fibre, the
autofocus laser beam would provide slightly different defocus measurements parallel to each
cylindrical lens and this would enable the sign of defocus to be determined from a single autofocus

camera image.
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Figure 5.10. Implementation of the cylindrical lens autofocus on the openFrame. An 830 nm laser
diode (Ushio HL8337MG), or an 840nm SLD (Superlum SLD-840F50P05S-TOSA9), is coupled into
a single mode fibre with a 0.1 NA and the output of the fibre was used as the source for the
autofocus. The beam is collimated in by a 6.4 mm focal length cylindrical lens, CL1 (Thorlabs
LJ1227L1-B), and by a 20 mm focal length cylindrical lens, CL2 (Thorlabs LJ1960L1-B), which are
orientated at 90° to each other to produce an elliptical beam profile. CU1 (Edmund 65-180) is a
clean-up long pass filter. The beam is steered using a mirror and a 50:50 beamsplitter, BS1
(Edmund 47-026), which it reflects off, and then is reflected by an 800 nm shortpass filter, BS2
(Edmund 69-220). The elliptical beam is then focused onto the sample by a 100x objective
(Olympus UplanSApo 100x 1.40 oil) and reflected at the refractive index change between the
coverslip and the sample’s media. The reflected signal was then propagated back through the
system and was transmitted by the 50:50 beamsplitter, BS1, before being imaged by an auxiliary
autofocus camera (FLIR Chameleon3 CM3-U3-3154M-CS) by a 200mm focal length lens L5
(Thorlabs AC254-200-B-ML). Reproduced from (Lightley et al., 2023)

Figure 5.10 shows the schematic of the experimental implementation of this new approach on an
openFrame-based microscope. The first cylindrical lens had a focal length of 6.4 mm, and the second
(orthogonal) cylindrical lens had a focal length of 20.0 mm — providing an aspect ratio of the beam of
3.125. These two cylindrical lenses collimated an infrared laser beam at 830 nm emerging from a

single mode optical fibre with 0.10 NA. Initially a single mode diode laser was used as the autofocus
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laser source, but this was later replaced later by superluminescent diode (SLD) at 840 nm. As before,
the (elliptical) collimated laser beam was focused onto the coverslip by the microscope objective

lens and the reflected laser beam intensity distribution was imaged onto the autofocus camera.

The orthogonally orientated cylindrical lenses create different confocal parameters in the long and
short axes of the elliptical beam. Analogously to the slit-based autofocus discussed previously, this
serves to increase defocus measurement precision when near focus when using intensity projections
formed by summing the autofocus camera pixels in the orientation parallel to the larger autofocus
laser beam diameter associated with the shorter confocal parameter. Summing the camera pixels in
the orthogonal direction parallel to the smaller autofocus laser beam diameter provides less precise

but longer-range operation of the autofocus associated with the longer confocal parameter.

5.5.1 Single shot autofocus

When one of the collimating cylindrical lenses is slightly offset from its focal length relative to the
fibre output, the autofocus laser beam will focus at a different axial position in the plane associated
with that cylindrical lens compared to the focusing of the beam in the orthogonal plane. By
offsetting one of the cylindrical lenses so that it focuses a few microns axially separated from the
focus for the orthogonal axis, it is possible to determine which side of focus the sample is positioned
in a single acquisition. This is because the peaks of the two orthogonal autofocus metrics (e.g., a
measure of the width of the respective intensity projections) are now offset in the autofocus
calibration image z-stacks and the sign of the difference between the pair of defocus values returned

from the respective look-up tables changes with the sign of defocus.

When implementing the cylindrical lens-based autofocus on the openFrame microscope, it was
observed that there was an unwanted background signal on the autofocus camera due to a
reflection from the microscope objective lens that led to a structured intensity distribution with
interference fringes that changed as the objective lens was axially scanned. It was found that the
superposition of this unwanted reflection with the reflected autofocus laser beam on the autofocus
camera could lead to errors when taking the two orthogonal average projections of the back-
reflected beam and calculating the standard deviation of each projection to use with the look up
table, particularly if there was any drift in the alignment. It was found empirically that using the
FWHM of the Fourier transform power spectrum of the projection, rather than the standard

deviation, provided a more robust metric for the autofocus. This metric depends on the spatial
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frequency content of the intensity projections and seemed to be less sensitive to perturbations in

alignment and variations in intensity.
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Figure 5.11. FWHM of the Fourier transform power spectrum of the two projections of average
intensity along the horizontal and vertical axes of the sensor of the FLIR Chameleon3 CMOS
camera. The red and blue peaks represent the autofocus metrics for the short confocal
parameter and long confocal parameter respectively. The Green plot shows the average intensity
in the image after a background subtraction. As the 20 mm focal length lens has been positioned
slightly further away than its focal length from the fibre, it focuses onto the sample 2 microns
axially above the blue peak. This enables closed loop single-shot autofocus

Figure 5.11 shows a plot of this Fourier transform power spectrum metric plotted against defocus
(objective lens position) for the shorter (red) and longer (blue) confocal parameter for the
calibration autofocus camera image z-stack used to build the look-up table, for which autofocus
camera images were acquired every 50 nm over a range of £90 um translation of the objective lens.
The offset collimation of the two orthogonal cylindrical lenses causes the peaks to occur at separate
defocus positions, which removes the ambiguity about the sign of defocus. Also shown (green) is the
average intensity of the whole autofocus camera image, after subtracting a background image
recorded at a sufficiently far enough axial position from focus such that the autofocus signal was no

longer detectable on the camera.

If the sample is close enough to focus (within ~¥37.5 um) such that the reflected autofocus beam
along the faster expanding axis is still contained within the camera sensor dimensions, the red curve

(associated with the shorter confocal parameter) of this defocus metric starts to increase in value
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and may be used to implement a single-shot autofocus, which can operate in either single-shot
mode or in closed loop if continuous correction is required. Further away from focus, this (red) curve
is flat, and the orthogonal defocus (blue curve corresponding to longer confocal parameter) can be
applied for a lower resolution correction of defocus that will bring the microscope back to the
regime where the higher precision focus correction can be used. This coarser autofocus using just
the autofocus camera intensity projection corresponding to the longer confocal parameter is not
able to determine the sign of defocus from a single autofocus camera image, and so two images are
acquired with the objective lens separated by 10 um (as discussed in section 5.4), followed by a 3™

autofocus camera image acquisition to apply the higher precision defocus correction.

The autofocus control software, written in Java for uManager, first determines whether the high
precision autofocus metric (red curve in Figure 5.11) is above a threshold value to enable the single-
shot autofocus to be used. If this is the case, the objective lens is translated to correct the defocus. If
not, then a second autofocus camera image is acquired at an objective lens position separated by

10 um from the first. These two images are used to bring the microscope close to focus, after which

the higher precision single-shot autofocus is automatically applied.

The performance of this cylindrical lens-based autofocus system on the openFrame microscope was
quantified by automatically imaging 100 nm fluorescent beads (Tetraspeck, T7279) plated in a glass-
bottomed 96 well plate pre-coated with poly-L-lysine. The image acquisition was performed in a
snake-like pattern moving row by row with microscope fluorescence image z-stacks of one FOV
being acquired in each well over a range of +4 um with axial sampling of 100 nm. At each new well,
the change in defocus was less than 37.5 um such that the autofocus was applied in the single-shot,
high precision mode to axially translate the objective lens and return the microscope to focus and
then the microscope fluorescence image z-stacks were acquired. If the autofocus system performed

perfectly, then the central image in the fluorescence image z-stack should be the in-focus image.

To quantify the performance, the z-stack image data was analysed using PSFj (Theer, Mongis & Knop,
2014), previously published software that analyses all the individual 100 nm bead images in the FOV
and determines the slice in the z stack for which each specific bead is in focus. For each FOV, a
histogram of the values of the offset of the bead in-focus plane relative to the central plane in the z-
stack (i.e., the predicted in-focus plane) can be generated and quantified by the mean and standard

deviation.

140



(a) (b)
Map of defocus relative to autofocus plane (um) Histogram of defocus

25
A{-0.18|-0.16(-0.13| 0.13 -0.39|-0.04|-0.13(-0.13|-0.12|-0.18(-0.12|-0.10 1.0 M
B -0.31/0.07 |-0.01| 0.01 |-0.09|-0.05|-0.07|-0.28|-0.04|-0.21| 0.03 |-0.12 ﬂ 20
; C 0.25(-0.22(0.10 (0.42 |-0.38| 0.41|-0.10| 0.26 | 0.09 0.5 q;J
9] o« 15
< [D{0.04(0.05(-0.33|0.18|-0.16| 0.03 |-0.03|-0.27(-0.25| 0.13 | 0.23| 0.05 o)
) 0.0 e
+= [E{0.33(0.55(0.38|-0.06(0.07 |-0.39/-0.15(0.16 |-0.09| 0.03 |-0.41(-0.03 ()
© L 10
D_ F{0.13|-0.14|-0.07(0.31|-0.11( 0.17 [-0.05-0.02|-0.12|-0.10|-0.46|-0.13 0.5 E
Y >
(5{0.02(-0.23|-0.29/|-0.21| 0.05|-0.19(-0.14|-0.14(-0.16/ 0.09 | 0.20(-0.11 Z 5
H10.17|0.31 (-0.14|0.44(-0.05|-0.17|-0.10(-0.44|-0.24/ 0.18 [ 0.07 0.13 -1.0 0 m m
i 2 345 6 7 8 9 101112 -1.0 =05 00 05 1.0
Plate column Defocus error (um)
(c) (d)
g 20 g 20
‘:‘ 15 = 15
O —_
= 10 © 10
q) —_
05 Qs
5 0 5 o
=2 00 ._.[l = - O ool g e ‘U b - o8 o f§ -3 lﬁﬂ'
3 =h4ello-Ue g = "
5 05 5 05
S - oY -1.0
= c
% 1.5 © L5
2 -60 -50 40 -30 -20-10 0 10 20 30 40 50 60 -20-18-16-14-12-108 6 4 2 0 2 4 6 81012141618 20
Defocus [um] Defocus [um]

Figure 5.12. (a) shows a 96 well plate arrayed with 100 nm Tetraspeck beads that was scanned
using autofocus with a z-stack acquired in each well. PSFJ was used to determine the in-focus
axial plane for each bead and the mean offset from the centre image provided the error in the
defocus for each well - shown with associated heatmap of defocus in microns. (b) shows a
histogram of errors in defocus for the 96-wellplate. The grey region shows the depth of field.
Figures (c, d), system was refocussed 10 times from range of known defocus offsets for the
longer (c) and shorter (d) range autofocus prediction. Errors in predicted defocus are plotted
(boxplots with mean error, interquartile range and outliers). Red highlighted region shows depth
of field of microscope objective lens. The depth of field for this fluorescence microscope with
100x, 1.4 NA objective lens was ~0.65 um for an emission wavelength of 680 nm. Reproduced
from (Lightley et al., 2023)

Figure 5.12(a) presents the performance of the autofocus in each well as a colour map and is also
displaying the mean error across each FOV of the error (i.e., the offset between the autofocus-
predicted central plane of the z-stack and the actual in-focus plane as determined by PSFj for each
bead). The colour map indicates the variation of this mean error from 0 um (cyan) up to +1 um (red).
Within the depth of field, the colour map is solid cyan and then varies on a continuous scale from
cyan to red at £1 um. The depth of field for this fluorescence microscope with 100x, 1.4 NA objective
lens was ~0.65 um for an emission wavelength of 680 nm. The Figure 5.12(b) presents a histogram of
these mean errors/FOV, for which the standard deviation for the 96-well plate is 230 nm and mean

of the absolute prediction errors is 179 nm.
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To further quantify the performance of the cylindrical lens-based autofocus approach, the accuracy
of defocus correction from predetermined defocus values was measured. This was done using the
shorter range (smaller confocal parameter) intensity projections, with initial defocus values ranging
between +20 um of defocus in axial steps of 2 um, and with the longer range (larger confocal

parameter) intensity projections with initial defocus values ranging between +60 pm in 10 um steps.

From each pre-set defocus position, the autofocus was applied 10 times and the objective lens was
moved to the predicted in-focus position for each of the 10 repeats. The actual in-focus position was
determined by acquiring an autofocus camera z-stack and interpolating between frames to find the
plane where the size of the focused laser beam was minimised in the fast (i.e., short confocal

parameter) direction.

The differences (errors) between the known defocus offset and the autofocus predicted defocus
correction were calculated for each repeat for each initial defocus offset value. Figure 5.12(c, d)
show boxplots showing the mean error (orange line), interquartile range (boxplot) and any outliers
for the longer range and shorter range autofocus predictions respectively. As the initial defocus
value was decreased, the error in defocus prediction decreases as expected because the gradients of

the autofocus metric curves (Figure 5.11) increase towards the peak.

5.5.2 Closed-loop autofocus

Within the range of the single-shot autofocus capability, it was possible to enable continuous closed-
loop focus correction, which is desirable for time-lapse microscopy experiments or when acquiring
long image data acquisitions, such as during STORM experiments. If the closed-loop autofocus can
be implemented independently of the main microscopy imaging, then it will not increase the image
data acquisition time. To illustrate the closed-loop autofocus functionality, Figure 5.13 presents
results from 50,000 frame STORM image data acquisitions (over ~30 minutes at 30 frames/s) that
was performed with and without continuous defocus correction to compensate for drift on the

openframe microscope.
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Figure 5.13. STORM reconstruction of thyroid cells with the tubulin labelled with ifluor647
acquired on the openframe using a CellCam kicker camera. (a) Continuous closed-loop autofocus
correction was used (b) Continuous closed loop autofocus correction was not used

The sample was fixed thyroid cells in which tubulin was labelled with ifluor647 and the easySTORM
images were reconstructed using a parallelised implementation of ThunderSTORM running on
Imperial’s HPC cluster (Munro et al., 2019). Figure 5.13(a) shows the super-resolved image
reconstruction of the easySTORM data acquired when using the continuous closed loop autofocus
whereas Figure 5.13(b) shows the reconstruction from the easySTORM acquisition starting from the
microscope in focus but without the closed loop autofocus enabled. The tubulin filaments are more

clearly discernible for the easySTORM acquisition using the closed loop autofocus.

The objective lens position was recorded before and after the STORM image data acquisition to
guantify the net axial drift. Using the continuous closed loop autofocus, the objective lens stage
position changed from 3132.3 um to 3133.0 um after the 50,000 frames. This axial change of 700 nm
exceeds the 300 nm DOF for this system when using a 635nm excitation source and so the
microscope would have drifted out of focus within the STORM image data acquisition without the

correction of defocus.

For the case where the autofocus was not used during the acquisition, the objective lens stage
started in focus at 3133.3 um. The autofocus was then applied after this uncorrected STORM image

data acquisition and the in-focus objective stage position was determined to be 3132.9 um. Thus,
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the microscope exhibited a system drift of ~400 nm in the objective lens position during this STORM

image data acquisition.

easySTORM
with autofocus

easySTORM
without autofocus

Figure 5.14. easySTORM reconstructions of fixed U-20S-CRISPR-NUP96-SNAP-iFluor647 cells
from 80000 frames at 30 ms exposure with HILO illumination acquired on the openfFrame using
the CellCam Kikker camera. Top row: frames were acquired with continuous autofocus
correction. Bottom row: 80000 frames were acquired without autofocus correction. (A, B) show
zoomed regions indicated in easySTORM reconstruction with continuous autofocus correction.
(C, D) show zoomed regions indicated in easySTORM reconstruction without autofocus
correction. The sub-units within the NPC are resolved when using the autofocus correction but
are not without using the autofocus. Reconstructions performed using Picasso (Schnitzbauer et
al., 2017).

To further demonstrate the closed-loop functionality, easySTORM images of U-20S-CRISPR-NUP96-
SNAP-iFluor647 cells were acquired with and without the continuous closed-loop autofocus, see
Figure 5.14. The top row of figures in Figure 5.14 show the easySTORM reconstructions, each from
80,000 frames acquired with 30ms exposure using the Cellcam Kikker and implemented on the
openFrame. The bottom row shows an easySTORM reconstruction of U-20S-CRISPR-NUP96-SNAP-
iFluor647 cells from the same sample acquired without continuous autofocus correction. Figure 5.14
(A-D) show the zoomed regions indicated in the full FOV easySTORM reconstructions. 100 nm
Tetraspeck fluorescent beads (T7279) were used as fiducial markers to correct for lateral drift for
both acquisitions. As can be seen in Figure 5.14 (A, B), the individual sub-units of the NPCs are
distinguishable, whereas they are not distinguishable in (C, D). Therefore, the achieved resolution

when using the continuous, closed loop autofocus correction exceeded 42 nm.
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5.5.3 Incoherent light sources

One challenge in developing this autofocus system was the presence of back reflections from optical
components in the system other than the sample coverslip. When the autofocus laser beam was
provided by a collimated beam from a single mode laser diode, the high spatial and temporal
coherence of the laser beam resulted in interference between the desired back reflected light from
the sample coverslip and other spurious back reflections. The resulting interference fringes would
change with defocus (due to changing optical path difference) and could not be addressed by simple
background intensity subtraction because of the coherent addition of the signal and background

light.

The main background signal occurred from one of the optical elements within the objective lens and
so this back reflected beam was defocussed with respect to the autofocus beam back reflected from
the coverslip. It was possible to adjust the position of the cylindrical lens that was slightly offset from
collimation to maximise the spread of this unwanted reflected light while retaining the autofocus
function to decrease the unwanted fringe modulation depth and, as discussed in section 5.5.1, it was
found that using a defocus metric based on the Fourier transform power spectrum of the intensity
projections was less compromised than using the standard deviation. However, it would be better to
eliminate these unwanted interference fringes by using an autofocus light source of lower spatial
and temporal coherence. | tried using an LED, but the divergence of the focussed LED radiation was
too fast with defocus, and this limited the range of the autofocus to a few microns. Instead, | tried a
super-luminescent diode (SLD) that provides low temporal coherence but high spatial coherence.
This could directly replace the single mode diode laser and still couple efficiently into the single

mode optical fibre.
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Figure 5.15. (a) and (b) show montages of images of an axial fly-through of focus of the
cylindrical lens autofocus when using a laser diode and SLD source respectively. The montages
show images every 5 um over a range of +60 um. The top left image in each montage is acquired
at -60 um. The axial defocus increases from left to right along the columns and from top to
bottom. The bottom right image in each montage is at +60 pum. Figures (c) and (d) show the same
axial z-stacks but with a background subtraction for the laser diode and SLD sources. As can be
seen in figures (a) and (c), the background subtraction couldn’t remove all structured features
from the background as the source is coherent. This meant the interference pattern changed
with focus. This interference structures prevented the autofocus from working when using the
Fourier transform metric. Whereas in figures (b) and (d), it can be seen that the background can
be subtracted as it is a constant background from an incoherent source. This meant that there is
a better signal, for the autofocus metric.

Using two SLD, either the Superlum sld-840f50p05s-tosa9 SLD with 4.5 um coherence length, or the
Superlum S-930 with 7.3 um coherence length, | found that the interference between back
reflections from the coverslip and other optical components was eliminated as the difference in path
length was greater than the coherence length. This meant that the unwanted background did not
vary with defocus and so a background autofocus camera image could be recorded sufficiently far
from focus, and this could be subtracted from autofocus camera images before calculating the
defocus metric. Figure 5.15(a, b) show representative images from the calibration autofocus camera
image z-stacks acquired using (a) the single mode diode laser and (b) the SLD. The reduction in
interference fringes is evident. Any fringes still present result from interference effects at the
microscope sample coverslip, and these do not change with defocus so can be removed with the

background subtraction. Figure 5.15(c, d) show the same autofocus camera image data after
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background subtraction. Thus, while the single mode laser diode can provide a practical autofocus,

the performance is improved by its direct replacement by an SLD at a similar wavelength.
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Figure 5.16. User interface of uManager 2.0 autofocus plug-in.

5.6 Autofocus control software

The software to control all the autofocus implementations reported in this thesis were written as a
plugin for uManager 2.0, for which the interface of the cylindrical lens-based autofocus software is
shown in Figure 5.16. The plugin was written in java using Netbeans as the IDE and controls the
hardware to move the stage or objective into the correct defined focus plane. This uManager plug-in
enables the user to define the desired in-focus plane and to activate or disable continuous closed-
loop autofocus correction. Limits can be set to prevent the axial translation of the objective lens or
sample beyond pre-determined safe positions if the autofocus system were to fail. The calibration
controls can be used to create a look-up table to convert the measured autofocus metric value to
defocus offset distance. This is carried out by the user selecting run from the drop-down control
options within the plugin interface. A background image can be stored to be subtracted from the
autofocus camera image if required. This provides a means to remove unwanted signals, e.g., from
back reflections from components in the optical system. Threshold autofocus metric values can be
set to define the regions in which the closed loop autofocus should be used and regions where the

multistep autofocus correction should be used.
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The plugin communicates via a socket connection to a Python script running simultaneously in an
Anaconda environment. The socket is created in the Python script. Once connected, the Python
script waits to receive a call for a new focus correction from the Java plugin. Once received, the
Python scripts acquires an image on the autofocus camera (FLIR chameleon) and calculates the
width of the power spectrums measured for the mean intensity projections of the sensor. The values
are then sent via the socket to the uManager 2.0 to compare with the pre-recorded look-up table to

determine the current defocus.

The uManager plugin is called openAF and is available at

(https://github.com/ImperialCollegeLondon/openAF).

5.7 Conclusion

This chapter has presented the iterative work developing a hardware-based autofocus, beginning
with the knife-edge-based approach using a centroiding metric, then progressing to the rectangular
slit masked beam technique before finally reaching the design using orthogonally orientated
cylindrical lenses. The cylindrical lens autofocus can operate in single-shot operation over a range of
1+37.5um and as a 2-step approach over a range of £68um. The accuracy of the autofocus was <230
nm. The autofocus was implemented on the openframe and used to acquire automated easySTORM
acquisitions of FRTL5 Rat Follicular thyroid cells and fixed U-20S-CRISPR-NUP96-SNAP-iFluor647

cells.
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6. Neural network-enabled optical autofocus module

In the previous chapter, the development of a non-neural network-based autofocus has been
discussed. This has the disadvantage that a new calibration measurement needs to be acquired
every day and for long acquisitions there may be variation in lab conditions that could change the
calibration values during the data acquisition, thereby introducing errors. This motivated us to
develop a robust neural network-based autofocus that would not require daily calibration and would
be resilient to changes in lab conditions. The work developing such a network is discussed in this

chapter.

6.1 Introduction to neural networks

In recent years, deep learning neural networks (DNNs) have been applied to both the image
acquisition, processing, and analysis of SMLM microscopy (Liu et al., 2022). A neural network (NN) is
composed of neurons. These neurons are operators that receive multiple inputs to produce an
output (Liu et al., 2022). A layer is formed by placing multiple neurons in parallel. The outputs of
these neurons from one layer, form the inputs for the next layer of neurons. A NN is formed from
multiple layers of neurons. A NN has associated parameters such as the number of layers, the
number of neurons in each layer and the weights of the neurons. The weight of a connection
between two neurons controls how much influence the input has on the output signal from that
neuron. These parameters are adjusted and optimised through learning on a large amount of

training data.

Deep learning (DL) is a subset of machine learning (ML). The motivation for DL is from the neuronal
information processing structure of the human brain (Alzubaidi et al., 2021). DL can be further
classified as being either supervised, semi-supervised or un-supervised (Alzubaidi et al., 2021; LeCun,

Bengio & Hinton, 2015).

In supervised DL, the data involved has been labelled and is the most common form of DL (LeCun,
Bengio & Hinton, 2015). This type of DL is very applicable to classification problems where there are
a set of images which need to be classified into one of a discrete number of outputs each with a
specific label. In supervised DL, the potential outputs are already known, and the model needs to

iterate over the training datasets until it converges to the minimum prediction error (Liu et al.,
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2022). Supervised learning is generally very accurate but requires knowledge of the outputs in

advance to label the datasets. This can limit the applicability of supervised DL to certain problems.

Semi-supervised DL involves semi-labelled datasets. The advantage of this approach is that you do
not require as large a labelled dataset for the training process but can lead to more incorrect

decisions from the model (Alzubaidi et al., 2021).

Unsupervised DL does not need the training datasets to be labelled in advance. Here the model
automatically finds and determines the significant features required to classify or identify
relationships in the training data (Alzubaidi et al., 2021). This means that unsupervised learning is
particularly applicable to problems like clustering analysis (Liu et al., 2022; Alzubaidi et al., 2021). A
disadvantage to unsupervised DL is that it is generally computationally more demanding and

complex.

There are multiple different types of network architectures for DL. Some of the most commonly used
architecture types include fully connected neural networks (FCNNs), recursive neural networks
(RvNNSs), recurrent neural networks (RNNs), convolutional neural networks (CNNs) and generative

adversarial networks (GANs) (Alzubaidi et al., 2021).

A CNN architecture is used for the work presented in this chapter. CNNs are constructed from
multiple layers to form a deep network. The different types of layers involved in CNN’s include

convolutional layers, pooling layers, activation layers and fully connected dense layers.

Convolutional layers are the most significant layer involved in CNNs. Convolutional layers are
composed from many different convolutional kernel filters and receive multi-dimensional matrices
as the input. These kernels are convolved with the input image to produce the output feature maps
(Alzubaidi et al., 2021). By adjusting the pixel sizes of the kernels, the amount of pixel padding added
to the input image and the stride step used for sliding the kernel across the input image, the
dimensionality of the output will be changed compared to the input. Some of the advantages of
convolutional layers are that they have sparser connectivity than FCNN and have weight sharing. In
FCNNs, every neuron is connected to all the neurons in the previous and following layers. Whereas,
in CNNs there are only a few connections available between adjacent layers (Alzubaidi et al., 2021).
This means that the number of connections is much smaller, and the network will have a much
smaller memory footprint than a FCNN. The computation cost is reduced as CNNs make use of dot

products rather than more complex matrix multiplication involved in FCNN.
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Pooling layers perform sub-sampling of the output feature maps from convolutional layers. These
pooling layers can reduce the size of the feature maps. Some common pooling layers include max-

pooling, min pooling, global averaging pooling and average pooling.

The activation layer decides whether a neuron should fire by summing up all the weighted inputs to
a neuron. Non-linear activation layers are always used after any learnable layer (layers with
weights). There are many different activation layers but some of the most common are the Rectified

Linear activation Unit (ReLU), Sigmoid and Tanh (Alzubaidi et al., 2021).

A fully connected layer can be positioned at the end of CNN to act as a classifier in some networks, in

which every neuron in the final layer would be connected to all the neurons in the previous layer.

A detailed description of the roles and applications of these layers is presented by Alzubaidi et al.
(Alzubaidi et al., 2021). They also review and compare many of the most popular CNN architectures.
The authors also describe backpropagation, CNN regularization and optimiser selection. For an
overall introduction to DL see the review paper by LeCun et al. (LeCun, Bengio & Hinton, 2015) and

for a review of published deep learning applications for SMLM see Liu et al. (Liu et al., 2022).

6.2 Previous autofocus neural networks

There are several published neural network-based autofocuses that have been developed for
microscopy. This section will introduce a few of them that are considered to be the most relevant to

the work presented in this chapter.

Luo et al. developed an offline single-shot autofocusing technique that created a virtual in-focus
image from a single out of focus acquired image using a GAN architecture (Luo et al., 2021). The
network is trained with axially defocused z-stacks of the sample paired with the in-focus image as a
pair. The GAN generates a synthetic in focus image for the out of focus inputs. This technique is
arguably “single shot”, but it isn’t truly correcting the focus but trying to remove aberrations from
the defocused image. Therefore, it can be difficult to be confident on how accurate the synthetically
reconstructed images are compared to the ground truth in focus image. However, this technique
does not require any additional hardware components and is faster than conventional software

based autofocus approaches.

Several autofocus approaches have been applied to whole-slide imaging previously. Some of these

techniques make use of colour multiplexing to encode defocus for brightfield illumination by trans-
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illuminating the sample with red and green LEDs at different off axis angles (Jiang et al., 2019). This
results in two images being formed on the imaging camera. When at focus these images overlap, but
when defocus is introduced, there is a translational shift between these images. This shift can be
used to measure the defocus. This is normally quantified by either using a cross-correlation
calculation between the two channels recorded on the colour camera, which peaks at focus or to
maximise the mutual information (joint entropy) between the channels (Jiang et al., 2019). Xin et al.
used the colour multiplexing approach to train a neural network (Xin et al., 2021). Here once again
they illuminated the sample with partially coherent illumination from off axis red and green LEDs.
They then acquired an axial through-focus stack. They also acquired an incoherent brightfield
illumination axial stack of the same FOV. They used the Brenner gradient to determine the ground
truth for the “in-focus” plane and used that to label the in-focus image in the coherently illuminated
axial stack. Since the axial step size between the images in the stack is known, the other images in
the stack can be labelled accordingly with their respective defocus labels. These labelled images are
used as the input to the network. The architecture the authors used was the lightweight version of

the MobileNetV3-small architecture CNN (Howard et al., 2019).

Another whole-slide imaging system (Rai Dastidar & Ethirajan, 2020) uses an autofocus trained using
a MobileNetV2 CNN architecture (Sandler et al., 2018). This approach required the acquisition of two
axially separated images. A pixelwise difference image was calculated from these images and used as
the input for the network to predict the current defocus. The images were acquired at a separation
of 2um using a 20x 0.75NA objective. Unlike the previous approaches, Dastidar and Ethirajan used
white light trans-illumination instead of colour multiplexing and the difference image, calculated
from the subtraction of one of the axially separated images from the other, was chosen as the input
for the CNN to remove some of the coarse colour information in the image which helped prevent

overfitting (Rai Dastidar & Ethirajan, 2020).

The above autofocus techniques have been applied to trans-illumination widefield imaging, but
neural-network-based autofocuses have also been applied to other imaging modalities. Li et al.
developed a CNN for use in light-sheet microscopes (Li et al., 2021). Here, the authors used a
network to classify the defocus of an image into 13 output defocus bins with widths of £3um. These
bins were centred on defocus values of -36 um to +36 um in 6 um step intervals. Another autofocus

presented by Ding et al. has been applied to quantitative phase imaging (Ding et al., 2021).

Another autofocusing technique, by Pinkard et al., presented a single-shot NN-based autofocus that
uses one or a few off-axis illumination LED sources (Pinkard et al., 2019). The premise of their

autofocus is that a neural network can be trained to predict the defocus from a single image when
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illuminated by spatially coherent illumination. Their approach can be implemented on standard
commercial microscope frames. The authors showed that they could apply their autofocus system to
general microscopes that utilise either incoherent or coherent illumination. The authors argued that
even when the sample is out of focus, and when illuminated with coherent illumination, the system
can still yield an image with sharp enough features such that an appropriate NN can be trained such
that it can learn a function that can map these features to the current defocus position. They argued
that there should be sufficient information for the network to predict the current defocus regardless
of the structural features themselves within the sample. This means that the network’s prediction
ability could be robust to different samples. The authors chose to use a fully connected Fourier

neural network (FCFNN) for the architecture.

To train their network, (Pinkard et al., 2019) acquired axial z-stacks over a range of -30 um to +30 um
through focus, in 1 um step intervals, on a Zeiss Axio observer microscope using a 20x 0.5NA
objective. At each lateral position in their sample, they collected 2 distinct axial, through-focus
stacks, illuminated with either spatially coherent (a single LED) or a spatially incoherent (multiple
simultaneous LEDs) illumination. The authors used the incoherent illumination stack to provide the
ground truth in focus position because the coherence length is far shorter and hence the image will
defocus faster than the coherently illuminated stack. The sharpness of the images, in the
incoherently illuminated stacks, were quantified by summing the high frequency content of its
radially averaged power spectrum. This sharpness metric is maximised at focus and used to provide
the ground truth focal position in the axial stack. Once the ground truth image in the coherently
illuminated stack is determined, the other images in the stack can be labelled with their respective

defocus value accordingly and every image is used as an input for the training of the network.

A single image is used as the input and a Fourier transform is performed on the image before the
magnitude of the complex valued central pixels of the transform are reshaped into a single vector
which is the input to the FCFNN. The training of the network was done using 440 focal stacks for a
period of 1.5 hours on a desktop CPU with a Nvidia GeForce GTX 1080 GPU. After training the FCFNN
could predict defocus from a single acquired image. The root mean squared error (RMSE) of the
network after training, when applied to validation data of the same sample type was within the 5um
thickness of the sample. However, the performance of the network was significantly worse when
applied to unseen data of a different cell type. The performance was regained by including a hybrid
dataset of the 2 cell types into the training datasets. This highlights the importance of increasing the
size of training datasets to better generalise to unseen data and help prevent overfitting of the

model.
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Pinkard et al.’s FCFNN provided evidence that NNs could be used to predict defocus from a single
image. However, their approach is not applicable to high throughput SMLM of thicker tissues with
high NA objectives, as it requires to use the imaging camera to acquire images for the autofocus.
However, since there are localisations at different planes within the sample, when using epi-
fluorescent or HILO illumination, there would still be high frequency, in focus, localisations with axial
drift. It also requires the modulation of the excitation laser, and additional off-axis LEDs, on and off,
to acquire the autofocus image. Therefore, by having an auxiliary separate imaging camera for the

autofocus, the acquisition doesn’t need to be interleaved and the throughput is increased.

6.3 MobileNetV2 Autofocus

In this chapter, the work developing a convolutional neural network (CNN) based hardware
autofocus will be presented. The CNN autofocus was developed to enable automated high content
analysis, (HCA) capabilities with several different imaging modalities but with a particular
implementation on automated single molecule localisation microscopy (SMLM). The CNN was
developed to have a small memory footprint so that it has the potential to be implemented on low
memory devices in the future. The work in this chapter is largely presented in the published article

(Lightley et al., 2022).

6.3.1 Network architecture

The CNN uses the MobileNetV2 (Sandler et al., 2018) architecture as the base model, which
introduced some new layers to those that were previously implemented in the MobileNetV1
architecture (Howard et al., 2017). In the V1 architecture, the concept of depthwise separable
convolutions were introduced. These depthwise separable convolutions split the function of a
standard convolutional layer into two distinct layers. The first layer is referred to as a depthwise
convolution and, for each input channel, it applies a single convolutional filter. This lightweight filter
results in spatial filtering. The second layer is a pointwise convolutional layer that builds new

features through linear combination of the input channels.
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(a)

(b)
N

Figure 6.1. Figure showing the function of a standard convolutional layer: (a) shows an input
feature map with shape F = Dg X Dr X M into a convolutional layer to produce an output
feature map with shape G = D; X D; X N; (b) shows the N standard convolutional kernel filters
with shape Dg X D X M

In a standard convolutional layer, the input feature map, F = Dp X D X M, is converted into an
output feature map, G, of shape, G = D; X D; X N, where Dy is the height and width of a square
input feature map, M is the number of input channels, D;; is the output feature map’s height and
width and N is the number of channels for the output feature map. As shown in Figure 6.1(b), a set
of convolutional kernel filters are scanned across the feature map. The inner product of the kernel
with the overlapping section of the feature map is calculated to produce a single value before the

kernel moves to the next position of the feature map. This is repeated for the set of N filters.

The structure of the depthwise separable convolution kernel filters are shown in Figure 6.2(b, c).
Here, the convolution filters are split into two steps. Figure 6.2(b) shows the depthwise
convolutional filters. These depthwise convolutions apply a single filter to each input channel. Then
the pointwise convolutions shown in Figure 6.2(c) are 1x1 filters that perform linear combination of
the output channels from the depthwise layer. The pointwise convolutions can build new features.

The whole procedure of a depthwise convolutional layer is shown in Figure 6.3.

The depthwise convolutional layer can be a drop-in direct replacement for a standard convolutional

layer. The advantage of using a depthwise convolutional layer is that they have a reduced
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computational cost when compared to a standard convolutional layer. The standard layer

computational cost is given by Equation 6.1.

Cost = Dg X Dg X M X N X D X Dp Equation 6.1

Whereas the computational cost of the depthwise separable convolutional layer is given by Equation

6.2.

Cost = (Dg X Dg X M X D X D) + (M X N X D X Dg) Equation 6.2

Dy N

1 N

Figure 6.2. A figure demonstrating how a standard convolutional layer can be replaced by a
depthwise convolutional filters followed by pointwise convolutional figures. (a) shows a set of
standard convolutional filters (b) shows a set of depthwise convolutional layers and (c) shows a
set of pointwise convolutional layers

The first term in the above Equation 6.2 is the cost of the depthwise convolution step and the
second term is the cost of the pointwise convolution. If we take the ratio of the computational cost
of the depthwise separable layer compared to a standard convolutional layer, it is possible to see the

computational saving when using the drop-in replacement layer.

) (Dg XDg XM X Dp X Dp) + (M X N X Dr X Dg) .
Ratio = Equation 6.3
Dy X Dg XM X N X D X Dg
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Ratio = —+— ~ — Equation 6.4
o quati

In most cases N will be much greater than DKZ, so the ratio approximates to only . So, for

1
Dg?
example a 3x3 kernel is used the computational saving will by 9 times. This is advantageous to the

autofocus application presented in this section as it reduces the computational cost of the network,

potentially enabling it to be implemented on lower memory devices.
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Figure 6.3. Diagram showing the function of the 2 step depthwise convolutional layer on an
example 9x9x3 input feature map. The 3x3x1 depthwise kernel filters are used to produce an
intermediate feature map of shape 7x7x3. The pointwise convolutions, with shape 1x1x3, are
then used on the intermediate feature maps to produce the final output feature map. 5
pointwise filters are used to achieve 5 output channels. The output is the same as would be
achieved with a standard convolutional layer with 5 kernel filters, each with a shape of 3x3x3,
using a stride of 1 and zero padding

The MobileNetV2 architecture improves on the MobileNetV1 structure discussed so far by
introducing the concepts of inverted residual and linear bottleneck layers (Sandler et al., 2018). The
inverted residual bottleneck layers are designed to limit the number of feature maps included in the

network. This is achieved by having fewer output neurons than inputs.

The input to an inverted residual layer blocks is a tensor with low dimensionality. The layer block is
composed of 3 separate layers. The first of these layers is a pointwise convolution. This layer
expands the feature map to a high dimensional space. The reason for this is that nonlinear activation
layers, although they can increase the representational complexity by increasing the number of
channels, result in information loss due to their nonlinearity. However, nonlinear activations are
better performing when being used in higher dimensionality. After the pointwise layer has expanded
the feature map to higher dimensionality, a rectified linear unit (ReLU) activation function is used.
Although when the activation function is applied to a channel, some of the information in that
channel is lost, if there are many channels, in a high dimensional space, that lost information might

be preserved in the other channels.
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The number of pointwise convolutional filters that are applied determine the expansion factor to the
higher dimensional representation. The next layer that is applied in the bottleneck block is a
depthwise convolution layer using a 3x3 kernel. This layer performs spatial filtering of the higher
dimensionality space. A ReLU activation function is applied after the depthwise convolution layer.
Finally, a pointwise convolution layer is used to reduce the output from the depthwise convolution
layer back down to a smaller dimensionality subspace. This reduction in dimensionality does
introduce some loss of information and so a linear activation is used to reduce information loss. If a
stride of 1 is used for the intermediate depthwise convolution, then the input and output channels
can have the same dimensions and a residual connection can be made between the input and
output low dimensionality spaces. This residual connection is important as it helps during
backpropagation to maintain gradient flow. The structure of the inverted bottleneck is shown in

Figure 6.4(a).

The advantage of having the residual connections being between low dimensional spaces is that it
leads to a faster training of the weights when training. By introducing many bottleneck layers, the
number of parameters in the model can be limited by reducing the number of output layers
compared to inputs. This means a very deep network can be achieved without the introduction of
too many parameters. By limiting the number of available parameters, the model is encouraged to

generalise its prediction and improve the robustness of the model to unseen data.

The structure of the network used is shown in Figure 6.4(a). There are two alternative
implementations of the bottleneck layer as shown in Figure 6.4(b). The main difference between the
layers is that either a stride length of 1 or 2 is used in the depthwise convolution layer. The stride
length is the number of pixels that the kernel is moved as it scans across the input feature map’s
pixels. If a stride length of 2 is used, the dimensionality of the subspace is halved. As can be seen in
Figure 6.4(a), the bottleneck layers are repeated multiple times in each row of the table. The first of
these repeated bottleneck layers in a new bottleneck block will apply the stride length given in the
final column in the table, either 1 or 2. All the other repeated bottlenecks for that block will have a
stride length of 1. Zero padding is used to ensure that the dimensionality is not changed when using
a stride length of 1. The expansion factor introduced by the pointwise convolution used in that layer

is also represented.
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Input Operator Expansion Output Repeats First Lay

factor Channels Strit
96x96x1 Conv 2D - 32 1
48x48x32 Bottleneck 1 16 1
48x48x16 Bottleneck 6 24 2
24x24x24 Bottleneck 6 32 3
(a) Network 12x12x32 Bottleneck 6 64 4
Architecture 6x6x64 Bottleneck 6 96 3
6x6x96 Bottleneck 6 160 3
3x3x160 Bottleneck 6 320 1
3x3x320 Conv 2D - 1280 1
3x3x1280 Global - 1280 1
Averaging
pooling 2D
1x1x1280 Dense - 1 -
-l»
A -

Conv 1x1
Batch Normalization

Conv 1x1
Batch Normalization
RelU

(b) BottlenECk Iayer Depthwise Convolution 3x3

Batch Normalization

structure ReLU
Conv 1x1 Conv 1x1
Batch Normalization Batch Normalization

Stride = 1 block Stride = 2 block

RelU

Depthwise Convolution 3x3, Stride =2
Batch Normalization
RelU

Figure 6.4. (a) table of the MobileNetV2 architecture used. Every row represents a sequence of
layers, and these are repeated by the number indicated in the repeats column. For each
sequence, the first layer uses the stride length indicated in the final column and a stride length of
1 is used for the remaining layers. This maintains the number of output channels for each repeat
within each sequence of repeated bottleneck layers. When a stride of 2 is used, the
dimensionality for the input of the next row of the table is halved. (b) shows the different
architectures of the stride = 1 and stride = 2 bottleneck blocks in the model. Figure reproduced
from (Lightley et al., 2022)

The input for the architecture was a 96x96x1 tensor and, in order for the model to provide a
regression prediction of the current defocus, the output of the MobileNetV2 architecture was

changed to a dense fully connected layer giving a scalar output.

Our laboratory had explored alternative CNN models prior to using the MobileNetV2 architecture.
These CNN models were made up from convolutional layers in combination with batch

normalisation and ReLU activation functions. Weight regularization using L2 regularization was used
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to try to prevent overfitting of the training data. A max pooling layer was used to flatten the model
to provide input to a series of fully connected dense layers. These dense layers finally provided a
scalar prediction as an output. However, these models suffered from overfitting and, although were
able to learn well on the training data, they performed poorly for unseen data and required large
amounts of memory that exceeded what was available on the MSI GeForce RTX 2080 SUPER VENTUS
XS OC GPU (8Gb RAM) in our desktop laboratory computer.

The MobileNetV2 architecture has a lower memory footprint than the other CNN models, meaning it
could be implemented on the GPU. The efficiency and low memory requirements for the
MobileNetV2 architecture also provided the possibility to implement the model on a low memory
mobile device in the future, e.g., a Raspberry Pi, after training. Due to the MobileNetV2’s structure
reducing the parameters of the model whilst allowing for a deep architecture, the model was more
robust to overfitting of the training data and was able to perform better on unseen data than the
previous models. Adam (Kingma & Ba, 2014) was used as the optimization algorithm and a learning

rate of 0.0001 was used during training. The mean squared error was used as the loss function.

6.3.2 Optical setup

The autofocus was initially implemented on an inverted epifluorescence microscope frame (Olympus
IX81) that had been adapted to be used as an automated easySTORM (Kwakwa et al., 2016)
multiwell capable imaging system and used a motorised x-y stage (Marzhauser SCAN IM 112x74 that
was controlled using a Marzhauser TANGO controller). The optical system implementation of the

autofocus is shown in Figure 6.5.

The infrared laser source used for the autofocus beam was introduced into the Olympus IX81 frame
via the rear lamp port. The autofocus laser beam source was a 5.6 mm TO-CAN single-mode laser
diode (HL8338MG). The output from the laser diode was collimated using a 4.51 mm focal length
aspheric lens (Thorlabs, CMETME-B) and coupled into a 0.1 NA single mode optical fibre (FS-SN-
4224) using 2 steering mirrors to adjust the tip and tilt of the beam incident on a 10x objective lens.
The laser diode was mounted in a TE-cooled laser mount (Thorlabs, TCLDM9) and driven using a

laser diode controller (Thorlabs, LDC500) with a temperature controller (Thorlabs, TED200C).
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Figure 6.5. Schematic of the optical autofocus implemented on an Olympus IX81 microscope
frame used for HCA easySTORM (Kwakwa et al., 2016). The objective lens was an oil immersion
1.3 NA 100x lens (Olympus, UplanFl 100x, NA 1.3, oil) with a depth of field of ~600 nm. The focal
lengths of the other lenses were L1: 50mm (Thorlabs, AC254-050-A-ML), L2: 18.4mm (Thorlabs
C280TMD-B), L3: 100mm (Thorlabs, AC254-100-B-ML), L4: 200mm (Edmund Optics 49-364), L5:
180mm (Olympus tube lens). Figure reproduced from (Lightley et al., 2022)

The output from the single mode optical fibre was connected using a FC/PC adaptor plate (Thorlabs,
SM1FC) into a 30 mm (Thorlabs) cage rod system to provide a spatially coherent beam for the
autofocus system. This beam emerging from the single mode optical fibre was collimated using an
18.4 mm focal length aspheric lens (L2 in Figure 6.5, C280TMD-B). The diameter of this collimated
beam was 3.68 mm. An adjustable slit (Thorlabs VA100C/M) was positioned in the Fourier plane of
the aspheric lens and conjugate to the back focal plane of the objective lens and adjusted to produce
a quasi-rectangular collimated beam. The slit width was set at 1.2 mm, and this resulted in a beam

profile with an aspect ratio of 1:3 between the two orthogonal axes.

The collimated beam then passed through a 10 nm bandpass filter (Edmund Optics, 55-119) to clean
up the beam’s spectrum and then steered by 2 mirrors to align the beam along the optical axis of the
objective lens. Before reaching the objective lens, the collimated beam first reflects off a 50:50
beamsplitter BS1 (Edmund Optics, 47-026) and a shortpass dichroic beamsplitter BS2 (Edmund
Optics, 69-220) that is used to introduce the high power visible multimode laser excitation radiation
for the implementation of easySTORM. The collimated beam is also expanded using a 2x
magnification telescope, made using two achromatic doublets L3 and L4, to double the beam
diameter at the back focal plane of the objective lens. L3 is a 100 mm focal length lens (Thorlabs,

AC254-100-B-ML) with anti-reflection coating in the infrared (650-1050nm) and lens L4 is a 200 mm
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focal length lens (Edmund Optics 49-364) with a long-range anti-reflection coating between 400 nm

and 1000 nm.

The collimated autofocus laser beam reflects off a custom-made multi-line dichroic beamsplitter,
BS3 (Chroma, ZT405/462/635/830rpc-UF2), with reflection bands centred on 405, 462, 635 and
830 nm, into the back aperture of the Olympus 100x objective lens (Olympus, UplanFl 100x, NA 1.3,
oil). The beam is then focused onto the sample by the objective lens and reflected at the refractive
index interface between the immersion medium of the sample and the glass coverslip. The glass
coverslip had a refractive index of ~1.518 and the refractive index of PBS STORM buffer is ~1.33
since it is water based. The reflected beam is then recollimated by the objective lens and is reflected
back along its original path by BS3 to be focussed by L2 onto the autofocus camera (FLIR,
Chameleon3, cm3-U3-3154M via a reflection at the shortpass beamsplitter dichroic BS2 and
transmission through the 50:50 beamsplitter BS1. Thus, when the microscope is in focus, the
autofocus laser beam will be focussed on the autofocus camera and any defocus of the microscope

will defocus the beam at the autofocus camera, changing the recorded autofocus image.

The precision of determining the focus position is dependent on the confocal parameter of the
infrared autofocus laser beam at the coverslip, which depends on the focal length of the objective
lens and the diameter of the incident collimated beam. Thus, a larger collimated beam diameter will
increase the accuracy of defocus determination as there will be a greater variation of the autofocus
image size with defocus. However, this faster expansion of the autofocus camera image will
decrease the defocus range over which the autofocus camera is able to record useful images. Thus,
there is a trade-off between precision and range of the defocus measurement. By imposing a
rectangular beam profile on the collimated autofocus beam, however, two distinct confocal
parameters for the two orthogonal axes of the beam can be realised. The larger collimated beam
diameter gives a shorter confocal parameter for increased accuracy of defocus measurement while

the smaller collimated beam diameter gives a longer confocal parameter for increased range.

6.2.3 Implementation

The MobileNetV2 architecture has been implemented using the TensorFlow (Abadi et al., 2016) 2.1
package installation on Python. Anaconda was used as the Python distribution platform and Spyder

was used as the Python development environment. The model was trained using a MSI GeForce RTX
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2080 SUPER VENTUS XS OC GPU graphics card installed on a desktop PC. The GPU had 8 GB RAM and

the memory footprint for the MobileNetV2 architecture was 3.5 GB.

-100

-120

Figure 6.6. Map of variation of axial focus position of bottom of glass 96-well plate in um relative
to the focus at the centre of well Al (Brooks life Science Systems, MGB096-1-2-LG-L). Figure
reproduced from (Lightley et al., 2022).

The autofocus was initially implemented as part of a custom uManager 2.0 plugin for automated
HCA STORM acquisitions of multiwell plate acquisitions called “STORMhelper”. The uManager
plugin, which is written in Java using NetBeans as the IDE, controls the hardware to move the Z-stage
to correct for the defocus. A Python script running in parallel is used to implement the autofocus,
with the two software programs communicating using a socket connection. The Python script
creates the socket and then uses a socket listener, within a while loop, to wait for a call to calculate
the current defocus. The Java plugin connects to the socket created by the Python script. When the
Java plugin calls for the current defocus to be calculated, a message is sent to the socket which is
read by Python script that then uses the trained neural network to determine the current defocus
from the image on the autofocus camera, which is controlled from within the Python script. The
Python script then writes the current defocus value to the socket and the value is read by the
uManager Java plugin, which is then able to move the Z-stage to the correct focus position. An
arbitrary target focus position can be set within the uManager plugin and the Python script will
move the Z-stage to the appropriate position. The actual defocus value returned by the Python script

is stored as the defined focus position for the image acquisition.
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Figure 6.7. Images of exemplar image z-stacks acquired on the autofocus camera as the sample
coverslip is translated through the focus of the microscope objective lens: (a) shows a z-stack
used to train the “short-range” model over a range of -10 um to +10 um acquired in 50 nm step
intervals. An image is shown every 1 um in the stack. (b) shows a z-stack stack used to train the
“long-range” model over a range of -100 um to +100 um acquired in 1 um step intervals. An
image is shown every 10 um in the stack. The grey feature visible on the left-hand side of the
FOV is a back-reflection from the excitation lens, L4 in Figure 6.5.

The system allows a two-step autofocus to be implemented utilising a long-range training data set
that can be used over a range of 100 um and a higher accuracy short range training data set
applicable over a range of £10 pym. When the defocus is larger than 10 um, e.g., when moving
between wells of a multiwell plate, the autofocus acts in 2-steps: First the uManager plugin requests
a focus correction using the long-range CNN training set and then it moves the stage the calculated
defocus value. The defocus will then be within the range of the more accurate short range training
data set, with which the autofocus procedure can be repeated. During a STORM acquisition of a
single field of view, any axial drift typically will not exceed the range of the near focus model and so
the autofocus can be implemented using only a single step correction. This reduces the time needed

to perform the focus correction and hence increases the throughput of the acquisition.

6.3.4 Data Acquisition and Preparation

The CNN training datasets were acquired as 100 axial “through-focus” z-stacks acquired using
uUManager and saved in the OME TIF data format. The z-stacks used to train the CNN for the long-

range autofocus were acquired over a range of £100 wm with 1 pm step increments and the short-
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range training data set was acquired over a range of £10 pm with a sampling increment of 50 nm.
The £100 wm range was found to be sufficient to image samples arrayed in a multiwell plate using a
snakelike pattern to move between neighboring wells. The typical inter-well axial variation in focus is
shown in Figure 6.6, showing that the maximum variation between wells across the whole plate was
less than 125 um. This was within the 200 um total operating range of the autofocus system and the
inter-well axial variation between neighboring wells was less than 100 um. The acquisition of the
100 axial training stacks took approximately 3 hours. Figure 6.7(a) and Figure 6.7(b) shows exemplar
images from the training stacks. The grey feature visible on the left-hand side of the FOVs, is from a

back reflected signal from Lens L4 in Figure 6.5.

The images in each training stack were processed before being used as inputs for the CNN training
model. Each individual image was rescaled and binned using OpenCV package in Python to produce
a (96x96x1) shaped Python NumPy array. The data in the arrays was then normalized using a
Euclidean 2-norm process. These arrays were converted to a tensor format to be used as the input

for the MobileNetV2 network.

During the acquisition of the autofocus camera image training data, there was axial drift of the focus
position such that the in-focus image (described as the zero-defocus image) in the z-stack was
typically not the central stack image. Hence, all the z-stacks needed to be aligned with respect to the
focal plane before training the CNN. Since the sampling interval of the z-stacks acquired for the
training data is known, all the other images in the stack can be labelled according to their respective
defocus offsets once the zero-defocus image in the stack is determined. In order to determine the
zero-defocus position in each axial z-stack, an image metric was calculated that is minimized at
focus: the intensity values were averaged along the pixel rows of the camera to produce a one
dimensional intensity projection of the image and a Savitsky filter was applied to these projections
to smooth them without altering their overall shape. The power spectrum of these 1D projections
was calculated by taking the square of the of the absolute value of the Fourier transform and the
standard deviation of the power spectrum for each image’s projection was then calculated and was
plotted as a function of axial position within the z-stack. The function produced a smooth curve with
a minimum at focus, corresponding to the zero-defocus position. Figure 6.8 shows exemplar
functions plotted against normalised axial position (i.e. defocus value) for the short range and long

range autofocus camera image training data.
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Figure 6.8. Exemplar through-focus plots, used for determining and labelling the in-focus plane of
the training stacks, of the standard deviation of the power spectrum of the autofocus camera
intensity distribution averaged (a) across the pixel rows for the short-range autofocus training
data and (b) across the pixel columns for the long-range autofocus data. The graphs are plotted
as a function of defocus for the images in a z-stack. A Savitzky-Golay filter was passed along these
distributions of (averaged) intensities to produce a smoothly varying function. Figure reproduced
from (Lightley et al., 2022)

The determined defocus offset values of the autofocus camera images were then normalized for
each z-stack. This was done by centering on the mean and dividing by half the total range. These
normalized defocus labels were then used as the “ground truth” values for training. This process was

repeated for every acquired z-stack.

In order to produce a validation dataset, 10% of the stacks were removed from each day’s training
dataset. During training the validation loss was calculated after each epoch and, if the accuracy of
the model improved, the weights were recorded. This meant that only the best performing model’s
weights were recorded to produce the final model. This allowed the model to perform early stopping
during training to prevent over fitting to the training datasets. This training of the CNN models took
approximately 3 hours. After the CNN model had been trained, the defocus offset can be
determined by the CNN from a single autofocus camera acquisition. The procedure for the data

preparation and training is shown in Figure 6.9.

6.4 Autofocus performance using a single-day training dataset

Every 10% stack of the 100 axial z-stacks were removed from the training dataset and used for
validation during training. A learning rate of 0.0001 was used during training and Adam (Kingma &
Ba, 2014) was used as the optimization algorithm. The mean squared error was used as the loss

metric and the loss was
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Figure 6.9. Schematic of workflow process to train and apply CNN for optical autofocus. Figure
reproduced from (Lightley et al., 2022)

calculated in the normalized space. In order to determine the performance of the model during
training, the validation dataset was tested, and the validation loss was recorded after each epoch. If

the validation loss decreased the weights of the model were saved.

Validation stacks Residual error Epoch vs Training and Validation Loss

100

lue [pm]

075
— T
—~ > 050

- ]

5 - g o025
: 0.00
-0.25

Predicted value [um)
ue - Defi

— E
. —~ 3 050
-~ 3
— 2 -01s
- _ - . - | T o100
-100 -75 50 -5 00 25 50 75 wo & 10.0 s 50 35 oo 25 50 5 0.0
Defocus value [um] Defocus value [um]
_ validation stacks g Residual error Epoch vs Training and Validation Loss
100 s | f— — o
— s —~ 2 p w ‘ el
= . g con -y
3 osof " )
T - | i HT " ||
| ¥ \ r
2 2 W A
: [} - 8 0 W W\\W 107
& \ -
£ - P k] al \ 1072 |
T -so - e | ‘
= - H] 104 |
- g -4
00| 3 104
0 -5 50 -5 ] x5 0 B 100 & 100 -715  -50 -25 0 F3 50 s 100 550
Defocus value [pm] Defocus value [um] Epnm

Figure 6.10. Plots of predicted vs actual defocus for 10 through-focus axial z-stacks. Each stack is plotted
in a different colour in (a, d) for both the short range and long-range models respectively. The
corresponding mean of the residual errors are shown in (b, e) resulting when using the short-range and
long-range CNN training sets acquired and validated on data acquired on the same day. Figures (c, f)
show plots of the changing training and validation loss with increasing epochs during training for the
short range and long-range CNN training sets respectively. Figure reproduced from (Lightley et al.,
2022)
During the testing of the model’s performance, it was noted that the accuracy of the prediction of
current defocus offset by the network was limited by the axial sampling rate that was used when
acquiring the training data. For the optical set-up described earlier, the depth of field (DOF) for the
STORM imaging system was = 600 nm. In order to realise an autofocus accuracy well within half the
DOF, an axial sampling rate of every 50 nm was chosen for the short-range training data, noting that

the axial stage was able to provide readouts at intervals down to 10 nm. However, if this sampling

rate was used for the long-range training data, the data volume would be prohibitive, and the
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training time would be unnecessarily long. Therefore, the long-range training data was acquired with
a sampling interval of 1 um to reduce the data volume and training time. The short range autofocus
camera image training data with 50 nm sampling was processed to average the pixels across the
pixel rows perpendicular to the slit, in order to produce the rapidly changing defocus metric shown
in Figure 6.8(a). Beyond the 10 um range, the beam expanded to overfill the sensor of the camera
such that the signal to noise ratio (SNR) was no longer sufficient to provide a reasonable prediction

of defocus.

The long-range autofocus camera image training data with 1 um sampling interval over a range of
+100 um was processed to average the pixels across the pixel rows parallel to the slit, in order to

produce the slower changing defocus metric shown in Figure 6.8(b).

Figure 6.10(c, f) show the training and validation loss for the short-range and long-range training
data models respectively. The training loss is plotted in black, and the validation loss is plotted in red
as a function of epoch number. They were each trained over 500 epochs and then the weights were
recorded for the epoch with the smallest validation loss. 90 of the 100 respective stacks were used

to separately train the two models and 10 stacks were used for the validation.

Figure 6.10 shows the performance of the autofocus — plotting the defocus values predicted from
the model after training had been completed against the “true” defocus values. Figure 6.10(a,b,c)
show the performance for the short-range training data model and Figure 6.10(d,e,f) show the
performance corresponding to the long range training data model. The ground truth defocus for
each z-stack was obtained by finding the minimum of the standard deviation of the power spectrum
distribution of the autofocus camera image intensity projections averaged across the pixel rows, as
discussed above. This is shown for all 10 validation stacks in Figure 6.10(a, d) for the short-range and

long-range models respectively, presenting a linear relationship for the 10 repeated stacks for both

models.
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Figure 6.11. Diagram of data process workflow and use for two-step CNN autofocus. Figure
reproduced from (Lightley et al., 2022)

The mean of the residual errors for the 10 axial stacks are shown in Figure 6.10(b, e). The residual

error is defined as the predicted defocus minus the true defocus. The mean residual error is
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indicated by the blue line with the standard deviation of the 10 repeats represented by the grey
shaded region. The confocal parameter of the 100x microscope objective lens (Olympus, UplanFl
100x, NA 1.3, oil) is shown in the shaded orange region. Figure 6.10(b) shows that a prediction
accuracy better than 100 nm was achieved for the short-range model across the £10 um training
range, which was within the DOF for the objective lens. The prediction precision using the long-
range model was better than 1 pm over most of the training range of £100 um. By using these two
models sequentially, the long-range CNN can bring the optical system within the £10 um training
range of the short-range CNN model. Then the short-range model can be applied to correct the focus

to be within the confocal parameter of the system. This procedure is shown in Figure 6.11.

However, when the autofocus was tested on subsequent days following the day the training data
was acquired, the performance was significantly degraded. Thermal variations and other
perturbations to the microscope over time, such as mechanical drift, can result in the defocusing of
the microscope, which the autofocus system should ideally correct. Unfortunately, these
perturbations can also impact the optical autofocus system itself. In some commercial microscopes,
these effects are minimised by positioning the optical autofocus components very close to the
objective lens of the microscope to minimise the optical path length and therefore the impact of
system drift. However, for microscopes utilising a more extended external autofocus unit, optical
system drift can cause a problem. The performance of the CNN autofocus when tested on
subsequent days following training is shown in Figure 6.12. In Figure 6.12(a, c), the predicted
defocus vs true defocus value is plotted for each day up to 4 days after training. For each day, 10
axial stacks were acquired, and the defocus was calculated using the previously acquired CNN
training data model. The relationship between predicted and actual defocus is no longer linear for
both the short-range and the long-range models. Likewise, the residual error plotted for the
subsequent days are significantly larger and the autofocus system is not sufficiently accurate to be
useful. The mean residual error for the short-range model exceeds 2 um and the mean residual error

for the long-range model exceeds 100 pm.

Using this autofocus system would therefore require the acquisition and training of a new CNN
model each day, which Is not practical, as this would take more than 3 hours. In addition, the
aspiration to use this autofocus in an HCA STORM platform with acquisitions of multiwell plate
STORM data lasting many hours could be compromised by the errors induced by the optical
autofocus system drift occurring within a single experiment. Therefore, it was decided to extend the
acquisition of the CNN training data over multiple days to capture the impact of laboratory

perturbations within the CNN training data model.
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Figure 6.12. Plot of predicted vs actual defocus (a, c) and the corresponding mean of the residual
errors (b, d) when using the short-range and long-range CNN training sets acquired (separately
and sequentially) on a single day and applied to data stacks acquired on different subsequent
days. Figures (a) and (c) show data acquired from multiple days with 10 repeated stacks plotted
for each day, with all data from a single day plotted in the same colour. Figure reproduced from
(Lightley et al., 2022)

6.5 Autofocus performance using a multiple-day training dataset

In order to mitigate for the optical system drift induced by thermal variations in the laboratory over
time, a training dataset of 100 axial z-stacks was acquired on each of 6 days within a 10-day period.
It was found empirically that a 10-day period was sufficient to capture the day-to-day variation in
optical autofocus training datasets, such that the resulting composite model could be applied to
subsequently acquired data. Figure 6.13 shows the performance of the autofocus system utilising
this composite training data set with data acquired on the subsequent 11* day. As shown in Figure
6.13(a, c), the linear relationship between predicted defocus and true defocus has been regained for
both the short-range model and the long-range model. Furthermore, Figure 6.13(b) shows that the
short-range model is able to determine the defocus with a mean error within the microscope
objective lens depth of field range of 600 nm. For the majority of the autofocus training range, the
prediction accuracy is within 200 nm. The performance of the long-range model, shown in Figure
6.13(d), is not within 1 um (as was the case in Figure 6.10(e) but it does have a prediction accuracy

within the £10 um training range of the short-range model. Thus, when the autofocus system is run
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as a 2-step process, it is still able to correct defocus over the £100 um within a final accuracy of

200 nm.
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Figure 6.13. Plot of predicted vs actual defocus for 10 through focus axial z-stacks, with each z
stack plotted in a different colour (a, c), and the corresponding mean of the residual errors (b, d)
when using the aggregate CNN training sets, acquired over a period of 10 days and applied to
measurements undertaken on a subsequent day for the short-range and long-range models
respectively. Figure reproduced from (Lightley et al., 2022)

6.6 Performance of Autofocus

In order to further quantify the accuracy of the autofocus, two different studies were undertaken.
First, the error in focus correction was systematically studied for a range of known initial defocus
values. The defocus was determined using the composite training data model acquired over the 10-
day period. From each initial defocus position, the autofocus was set to correct focus 10 times. for
each measurement, a Z-stack was subsequently acquired, and the power spectrum intensity metric
described early was used to determine the true focus. Thus, a mean error in focus correction could
be calculated for each initial defocus position. To evaluate the performance of the short-range
autofocus only, the initial defocus values were set at 2-micron intervals over the range of +16 um. To
evaluate the performance of the long-range autofocus only, the initial defocus values were set at
20 um intervals over the range of +80 um. To evaluate the 2-step autofocus, the initial defocus
values were again set at 20 um intervals over the range of £80 um. This autofocus performance is

presented in Figure 6.14. The figures in the left-hand column show the same data as is presented in
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the right column but with a larger range for the error axis. The figures show a boxplot of the results
obtained for the 10 repeat measurements for each initial defocus. The orange line shows the mean
error, the box shows the inter-quartile range, and the whiskers show the outliers. As can be seen in
Figure 6.14(a), the short-range model was able to reproducibly correct the defocus and move the
sample within the depth of field (~600 nm) of the microscope over the +10 pum training range. As
shown in Figure 6.14(b), outside of its training range, the CNN model is not able to correct to within
the objective lens DOF but is able to correct the defocus to a mean error of 3 um across the training
range. However, the maximum error was still within the operating range for the short-range CNN
model. Furthermore, within the range of 40 um, the long-range autofocus had a mean error within
the 600 nm DOF of the microscope and a maximum mean error did not exceed 2 um. As previously
shown in Figure 6.6, the maximum axial variation between neighbouring wells does not exceed

20 um and so a range of +40 um is sufficient to correct for axial focus variation when traversing a 96
wellplate in a snake-like pattern. Figure 6.14(c) shows the performance of the two-step autofocus,
where the long-range and the short-range models are used sequentially. The autofocus is able to
correct to +/-200 nm of focus, within the 600 nm DOF over the range of 80 um. This demonstrates
that the 2-step CNN-based autofocus with the composite 10-day training data model can correct the
defocus over a long-range whilst maintaining a high accuracy. This provided confidence that the

autofocus system would enable automated multiwell plate image acquisitions for HCA-STORM.

A second study demonstrated the ability of the optical CNN-based autofocus system to
automatically image across a 96-well multiwell plate. The methodology used can be applied to any
automated multiwell plate microscope platform to measure the performance of the autofocus
system. This study entailed automated imaging of sub-resolution, 100 nm diameter fluorescent
beads (TetraSpeck, T7279), that were arrayed on the coverslip at the bottom of each well of a 96
wellplate (Brooks life Science Systems, MGB096-1-2-LG-L). When moving to image in a new well, the
autofocus system was applied and then a subsequent axial Z-stack was recorded. Using previously
published software, PSFj (Theer, Mongis & Knop, 2014), the image of the beads (and therefore the
coverslip) in focus within the Z-stack could be calculated to give an indication of the true defocus.
The plate was traversed in both a vertical and horizontal snake pattern around the 96 wells - either
travelling along the columns vertically before moving across the plate to the next column or stepping

horizontally across the rows before moving down the plate to the next row.
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Figure 6.14. Plots of the prediction error vs known initial defocus for 10 measurements at each
defocus position. The right-hand column shows same data as left-hand column on expanded
vertical scale. (a) shows data for applying only the short-range model, (b) shows data for only
applying the long-range model and (c) shows the data for sequentially applying the long-range
and then the short-range CNN training models trained with data acquired over 10 previous days.
The red band corresponds to the ~600 nm depth of field of the fluorescence microscope. Box plot
shows the interquartile range of the prediction errors, the orange line shows the mean prediction
error, and the whiskers show any outlier predictions for each of the 10 repeats at the known
defocus offsets. Figure reproduced from (Lightley et al., 2022)

The performance of the autofocus was tested when using the short-range model only, the long-
range model only and the two-step autofocus. For the short-range model and the two-step model,
the subsequent axial Z-stacks were recorded over a range of +2 um in 100 nm intervals. For the long-
range only dataset, the range was increased to +4 pum in 100 nm step intervals to account for the
lower accuracy of the long-range model. PSFj (Theer, Mongis & Knop, 2014) was able to
automatically segment the individual beads arrayed within the field of view in each axial z-stack and
determined the axial co-ordinate when each bead was in focus. Then, PSFj outputs a csv file which
includes the focus plane positions of all the beads. The average of these bead positions was
calculated for each well and was used to calculate the mean offset from the image plane that the
autofocus system determined to be in focus. Histograms of the mean bead position defocus for each
of the 96 well measurements were plotted for each of the three autofocus procedures. From these

histograms, the mean overall defocus could be calculated from the distribution and the standard
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deviation could be calculated as an error. These results are shown in Figure 6.15 and Figure 6.16 for

the data acquired in a horizontal and vertical snake pattern respectively.
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Figure 6.15. Results obtained when automatically imaging 100 nm diameter fluorescent beads
(TetraSpeck, T7279) arrayed in a 96-well plate (Brooks life Science Systems, MGB096-1-2-LG-L),
for which a through-focus image axial z-stack was automatically recorded in each well. The plate
was traversed following a horizontal (row-by-row) snake pattern. (a-c) show heat maps of the
mean defocus of the beads imaged in each well calculated using PSFj. In the top row, the
heatmaps summarize the results for when (a) only the short-range autofocus, (b) only the long-
range autofocus and (c) the combined 2-step autofocus were employed. The amount of defocus
error in each well is encoded in a colour scale in um, with red indicating that the autofocus failed
to locate within +/- 2 um. Where PSFj was unable to determine the defocus of the bead images,
or where the mean defocus was outside the +/-2 um range, the heat map presents a red
coloured well with either “Fail” or the mean (out-of-range) defocus value. In the bottom row (e-
g), histograms of the mean defocus for each well, with bin widths of 100 nm, are displayed for
the bead image z-stacks for which PSFj could determine the defocus. Figure reproduced
from(Lightley et al., 2022)

The data is represented by heatmaps showing the mean defocus of the 100 nm fluorescent beads
within the axial z-stack of each well of the 96 wellplate. The heatmap colour scale ranges from green
when there is zero defocus error up to red at +2 um error in defocus. If the defocus error exceeded
+2 um, the colour of the well was set to red, and if PSFj could not determine any bead focus within
the range due to the autofocus failing, the well is indicated with the text “Fail.” When considering
the results shown in Figure 6.15 (a) and Figure 6.16 (a), it is likely that the plate is tilted, mainly along
the longer dimension of the plate, causing the short-range autofocus to fail after the first well in
Figure 6.15(a) when the plate is imaged in the horizontal snake mode. The system successfully
images the first well and then moves horizontally and fails to reach focus in the next and all

remaining wells because the defocus offset exceeds the £10 um training range. This is visible by
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considering Figure 6.6, which shows the variation in axial focus position across a 96 well plate
acquired on the same system. The change in focus from Al to A2 has a magnitude of 10.7 um, which
is more than the training range for the short-range model. Also, the difference in focal positions

between Al and B1 is within the training range at 9.31 um.

For the vertical snake mode, where the vertical tilt is postulated to be less steep, Figure 6.16(a)
shows that the short-range autofocus is able to correct the defocus for the majority of the wells.
However, it does fail for one of the wells, A3, and the error in some of the wells exceeds the DOF of
the system. Overall, however, Figure 6.16(e) shows that it achieved an average error of -0.02 um +
0.26 um, where the error is given by the standard deviation of the mean error of the bead positions
within the axial stacks across all the 96 wells. In Figure 6.15(b) and Figure 6.16(b), the long-range
autofocus was successfully able to traverse the whole multiwell plate such that the PSFj software
was able to determine the bead position within the axial z-stack of each well for the horizontal and

vertical acquisition paths respectively.

The long-range autofocus results presented in Figure 6.15(f) and Figure 6.16(f) show that the mean
error in position across the 96 wells is -0.08 um £ 1.17 um when acquired in a horizontal snake
movement pattern and 0.11 pm * 0.98 um when moving in a vertical snake pattern. The standard
deviation in the autofocus error is on the order of the sampling rate of the training data for the long-

range model.

When the 2-step autofocus method is used, the autofocus successfully traverses the plate in both
the horizontal and vertical snake acquisition patterns and achieves an mean error of -0.11 um *

0.21 um and -0.07um * 0.16 um respectively. The standard deviation accuracy measurements both
improve on the accuracy achieved when solely using the short-range model in a vertical snake
pattern. This is because the autofocus is not acting at the extremity of its training range since the
long-range model has already moved the coverslip to be near focus. The performance is better for all
cases when using a vertical snake pattern as the average inter well axial variation is reduced because

the plate was tilted along the longer dimension.

The models were able to be used for periods of months without needing to be retrained. The
aggregate models, presented in Figure 6.13, were trained on 18/06/2020 and 20/06/2020 for the
short-range and long-range models respectively. These models were used without the need for
retraining to image the mulitwell plate HCA easySTORM experiments, of THP1 and WM2664
Melanoma cells, presented in Chapter 7.2. These experiments were undertaken on 27/08/2020 and
07/12/2020 respectively, demonstrating the robustness of the model to operate over 5 months after

initial training.
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Figure 6.16. Results obtained when automatically imaging 100 nm diameter fluorescent beads
(TetraSpeck, T7279) arrayed in a 96-well plate (Brooks life Science Systems, MGB096-1-2-LG-L),
for which a through-focus image axial z-stack was automatically recorded in each well. The plate
was traversed following a vertical (column-by-column) snake pattern. (a-c) show heat maps of
the mean defocus of the beads imaged in each well calculated using PSFj. In the top row, the
heatmaps summarize the results for when (a) only the short-range autofocus, (b) only the long-
range autofocus and (c) the combined 2-step autofocus were employed. The amount of defocus
error in each well is encoded in a colour scale in um, with red indicating that the autofocus failed
to locate within +/- 2 um. Where PSFj was unable to determine the defocus of the bead images,
or where the mean defocus was outside the +/-2 um range, the heat map presents a red
coloured well with either “Fail” or the mean (out-of-range) defocus value. In the bottom row (e-
g), histograms of the mean defocus for each well, with bin widths of 100 nm, are displayed for
the bead image z-stacks for which PSFj could determine the defocus. Figure reproduced from
(Lightley et al., 2022)

6.7 Conclusion

In this chapter, the work developing a CNN-based autofocus has been presented. It has been
demonstrated that the hardware-based optical autofocus is able to enable automated imaging of a
multiwell plate. The autofocus is able to operate over a range of £100 um with an accuracy better
than 200 nm. For robust operation, the training data for the networ k was acquired over a period of
10 days and the training of the CNN model took 3 hours. This aggregate model, acquired over the
10-day period, was able to incorporate for thermal variations within the lab into to the dataset.
However, once trained the network was able to be applied and correct defocus in only 300 ms. The

models were able to be used for periods of months without needing to be retrained. The
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performances of the models were characterized by imaging a 96 wellplate arrayed with 100nm
Tetraspeck fluorescent beads in each well. For each well after an autofocus correction had been
performed, an axial stack of the fluorescent beads was acquired. PSFj was used to determine the
error of the autofocus correction for each well. When applied as a 1-step correction, the long-range
model was able to traverse the plate when travelling in either a horizontal or vertical snake pattern.
The short-range model when operated as a 1-step correction, was not able to traverse the plate
when using a horizontal snake pattern. When used in combination as a 2-step correction, the
autofocus was able to successfully traverse the plate for both the vertical and horizontal snake
movement patterns. The performance of the models was further quantified by performing repeated
autofocus corrections at known defocus offsets. These results demonstrated that the short-range
model could correct for defocus, to within the DOF within its training range. The long-range model
was able to correct the focus to within the training range of the short-range model throughout its
training range. When used in combination the autofocus could operate over a range of £100 um and

correct to within the DOF of the system, to an accuracy of better than 200nm.
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7. Automated easySTORM High Content Analysis

As discussed in Chapter 2, high content analysis (HCA) enables more robust image-based cell biology
experiments (assays) due to increased statistical power that comes from image data acquired of
100’s of fields of view (FOV) from arrays or samples prepared under the same conditions and
including replicates and control samples as appropriate. Furthermore, the much higher throughput
of HCA compared to manual microscopy can enable many more different samples to be studied, e.g.,
for cell imaging-based screens or diagnostic applications, e.g., of tissue microarrays. HCA typically
entails automated microscopy of samples arrayed in multiwell plates. This involves lateral and axial
motorisation and computer control of the microscope stages. Since an experiment imaging 100’s of
FOVs will typically take 10s to 100s of minutes, it is necessary to maintain in, or repeatedly restore
the sample to, the focal plane of the objective lens. As discussed in Chapter 4, this is best realised
using a hardware-based autofocus system that minimises any increase in light dose and consequent
photobleaching/phototoxicity to the sample. The prospect of flexible, modular open-source HCA or
slide scanning instrumentation was the motivation for the development of the optical autofocus

systems discussed in Chapters 5 and 6.

In this chapter, | describe the implementation of an automated easySTORM microscope on both a
commercial (Olympus IX81) microscope frame and on the modular open-source microscope frame
(openFrame), with the ultimate goal of making super-resolved HCA practical and widely accessible.
To date, SMLM has been predominantly limited to manual microscopy apart from pioneering reports
of an automated PALM microscope (Holden et al., 2014) and an automated dSTORM/DNA PAINT
microscope (Beghin et al., 2017), both implemented on commercial microscope frames. Here |
report an open-source approach to super-resolved HCA that is part of a wider approach to develop
modular and cost-effective open-source HCA. Besides the implementation of automated SMLM
based on easySTORM, | briefly describe exemplar super-resolved HCA initial applications to imaging
focal adhesions in melanoma cells and to phagocytosis in macrophages. | also discuss my continuing
work to develop a 2-channel openFrame-based easySTORM microscope intended to double the

throughput of easySTORM HCA.
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7.1 Implementation of automated multiwell plate easySTORM for super-resolved HCA

| developed two different, automated easySTORM systems: the first on a motorised Olympus IX81
microscope frame, to which | added the optical autofocus system described in Chapter 6 and the
second on the low-cost, modular openFrame platform, described in Chapter 4, that | added the
optical autofocus described in Chapter 5. Here | discuss the specific hardware configurations used
and the software for automated easySTORM image data acquisition, which was based on a purpose-
built uManager 2.0 plugin that communicates - via a socket connection to the local host on the local

PC - with the autofocus control software that is written in python.

7.1.1 Automated easySTORM implemented on an Olympus IX81 microscope
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Figure 7.1. Schematic of easySTORM microscope utilizing optical autofocus. The objective lens
was an oil immersion 1.3 NA 100x lens with a depth of focus of 600 nm. The focal lengths of the
other lenses were L1: 50mm, L2: 18.4mm, L3: 100mm, L4: 200mm, L5: 180mm.

Figure 7.1 shows the system configuration for the implementation of automated easySTORM on an
automated commercial (Olympus IX81) microscope frame. A motorized Marzhauser XY microscope
stage (Marzhauser SCAN IM 112x74) was controlled using a Marzhauser TANGO controller to enable
automated multiwell plate imaging or slide scanning. The excitation source used to provide the
easySTORM illumination was either a homebuilt multiline laserbank (described in Chapter 4)

composed of multimode diode lasers or a commercial multiline laserbank (Triline Laserbank, Cairn
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Research Ltd) also based on multimode diode lasers. While both laserbanks used multimode laser
diodes from Lasertack [https://www.lasertack.com/en/standard-modules], the Cairn laserbank
included integrated computer-controlled laser drivers whereas the homebuilt laserbank was
controlled using driver modules that | assembled around components from Lasertack and for which |
used Arduinos to interface between uManager and the laser driver circuits. In each case, the output
beams from the multimode diode lasers were combined to a collinear beam using long pass
beamsplitters, and either coupled into a 0.22NA multimode optical fibre (Thorlabs FGO50LGA) or a
0.1NA multimode fibre (Thorlabs FG105LVA) that was vibrated using a despeckler unit (Cairn
Research Ltd, Despeckler P1350/DES/0000 ) to time average the speckle pattern and provide a
uniform illumination for easySTORM (Kwakwa et al., 2016), as described in Chapter 3. This
multimode optical fibre was connected to an openExcite unit like that described in Chapter 4, section
4.2, that was mounted on the rear port of the Olympus IX81 microscope frame. Here the beam was
collimated by L1, a 50 mm focal length lens (Thorlabs AC254-050-A) and then steered by a mirror
with tip and tilt controls to the back aperture of the objective lens — enabling switching between

epifluorescence or HILO (Tokunaga, Imamoto & Sakata-Sogawa, 2008) illumination.
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Figure 7.2. Super-resolved HCA microscope with easySTORM (Kwakwa et al., 2016) implemented
on the openFrame configured with two spectrally-resolved fluorescence imaging channels.
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After being reflected by the mirror, the excitation beam passes through BS2, a short-pass dichroic
beamsplitter (Edmund Optics 69-220) that introduces the autofocus beam to the microscope, and
then is focused onto the back focal plane of the 100x objective (Olympus, UplanFl 100x, NA 1.3, oil)
by L4, a 200 mm focal length lens (Edmund Optics 49-364), being reflected by BS3, a multiline
dichroic long pass dichroic beamsplitter (Chroma, ZT405/462/635/830rpc-UF2). This provides
collimated widefield illumination of the sample. A 180 mm focal length tube lens L5, (Olympus Tube
lens) is used to form a fluorescence image on the camera. The camera that was predominantly used
on this Olympus IX81 microscope was an Andor Zyla 5.5 sCMOS, the sensor of which has a quantum

efficiency (QE) of 65% and a pixel size of 6.5 um.

7.1.2 Automated easySTORM implemented on an openFrame microscope

Figure 7.2 shows the system configuration for the implementation of automated easySTORM on an
openFrame microscope. The configuration depicted provides simultaneous image data acquisition in
two-spectral fluorescence channels, as discussed below in section 7.1.4. The motorised XY
microscope stage used (Zaber ASR100B120B-E03T3A with X-MCB2 controller) has a built in (rotary
quadrature) motor encoders and a travel range of 100 x 120 mm. Axial translation of the objective
lens was implemented using a piezo-electric linear stage (Physik Instrumente, Q-545.140 with E-
873.1AT controller), which has a 13 mm travel range and an integrated linear encoder. Excitation
was provided by the homebuilt multiline laserbank described in Chapter 4 (section 4.3). The
multimode diode laser beams were coupled into a 0.1 NA multimode optical fibre with a 105 um
diameter core (Thorlabs, FG105LVA) that was connected to an openExcite unit. The output from the
optical fibre was collimated by L1, a 60 mm focal length lens (Thorlabs AC254-060-A) and this beam
was then reflected off a steering mirror, which can be used to direct the beam between
epifluorescence and HILO illumination. The beam was then focussed to the back aperture of the
100x objective, (Olympus UplanSApo 100x, NA 1.40, oil ) by L4, a 200 mm focal length lens (Edmund
Optics 49-364), passing through BS2, a short-pass dichroic beamsplitter (Edmund Optics, 69-220)
that reflects light above 800 nm wavelength and is used to introduce the autofocus beam onto the
optical axis of the openFrame microscope. The autofocus module used is that described in Chapter
5. The fluorescent emission from the sample is transmitted through BS2 and BS3 (Chroma,
ZT405_465_625_825rpc) to form a fluorescence image at the camera. This fluorescence image can
be formed either using a single tube lens of 200 mm focal length (e.g. Nikon MXA20696) or, as

depicted in Figure 2, BS4, dichroic beamsplitter (Comar, 730 IK 50) can split the fluorescence
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radiation into two spectrally resolved channels (e.g., AF488 and AF647), each of which includes a
separate tube lens and CMOS camera with a 25 mm diameter bandpass emission filter (Semrock
FFO3 525/50 and the Chroma ET710/75x respectively) to minimise any spectral crosstalk from the
other imaging channel. The cameras that were predominantly used were CellCam Kikkers, which
have a pixel size of 4.63 microns and a quantum efficiency of 90%. These were used with either 0.5x
(Motic, 1101001901791) or 0.35x (Motic, 1101001904111) demagnifiers to enable higher camera

frame rates to be achieved by only reading out part of the camera sensors.

7.1.3 Development of HCA-STORM uManager plugin

uManager 2.0 was used to control the hardware and software to implement automated easySTORM
on both the Olympus IX81 and openFrame based systems. The multi-dimension acquisition (MDA)
tool inside uManager 2.0 was not suitable for automated two-channel easySTORM because it didn’t
have the capability to acquire all the STORM frames for one (spectral) channel before acquiring the
frames for the second channel of the same FOV. Therefore, a purpose-built acquisition controlling

uUManager 2.0 plug-in called “STORMhelper was written in java and run inside a Conda environment.

STORMhelper controls the acquisition of widefield and STORM image frames automatically based on
a table of input variables. The graphical user interface (GUI) for STORMhelper is shown in Figure 7.3.
This enables the entry of parameters for the acquisition of multiple different channels to be added
(or removed) as separate rows of the table (seen near the top of the GUI screenshot). The software
will acquire image data according to the different specifications of modality and excitation
wavelength in the order that the rows appear in the table. It is important to set the longer
wavelength image acquisitions in a FOV before the shorter wavelength acquisitions because the

higher photon energy excitation may excite and bleach the longer wavelength fluorophores.

The first column of the table describes the image data acquisition with a naming convention to
include the emission wavelength of the dye and whether the acquisition mode was widefield or
STORM. The second column is a drop-down list containing all the different available laser channels in
the uManager configuration file. (The dropdown list is populated by searching within the uManager
device property list for devices which contain “laser” in their name.) Then there are columns for
activation time and activation intensity that control the excitation used to switch the fluorophore
dyes into the dark state and induce fluorophore blinking. The excitation intensity is controlled by

setting the modulation voltage on the Lasertack diode laser driver between 0 V and +5 V. This in turn
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sets the drive current for the laser diode and hence the excitation laser power, up to the maximum

output power for the specific laser.

After the activation time period has been reached, the laser intensity is changed to the excitation
intensity modulation voltage value, defined in column 5 (“excitation intensity”) of the input table,
that is used throughout the STORM acquisition. The typical settings used for the HCA easySTORM
use a modulation voltage of 5V for activation for a period of 5-10 seconds and 2.5V during
acquisition of the frames for the respective values. Column 6 (“number of frames”) sets the number
of STORM frames that will be acquired. If this number of frames is set to 1, then a widefield image

can be acquired. The integration time is the camera exposure in milliseconds.

‘accuracy series

Figure 7.3. STORMhelper GUI showing the input variables in the table to control the laser and
camera settings during the automated acquisition

If the autofocus module has been enabled during the acquisition, by checking the “AF on in HCA”
checkbox, then the STORMhelper plug-in will undertake an autofocus correction every n* frame

during the acquisition, where n is set using the autofocus frequency column in the table. Thus, a
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value of 200 in the autofocus frequency column means that the focus will be corrected every 200
frames, which interrupts the acquisition of STORM data for ~0.1 seconds. Note that, if the autofocus

is in free-running self-lock mode, then the “AF on in HCA” box would not be checked.

The final column in the table (labelled “only here”) defines in which row and/or column of wells in
the multiwell plate the settings should be applied. Thus, different power settings can be applied in
different wells across the plate for different imaging requirements. If “all” is written into the final
column, the same setting will be acquired for every FOV in the position list. The position list needs to
specify the well name in the position name, i.e. “A-2” would be row A and column 2. If multiple
positions have the same well name, then the plugin will create a unique folder name, such as “A2_2”
instead of “A2” again. To apply the settings to only a specific row or column, the letter of the row or
the number of the column for the multiwell plate must be written into the final column in the table
headings. Multiple rows or columns can be input by delineating the different columns or rows with a
comma. In addition, settings can be applied to specific wells by writing for example “A1” in the final

column of the table.

7.1.3.1 Socket enabled communication between Python autofocus plug-in and “STORMhelper”

uManager plug-in

The STORMhelper plug-in can connect to the autofocus software through a socket connection. A
socket is an end point between a two-way communication link between two programs running
separately on a computer. The socket is bound to a specific port number on the machine. The server
for the socket is created in the autofocus (python) program that calculates the current defocus and
the STORMhelper (java) plug-in is the client that sends messages to the port requesting the current
defocus to be calculated. The server runs in the background whilst waiting for a connection request,
which can be initiated manually inside the STORMhelper plug-in, to establish two-way
communication between the two running programs. Once a connection has been accepted, the
python socket waits for a message to be received requesting a defocus calculation to be performed.
Once a request message is received, the python autofocus program calculates the current defocus
value, which is sent back to the socket to be read by the STORMhelper Java Plugin. Then the Java

script can move the stage accordingly to the correct predefined focus.
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7.1.4 Simultaneously acquired two-channel easySTORM

An easySTORM image data acquisition can take ~5-30 minutes per FOV, depending on the sample,
which implies 8 - 48 hours would be required for 96 FOV across a multiwell plate for each spectral
imaging channel. It is clearly desirable to reduce this data acquisition time for multichannel
easySTORM and to this end | have worked to implement simultaneous acquisition of easySTORM
image data in two spectral channels using, e.g., two cooled CMOS cameras (CellCam Centro or
Kikker). Figure 7.2 shows this configuration of an openFrame-based easySTORM microscope, in
which the usual tube lens layer and single camera layer have been replaced by an openFrame layer
with a dichroic beamsplitter, BS4, mounted in the openFrame infinity space that directs the
fluorescence to two separate tube lenses and cameras. This enables the sample to be excited
simultaneously at two different excitation laser wavelengths for which the outputs from two
multimode diode lasers are combined in the multimode optical fibre connected to the openExcite

module on the openFrame fluorescence excitation layer.

The two-channel fluorescence imaging openFrame layer is a standard camera layer with a 45-degree
mirror positioned in the optical axis of the openFrame layer to which an image-splitter (home-built
using standard Thorlabs components) is mounted using Thorlabs SM30 tubing connected to a filter
cube that contains a short-pass dichroic beamsplitter (Comar, 730 IK 50) selected to separate the
fluorescence emission from AF488 and AF647. Each spectral imaging channel is completed using a
200 mm focal length tube lens (Nikon, MXA20696), an emission filter and a camera. A Semrock

FFO3 525/50 emission filter was used for the AF488 channel and a Chroma ET710/75x filter was used
as the emission filter for the AF647 channel. To utilise the cost-effective CellCam cooled CMOS
cameras for easySTORM, it was decided to demagnify the size of the images so that higher frame
rates (up to 30 fps) could be achieved by limiting the readout to a fraction of the camera sensor, as
discussed in Chapter 4.4. This was realised using commercial 0.35x demagnifiers (Motic,
1101001904111) mounted at the focal planes of the tube lenses, to which the cameras were
attached.

Figure 7.4 shows two colour easySTORM images, automatically acquired on this openFrame-based
microscope, of NIH3T3 cells, in which tubulin was labelled with AF488 and mitochondria were
labelled with MitoTracker™ deep red. The cells were arrayed in an 8 well chamber slide and the
optical autofocus was used to provide continuous focus correction, without interruptions of the
STORM acquisition, during the acquisition of the easySTORM image data. For these easySTORM

images, 5000 frames were recorded for each FOV in each spectral channel using a CellCam Centro
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camera with a 30 ms camera exposure. 3 FOVs were imaged in separate neighbouring wells of the
chamber slide during a total image data acquisition time of 8 minutes. These easySTORM (Kwakwa

et al., 2016) images were reconstructed using ThunderSTORM (Ovesny et al., 2014).

Figure 7.4. (a) easySTORM image of NIH3T3 cells with the tubulin labelled with AF488 and
mitochondria labelled with MitoTracker™ deep red. The two channels were acquired
simultaneously on the openFrame using a fan-cooled CMOS camera (CellCam, model Centro
200MR) with 1.4 NA objective lens. (b) shows enlarged ROls identified by the yellow boxes in (a).

7.2 exemplar easySTORM HCA applications to cell biology

The easySTORM HCA system implemented on the Olympus I1X81 frame, was applied to exemplar
multiwell plate studies of focal adhesions in melanoma cells and of phagocytosis in THP-1 cells. On
this microscope, the two-colour easySTORM image datasets were acquired sequentially using epi-
illumination with the 2-step neural network-based autofocus described in Chapter 6. The resulting
easySTORM data was analysed using the parallelised implementation of ThunderSTORM (Munro et

al., 2019) on 4 nodes of the Imperial College London high performance computing (HPC) cluster.
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7.2.1 Melanoma WM2664 multiwell plate STORM

The first exemplar application of easySTORM HCA was to image fixed WM2664 melanoma cells
arrayed in 24 wells within a 96-well plate, which were imaged on 07/12/2020. A snake like path was
used to traverse the multiwell plate and the autofocus was applied every 200 frames during the
easySTORM acquisition. The easySTORM image data were acquired using an Andor Zyla 5.5 with a
30 ms exposure. An initial 5 second activation period was used, at 5V modulation, for both the
AF647 and AF488 channels, before dropping the laser power modulation to 2.5V for the acquisition
of the frames. 5000 frames were acquired for each FOV of 125.8 x 125.8 um, resulting in a data
volume for each FOV of ~22 Gb. Figure 7.5 shows representative widefield epifluorescence and
easySTORM images from this experiment. An anti-Paxillin antibody conjugated to AF488 was used to

label the focal adhesions structures and phalloidin-Atto 647 was used to label the F-action filaments.
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Figure 7.5. Automatically acquired widefield and easySTORM images of fixed WM266-6
Melanoma cells that were arrayed in 6x4 wells of a 96 well plate. An anti-Paxillin antibody
conjugated to AF488 was used to label the focal adhesions and the F-actin was labelled using
phalloidin-Atto 647. The cells were either mock treated as a control (row F), or they were
incubated with siRNA to knock down the ARHGEF9 (rows C and D) and Anillin proteins (row E).
The top set of images show a montage of the FOVs acquired in each well. These had a FOV of
125.8 um x 125.8 um. The bottom set of images show the expanded ROIs (12.8 um x 12.8 um)
indicated by the yellow boxes in the top set of images.
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The cell culture for the WM266-4 Melanoma cells is described in the Supplementary Material of our
paper describing the neural network autofocus (Lightley et al., 2022). Briefly, the cells were reverse
transfected with OnTArgetPlus SMARTpools targeting ARHGEF9 and ANILLIN (Dharmacon cat # L-
020314-00-0005, cat # L-006838-00-0005) at a concentration of 20 uM in a 6-well plate. The
transfections were carried out following the manufacturer’s instructions using Lipofectamine
RNAimax (Invitrogen). After 48 hours the melanoma cells were trypinised and resuspended in
Dulbecco’s Modified Eagle Medium (DMEM). Roughly 5000 cells in 200 pl of medium were then
transferred to a 96 well glass-bottomed plate (Brooks life Science Systems, MGB096-1-2-LG-L) that
had been precoated with 10 ug/ml fibronectin (Sigma-Aldrich). 10 wells for each condition were
plated and the cells were allowed to spread for a period of 2.5 hours in an incubator at 37°C before
any drug treatment was applied. Duplicate wells were treated with 100 uM ARP2/3 inhibitor (Hetrick
et al., 2013; Yamagishi et al., 2018) (CK-666, Sigma-Aldrich), which maintains the complex in an
inactive state and inhibits actin nucleation, and SMIFH2 (Rizvi et al., 2009; Kim et al., 2015) (Formin
FH2 Domain Inhibitor, Abcam), which stops formin-mediated actin nucleation (50 mM). The cells
that were treated with ARP2/3 inhibitor, were allowed to recover before fixation for a period of 30

minutes.

The cells were fixed by adding 200 pl of pre-warmed 4% methanol-free formaldehyde (Thermo) for
10 min at room temperature, after the medium had been removed. The cells were then washed
three times with PBS, before being permeabilized using 0.1% Triton X-100 (Sigma-Aldrich) for 10
minutes at room temperature. The cells were then blocked at room temperature with 0.5% BSA in
PBS for a period of 1 hour. The cells were then washed again 3 times with PBS. Then an anti-paxillin
primary antibody (BD Biosciences), was added in 200 pl block solution at a concentration of 1:500.
The plate was then sealed and kept at 4°C overnight. The plate was then washed again 3 times with
PBS, and a secondary antibody (Alexa Fluor® 488 goat anti mouse IgG, Invitrogen) was added at a
1:1000 concentration. The plate was then incubated at room temperature for a further 2 hours,
after which the plate was washed twice with PBS and phalloidin-Atto 647 (Invitrogen) dye was added
at a 1:5000 concentration in PBS to stain the F-actin and incubated for 20 minutes at room
temperature. The plate was then washed twice again with PBS solution. Finally, the wells were filled
with 200 pl STORM buffer solution before imaging. Whilst imaging, the WM266-4 cells were
maintained in DMEEM, which was supplemented with 1% Penicillin-Streptomycin and 10% heat-

inactivated fetal bovine serum (HI FBS; GIBCO) cultured at 37°Cin 5% CO,.

The widefield images presented in Figure 7.5 are able to show gross overall differences in the cell
morphology and differences in the distribution of F-actin and focal adhesions can be seen in the

expanded views. However, the easySTORM images enable a more detailed analysis of the structure
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of the focal adhesions: in the control row, small, nascent focal adhesions formed at the cell
periphery are indicated by the punctate Paxillin foci and in the vicinity around the focal adhesion
structures, the levels of polymerased F-actin are low. This organisation of Paxillin and actin seen in
the control group is characteristic of nascent focal adhesion structures which are undergoing
turnover in dynamic protrusions with high actomyosin flow. This contrasts with the knock down
groups in which the Paxillin is less punctate in the cells depleted with either ARHGEF9 or Anillin
proteins, but rather forms elongated structures that are aligned along the F-actin. It was noted that
multiple paxillin-positive structures were found aligned along single actin filaments. These
preliminary results indicate that the super-resolution achievable using easySTORM can provide new
information and the ability to undertake automated easySTORM HCA acquisitions can enable
systematic studies of this ultrastructure, which could be further analysed using clustering analysis
tools such as those described in (Pageon et al., 2016; Ricci et al., 2015; Khater, Nabi & Hamarneh,
2020).

7.2.2 THP1 cells

The second exemplar application of easySTORM HCA addressed the uptake of Streptococcus
pneumoniae bacteria in human monocytic THP-1 cells, which are routinely used to model the
interactions between macrophages and pathogens (Kohler et al., 2016). The presented data was
imaged on 27/08/2020. The THP-1 cells were derived from an acute monocytic leukaemia patient
and cultured in Roswell Park Memorial Institute-1640. For this experiment they were arrayed in a
96-well plate (Brooks life Science Systems, MGB096-1-2-LG-L) and supplemented with 10% (v/v) fetal
calf serum (FCS) (Bioserum), 2 mM L-glutamine (Sigma Aldrich) and 10 mg/ml
Penicillin/Streptomycin (Sigma Aldrich) and incubated at 37°C in 5% CO,. Approximately 50,000 cells
were seeded in each well and were then treated for a period of 48 hours with 10 ng/ml phorbol 12-
myristate 13-acetate (PMA) (Sigma Aldrich). The cells in different rows on the multiwell plate were
then incubated for between 0 to 60 minutes with Streptococcus pneumoniae immune labelled with
AF488, which had been heat-killed. After the incubation, the cells were washed to remove any non-
bound bacteria and then fixed with ice cold methanol for 10 minutes before being washed three
times with 0.05% Triton in PBS. The cells were then blocked for 2 hours and then stained overnight
with a primary monoclonal antibody for alpha-tubulin at a 1:1000 dilution in PBS at 4°C. The next day
the cells were washed again 3 times in PBS, before being incubated for 20 minutes at room

temperature with a 1:2000 dilution of an anti-mouse secondary antibody which was conjugated to
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AF647 (ThermoFisher Scientific). The THP-1 cells were then washed again three times with PBS

solution, before being imaged with fresh chemical STORM buffer.

0 min 15 min 30 min 60 min

PIRYIPIM

Bacteria incubation time

INHOLS

Tubulin Streptococcus pneumoniae

Figure 7.6. Automatically acquired easySTORM images of THP-1 cells arrayed in a 96-well plate.
The THP-1 cells were incubated with Streptococcus pneumoniae bacteria and fixed for imaging.
The incubation time was increased down the plate in 15-minute intervals. The alpha-tubulin was
labelled with AF647 (red) and the Streptococcus pneumoniae was labelled with AF488. Exemplar
expanded widefield and easySTORM images of the ROls from some of the wells are shown in the
right-hand side image. As the incubation time increased the uptake of bacteria also increased

The automated easySTORM image data acquisition followed a snake-pattern between wells and the
2-step neural network-based autofocus was applied every 200 frames during each easySTORM
acquisition of 5000 frames per FOV, with a FOV being imaged in each of the 96 wells on the plate
with the 2 spectrally resolved channels being acquired sequentially at each FOV. These easySTORM
images were reconstructed using WindSTORM (Ma, Xu & Liu, 2023) implemented to run on 4 nodes
of the Imperial College HPC cluster. Figure 7.6 shows the reconstructed easySTORM images from the
96 wells together with representative easySTORM and corresponding widefield epifluorescence
images of expanded ROI’s. It can be seen that the uptake of bacteria into the THP-1 cells increased
with the incubation time and there may be an increased overlap between the bacteria and the
tubulin filaments. Future work may include a systematic exploration of factors impacting the rate of
internalisation of bacteria in patient-derived primary macrophages as well as models like THP-1 cells

and the localisation of internalised bacteria within the cells.

7.3 Conclusion

In this chapter | have presented the application and implementation of automated HCA STORM to
exemplar biological studies on both a commercial Olympus IX81 frame and an open-source

microscope, the openFrame. There is also a discussion of the continuing work developing a 2-
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channel simultaneously acquiring SMLM system on the openFrame, which improves the throughput
of imaging dual channels by a factor of 2. The first implementation of this was to acquire automated
simultaneous acquisitions of NIH3T3 cells, which had the mitochondria labelled with MitoTracker
Deep Red and the tubulin immunolabelled with AF488. The future aims for this work is to increase
the scale and throughput of imaging by automatically and simultaneously acquiring 2-channel SMLM
acquisitions in a 96-well plate. In this chapter, the implementation of HCA-STORM on the Olympus
IX81 to image Melanoma WM2664 cells and THP1 cells arrayed in 96-well plate formats is also

presented.

191



8. Conclusions and Outlook

This chapter provides a summary of the conclusions and outcomes from the work described in this

thesis. There is also a discussion on the outlook for future development of the reported work.

Chapter 1 provided an introduction to the work presented in all subsequent chapters in the thesis.

Chapter 2 gave a brief overview describing the historical development of microscopy. Then there
was a description of the photophysical mechanisms involved in fluorescence and a definition of
resolution. This chapter also gave a brief description of some commonly used microscopy
illumination and imaging modalities. These included widefield epifluorescence, confocal, light-sheet
microscopy, multiphoton, TIRF and OPT. There was a description for some super-resolved
techniques, including SIM and STED approaches. A more detailed description of SMLM techniques,
including STORM, was presented. There is still plenty of scope for future development of super-
resolved techniques, which have been developed further with techniques like MinFlux, and the
possibility of correlative imaging approaches where multiple imaging modalities can be used on the

same FOV within a sample.

Chapter 3 described easySTORM in detail and how it can be implemented on commercial
microscope frames. The openExcite module was presented and used to enable both HILO and TIRF
illumination to achieve optical sectioning with easySTORM. The performance of easySTORM was
verified by imaging nuclear pore complexes as a reference sample using different illumination
approaches. EasySTORM was also used to acquire super-resolved immunofluorescent images of
histological kidney samples in a process called “histoSTORM”. HistoSTORM was applied to both
frozen and paraffin-embedded kidney samples. It was seen that the locations of the IgG deposits
were consistent with those observed in EM, giving evidence that histoSTORM could be used in
clinical environments. There is a hope to continue developing the idea of histoSTORM to investigate
other histological samples and to determine if it could be used as an alternative of EM for clinical

diagnosis in settings where there are not the facilities available or expertise required for EM.

easySTORM was initially developed and implemented on a commercial microscope frame by

Kwakwa et al. | developed the openExcite module, which can be implemented on any microscope
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frame. | verified the performance of easySTORM by imaging the nuclear pore complexes. The
samples were prepared by Mi Qi Lim and Edwin Garcia. Edwin Garcia developed the staining
protocols for the kidney samples and prepared all the samples used in histoSTORM and | developed
the imaging protocols. The kidney histological biopsy samples were provided by Dr Candice Roufosse

from the Department of Immunology and Inflammation at Imperial College London.

Chapter 4 presents the work undertaken developing a low-cost microscopy platform that can be
used for several different imaging modalities. These include the development of a low-cost, modular
open hardware microscope frame, called the “openFrame”. This is combined with a low-cost
laserbank, laser diode controllers and the openExcite module to create a low-cost microscopy
system capable of achieving SMLM images. This chapter also describes the work comparing the
performance of low-cost (£900 for CellCam Centro and £2000 for CellCam Kikker) cooled CMOS
cameras with more expensive (¥£15000-£25000) sCMOS alternatives for SMLM. The system was
used to acquire easySTORM images of nuclear pore complexes using a TIRF objective on the
openFrame, using the low-cost and cooled CellCam Kikker cameras, and home-built laserbank. In this
chapter there was also a discussion of other published recent open-hardware developments and
their applications for open-source microscopy. The total cost of building an openframe as an HCA
capable platform for SMLM imaging is in the region of <£25,000. This is on the order of a 5-10x less
than the cost of a commercial equivalent. This makes automated SMLM capability more affordable.
The future aims for this work include the development of multiple openFrame systems for other
imaging modalities including FLIM, multiphoton, phase contrast, hyperspectral etc. These systems
are now being developed by PhD research students within the Biophotonics group at Imperial
College. There is also further work that has already being undertaken, continuing to develop a fully
automated SMLM system that is capable of simultaneously acquiring 2-channel SMLM acquisitions

of a multiwell plate.

The openFrame concept was conceived by Professor Paul French with contributions from others
within the Photonics group at Imperial College London. The initial design and development of the
openFrame was undertaken by Simon Johnson and Martin Kehoe at the Optomechanical
Instrumentation workshop within the Optics section at Imperial College London. The openfFrame
CAD design was further developed by Dr Frederik Gorlitz of the Photonics Group in collaboration
with Cairn Research Ltd. Further development has been undertaken in collaboration with Cairn
Research Ltd, developing additional modules which are compatible with the openFrame. Sunil Kumar

and | assembled the first openFrame and provided advice for iterative improvements in design. Paul
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French proposed applying low-cost cooled cameras, developed for astronomy, to microscopy. Cairn
Research Ltd created the CellCam. | tested and quantified the performance of the CellCam cameras
for use with STORM and proposed using the Motic adapters to increase the achievable frame rates
needed for SMLM. | designed and developed the laserbank and drivers and interfaced them for use
with uManager. | implemented low cost easySTORM on the openFrame and demonstrated its
capability by resolving nuclear pore complexes on the system. The nuclear pore complex samples

were prepared by Mi Qi Lim and Edwin Garcia.

Chapter 5 describes the development of a hardware-based autofocus that does not use machine
learning. It presents the iterative development of the autofocus design, starting with a knife-edge
centroid metric and progressing to a rectangular slit masked beam. Finally, the design utilising a pair
of orthogonal cylindrical lenses is presented. The cylindrical lens autofocus was able to operate in a
single-shot functionality over a range of £37.5 um and as a 2-step approach over a range of +68 um.
The autofocus was able to achieve an accuracy of <230 nm. This autofocus can be combined with the
automated open-hardware platform described in chapter 4, to create an automated multiwell plate
scanning system. The range of the autofocus could be extended by combining this design with
machine learning, in a similar way that is described in chapter 6. This could further extend the range,
as the machine learning can operate with a lower signal to noise ratio. This is the aim for future
development of this autofocus. There is also an aim to allow this autofocus to be used with water or
air objectives. This would require using the reflected signal from the bottom interface of the
coverslip instead of the top. To do this, a lens can be introduced into the optical path which will shift
the focus of the collimated autofocus beam to the front surface rather than the upper surface, when
the sample is in focus of the imaging camera. This lens can be added or removed to switch between

immersion media.

| developed and iterated on the design for the hardware-based autofocus. | demonstrated using
offset cylindrical lenses to enable single-shot functionality. | incorporated the autofocus onto the
openFrame to enable a low-cost HCA SMLM platform. | utilised an SLD to enable background
subtraction and improve the performance of the autofocus. After | designed the autofocus and
initially implemented it on the openFrame using Thorlabs components, Cairn Research Ltd
developed a commercial version of the autofocus unit. | quantified the performance of the
autofocus and wrote the “openAF” uManager autofocus plugin and python code to implement the

autofocus.
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Chapter 6 described the development and training of a neural network-based hardware autofocus
that uses a slit to provide varying confocal parameters in its respective orthogonal axes. The two
different confocal parameters gave two different metrics for the network to learn from. Namely, a
slowly expanding metric for long range and a more accurate and quicker diverging metric along the
other orthogonal axis. Two separate models were trained to operate as a sequential 2-step
autofocus that could operate in combination over a range of £100um whilst having an accuracy
within 200 nm and within the depth of field of the objective. The architecture of the MobileNetV2
neural network used was presented with the reasoning why it was chosen. Namely, due to its small
memory footprint and its ability to not overfit to the training data. The challenges of developing a
robust neural network that can operate over a period of months, under varying lab conditions, is
described as well as the necessity to acquire a significantly large training dataset over a period of
days. This allowed the model to be used without the need for retraining over a period of months.
The autofocus was implemented on a commercial Olympus IX81 stage using an infrared laser diode
source. The aim is to further develop this neural network to incorporate the cylindrical lens design.
This will allow for the system to become a single shot autofocus with a well-behaved metric for the
model to learn from. The currently trained model has already been used to achieve automated
multiwell plate SMLM acquisitions. The aim is to continue using this automated system to acquire

high-throughput automated SMLM acquisitions of chromatin and Melanoma cells.

Development of the neural network was undertaken by me in collaboration with Dr Arinbjorn
Kolbeinsson and with advice from Professor Seth Flaxman. | acquired the training data, trained the
model and quantified its performance. | showed the model could operate for periods of months
without the need for further training after models were created from composite datasets acquired

over multiple days.

Chapter 7 presented the implementation of an automated, high-content analysis system on the
Olympus 1X81 and the openFrame frames for SMLM acquisitions. This included the first
implementation of a simultaneously acquired 2-channel SMLM acquisition of NIH3T3 cells, with
tubulin immunolabelled with AF488 and the mitochondria labelled with MitoTracker Deep Red. This
first demonstration was done automatically, imaging FOVs in 3 wells of an 8-well chamber slide. The
future outlook for this work is to increase the throughput of the acquisition by automatically
acquiring SMLM 2-channel acquisitions in a 96-well plate format. This would be done using the
cylindrical lens based autofocus described in chapter 5, using the openframe platform. This chapter

also described the implementation of HCA-easySTORM on the commercial Olympus IX81 frame using
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a purpose-built uManager plugin, called “STORMhelper”. This system was used to automatically
acquire separate SMLM multiwell acquisitions of Melanoma WM2664 cells and THP1 cells. The initial
automated acquisitions of the WM2664 melanoma cells, has led to the further investigation of the
focal adhesion structures using clustering analysis. This work is ongoing with the aim for further

automated acquisitions using the SMLM systems.

| implemented automated HCA-capable systems on both the Olympus IX81 and openFrame for
SMLM acquisitions. The WM2664 melanoma cells were provided by Dr Vicky Bousgouni and
Professor Chris Bakal at the Institute for Cancer Research and prepared for imaging by Dr Edwin
Garcia. The THP-1 cells were provided, and prepared for imaging, by Dr Riccardo Wysoczanski at the
National Heart and Lung Institute. | developed and wrote the uManager plugin “STORMhelper” to

control automated SMLM acquisitions.

8.1 Concluding remarks

This thesis has presented the work towards developing a low-cost, automated platform that can
perform automated SMLM acquisitions of multiwell plates and high-content analysis. One of the
major components of this work has been the development of two novel hardware-based
autofocuses that can be implemented on both a standard epi-fluorescent commercial frame or on
the presented modular, robust and open-hardware microscope stand, the “openFrame”. EasySTORM
was implemented on both these systems as a cost-effective technique to image large FOVs using
new low cost-cooled CMOS cameras, the CellCam Centro and CellCam Kikker. This has meant that an
automated SMLM platform has been developed for approximately a fifth to a tenth of the cost of a
commercial equivalent. The aim for the future development of this research would involve
introducing these low-cost systems into more clinical, research and teaching environments. This will
provide greater access to research-grade SMLM instrumentation. There will be further research into
the application of easySTORM to histological samples as a low-cost alternative to electron
microscopy. The biological work that has so far being carried out investigating the focal adhesion
structure of melanoma cells, has led to further study and research. It is the aim that the platforms
developed and presented in this thesis, will be used to further investigate these samples, particularly

focusing on focal adhesion function, structure and clustering.
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course of this licensing transaction, (ii) these terms and conditions and (iii)
CCC's Billing and Payment terms and conditions.

o This Agreement will be void if the Type of Use, Format, Circulation, or
Requestor Type was misrepresented during the licensing process.

o This Agreement shall be governed by and construed in accordance with the
laws of the State of New York, USA, without regards to such state's
conflict of law rules. Any legal action, suit or proceeding arising out of or
relating to these Terms and Conditions or the breach thereof shall be
instituted in a court of competent jurisdiction in New York County in the
State of New York in the United States of America and each party hereby
consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by
registered or certified mail, return receipt requested, at the last known
address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in
Subscription journals offering Online Open. Although most of the fully Open
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Access journals publish open access articles under the terms of the Creative
Commons Attribution (CC BY) License only, the subscription journals and a few
of the Open Access Journals offer a choice of Creative Commons Licenses. The
license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy,
distribute and transmit an article, adapt the article and make commercial use of
the article. The CC-BY license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY -
NC)License permits use, distribution and reproduction in any medium, provided

the original work is properly cited and is not used for commercial purposes.(see
below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-
BY-NC-ND) permits use, distribution and reproduction in any medium, provided
the original work is properly cited, is not used for commercial purposes and no
modifications or adaptations are made. (see below)

Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing
purposes requires further explicit permission from Wiley and will be subject to a

fee.

Further details can be found on Wiley Online
Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com.
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TERMS AND CONDITIONS

Mar 26, 2023

This Agreement between Mr. Jonathan Lightley ("You") and Springer Nature
("Springer Nature") consists of your license details and the terms and conditions
provided by Springer Nature and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher
Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Type of Use

Requestor type

Format

Portion

Number of figures/tables/illustrations
High-res required

Will you be translating?
Circulation/distribution

Author of this Springer Nature content

Title

Institution name
Expected presentation date
Portions

Requestor Location

5516440992756

Mar 26, 2023

Springer Nature

Nature Methods
Sub-diffraction-limit imaging by
stochastic optical reconstruction
microscopy (STORM)

Michael J Rust et al

Aug 9, 2006

Thesis/Dissertation

academic/university or research institute
electronic

figures/tables/illustrations

1

no

no

1-29

no

Development of open source microscopy
including optical autofocus for automated
imaging and single molecule
localisation microscopy

Imperial College London

May 2023

Figure 1(a)

Mr. Jonathan Lightley

United Kingdom
Attn: Mr. Jonathan Lightley
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Total 0.00 GBP
Terms and Conditions
Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the
terms specified in your [RightsLink] constitute the License ("License") between
you as Licensee and Springer Nature Customer Service Centre GmbH as Licensor.
By clicking 'accept' and completing the transaction for your use of the material
("Licensed Material"), you confirm your acceptance of and obligation to be bound
by these Terms and Conditions.

1. Grant and Scope of License

1. The Licensor grants you a personal, non-exclusive, non-transferable,
non-sublicensable, revocable, world-wide License to reproduce,
distribute, communicate to the public, make available, broadcast,
electronically transmit or create derivative works using the Licensed
Material for the purpose(s) specified in your RightsLink Licence
Details only. Licenses are granted for the specific use requested in
the order and for no other use, subject to these Terms and
Conditions. You acknowledge and agree that the rights granted to
you under this License do not include the right to modify, edit,
translate, include in collective works, or create derivative works of
the Licensed Material in whole or in part unless expressly stated in
your RightsLink Licence Details. You may use the Licensed
Material only as permitted under this Agreement and will not
reproduce, distribute, display, perform, or otherwise use or exploit
any Licensed Material in any way, in whole or in part, except as
expressly permitted by this License.

2. You may only use the Licensed Content in the manner and to the
extent permitted by these Terms and Conditions, by your RightsLink
Licence Details and by any applicable laws.

3. A separate license may be required for any additional use of the
Licensed Material, e.g. where a license has been purchased for print
use only, separate permission must be obtained for electronic re-use.
Similarly, a License is only valid in the language selected and does
not apply for editions in other languages unless additional translation
rights have been granted separately in the License.

4. Any content within the Licensed Material that is owned by third
parties is expressly excluded from the License.
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5. Rights for additional reuses such as custom editions,
computer/mobile applications, film or TV reuses and/or any other
derivative rights requests require additional permission and may be
subject to an additional fee. Please apply
to journalpermissions@springernature.com or bookpermissions@spr
ingernature.com for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License.
You acknowledge and agree that nothing in this License limits or restricts
Licensor's rights in or use of the Licensed Material in any way. Neither this
License, nor any act, omission, or statement by Licensor or you, conveys
any ownership right to you in any Licensed Material, or to any element or
portion thereof. As between Licensor and you, Licensor owns and retains
all right, title, and interest in and to the Licensed Material subject to the
license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the
applicable copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

1. Minor editing privileges are allowed for adaptations for stylistic
purposes or formatting purposes provided such alterations do not
alter the original meaning or intention of the Licensed Material and
the new figure(s) are still accurate and representative of the Licensed
Material. Any other changes including but not limited to, cropping,
adapting, and/or omitting material that affect the meaning, intention
or moral rights of the author(s) are strictly prohibited.

2. You must not use any Licensed Material as part of any design or
trademark.

3. Licensed Material may be used in Open Access Publications (OAP),
but any such reuse must include a clear acknowledgment of this
permission visible at the same time as the figures/tables/illustration
or abstract and which must indicate that the Licensed Material is not
part of the governing OA license but has been reproduced with
permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal
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title, Author, Journal Name (if applicable), Volume (if applicable),
Publisher, Year, reproduced with permission from SNCSC'.

4. STM Permission Guidelines

1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time
and made available at https://www.stm-assoc.org/intellectual-
property/permissions/permissions-guidelines/.

2. For content reuse requests that qualify for permission under the STM
PG, and which may be updated from time to time, the STM PG
supersede the terms and conditions contained in this License.

3. If a License has been granted under the STM PG, but the STM PG
no longer apply at the time of publication, further permission must
be sought from the Rightsholder.

Contact journalpermissions(@springernature.com or bookpermissions
(@springernature.com for these rights.

5. Duration of License

1. Unless otherwise indicated on your License, a License is valid from
the date of purchase ("License Date") until the end of the relevant
period in the below table:

Reuse in a medical Reuse up to distribution or time period
communications project |indicated in License
Reuse in a o .
3 . . Lifetime of thesi
dissertation/thesis ctime of thests
R ina o . .
Teuse . Lifetime of journal/magazine
journal/magazine

Reuse in a book/textbook [Lifetime of edition

1 year unless otherwise specified in the
License

Lifetime of presentation/slide kit/poster.

Reuse on a website

R i L . ;
rzlgii‘s;ltii) w/slide Note: publication whether electronic or in
Ei t/poster print of presentation/slide kit/poster may

require further permission.

Reuse in conference
proceedings

Reuse in an annual report [Lifetime of annual report

Reuse in training/CME  [Reuse up to distribution or time period
materials indicated in License

Lifetime of conference proceedings
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6.

Reuse in newsmedia Lifetime of newsmedia

Reuse in T . .
Reuse up to distribution and/or time period
coursepack/classroom . o
. indicated in license
materials

7. Acknowledgement

1. The Licensor's permission must be acknowledged next to the

Licensed Material in print. In electronic form, this acknowledgement
must be visible at the same time as the figures/tables/illustrations or
abstract and must be hyperlinked to the journal/book's homepage.

. Acknowledgement may be provided according to any standard

referencing system and at a minimum should include "Author,
Article/Book Title, Journal name/Book imprint, volume, page
number, year, Springer Nature".

8. Reuse in a dissertation or thesis

1. Where 'reuse in a dissertation/thesis' has been selected, the following

terms apply: Print rights of the Version of Record are provided for;
electronic rights for use only on institutional repository as defined by
the Sherpa guideline (www.sherpa.ac.uk/romeo/) and only up to
what is required by the awarding institution.

. For theses published under an ISBN or ISSN, separate permission is

required. Please
contact journalpermissions(@springernature.com or bookpermissions
(@springernature.com for these rights.

. Authors must properly cite the published manuscript in their thesis

according to current citation standards and include the following
acknowledgement: 'Reproduced with permission from Springer
Nature'.
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9. License Fee

Y ou must pay the fee set forth in the License Agreement (the "License
Fees"). All amounts payable by you under this License are exclusive of any
sales, use, withholding, value added or similar taxes, government fees or
levies or other assessments. Collection and/or remittance of such taxes to
the relevant tax authority shall be the responsibility of the party who has the
legal obligation to do so.

10. Warranty

1. The Licensor warrants that it has, to the best of its knowledge, the
rights to license reuse of the Licensed Material. You are solely
responsible for ensuring that the material you wish to license is
original to the Licensor and does not carry the copyright of
another entity or third party (as credited in the published
version). If the credit line on any part of the Licensed Material
indicates that it was reprinted or adapted with permission from
another source, then you should seek additional permission from that
source to reuse the material.

2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN
AND TO THE EXTENT PERMITTED BY APPLICABLE LAW,
LICENSOR PROVIDES THE LICENSED MATERIAL "AS IS"
AND MAKES NO OTHER REPRESENTATION OR
WARRANTY. LICENSOR EXPRESSLY DISCLAIMS ANY
LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF
THE CONTENT, INCLUDING BUT NOT LIMITED TO ANY
ERRORS, INACCURACIES, OMISSIONS, OR DEFECTS
CONTAINED THEREIN, AND ANY IMPLIED OR EXPRESS
WARRANTY AS TO MERCHANTABILITY OR FITNESS FOR A
PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY
OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL,
INCIDENTAL, INDIRECT, PUNITIVE, OR EXEMPLARY
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE
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FORM OF ACTION, WHETHER FOR BREACH OF CONTRACT,
BREACH OF WARRANTY, TORT, NEGLIGENCE,
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS,
DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS
OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION APPLIES
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL
PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.

11. Termination and Cancellation

1. The License and all rights granted hereunder will continue until the
end of the applicable period shown in Clause 5.1 above. Thereafter,
this license will be terminated and all rights granted hereunder will
cease.

2. Licensor reserves the right to terminate the License in the event that
payment is not received in full or if you breach the terms of this
License.

12.General

1. The License and the rights and obligations of the parties hereto shall
be construed, interpreted and determined in accordance with the laws
of the Federal Republic of Germany without reference to the
stipulations of the CISG (United Nations Convention on Contracts
for the International Sale of Goods) or to Germany s choice-of-law
principle.

2. The parties acknowledge and agree that any controversies and
disputes arising out of this License shall be decided exclusively by
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the courts of or having jurisdiction for Heidelberg, Germany, as far
as legally permissible.

3. This License is solely for Licensor's and Licensee's benefit. It is not
for the benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or
website issues please contact springernaturesupport@copyright.com or +1-
855-239-3415 (toll free in the US) or +1-978-646-2777. For questions on
Springer Nature licensing please

visit https://www.springernature.com/gp/partners/rights-permissions-third-
party-distribution

Other Conditions:

Version 1.4 - Dec 2022
Questions? customercare@copyright.com.
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This Agreement between Mr. Jonathan Lightley ("You") and Springer Nature
("Springer Nature") consists of your license details and the terms and conditions
provided by Springer Nature and Copyright Clearance Center.

License Number

License date

Licensed Content Publisher
Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date

Type of Use

Requestor type

Format

Portion

Number of figures/tables/illustrations
High-res required

Will you be translating?
Circulation/distribution

Author of this Springer Nature content

Title

Institution name
Expected presentation date
Portions

Requestor Location

Total

5516431282870
Mar 26, 2023

Springer Nature
Nature Methods

Fluorophore localization algorithms for
super-resolution microscopy

Alex Small et al

Feb 27,2014

Thesis/Dissertation

academic/university or research institute
electronic

figures/tables/illustrations

1

no

no

1-29

no

Development of open source microscopy
including optical autofocus for automated
imaging and single molecule
localisation microscopy

Imperial College London

May 2023

Figure 1

Mr. Jonathan Lightley

United Kingdom
Attn: Mr. Jonathan Lightley
0.00 GBP
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Terms and Conditions
Springer Nature Customer Service Centre GmbH Terms and Conditions

The following terms and conditions ("Terms and Conditions") together with the
terms specified in your [RightsLink] constitute the License ("License") between
you as Licensee and Springer Nature Customer Service Centre GmbH as Licensor.
By clicking 'accept' and completing the transaction for your use of the material
("Licensed Material"), you confirm your acceptance of and obligation to be bound
by these Terms and Conditions.

1. Grant and Scope of License

1. The Licensor grants you a personal, non-exclusive, non-transferable,
non-sublicensable, revocable, world-wide License to reproduce,
distribute, communicate to the public, make available, broadcast,
electronically transmit or create derivative works using the Licensed
Material for the purpose(s) specified in your RightsLink Licence
Details only. Licenses are granted for the specific use requested in
the order and for no other use, subject to these Terms and
Conditions. You acknowledge and agree that the rights granted to
you under this License do not include the right to modify, edit,
translate, include in collective works, or create derivative works of
the Licensed Material in whole or in part unless expressly stated in
your RightsLink Licence Details. You may use the Licensed
Material only as permitted under this Agreement and will not
reproduce, distribute, display, perform, or otherwise use or exploit
any Licensed Material in any way, in whole or in part, except as
expressly permitted by this License.

2. You may only use the Licensed Content in the manner and to the
extent permitted by these Terms and Conditions, by your RightsLink
Licence Details and by any applicable laws.

3. A separate license may be required for any additional use of the
Licensed Material, e.g. where a license has been purchased for print
use only, separate permission must be obtained for electronic re-use.
Similarly, a License is only valid in the language selected and does
not apply for editions in other languages unless additional translation
rights have been granted separately in the License.

4. Any content within the Licensed Material that is owned by third
parties is expressly excluded from the License.
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5. Rights for additional reuses such as custom editions,
computer/mobile applications, film or TV reuses and/or any other
derivative rights requests require additional permission and may be
subject to an additional fee. Please apply
to journalpermissions@springernature.com or bookpermissions@spr
ingernature.com for these rights.

2. Reservation of Rights

Licensor reserves all rights not expressly granted to you under this License.
You acknowledge and agree that nothing in this License limits or restricts
Licensor's rights in or use of the Licensed Material in any way. Neither this
License, nor any act, omission, or statement by Licensor or you, conveys
any ownership right to you in any Licensed Material, or to any element or
portion thereof. As between Licensor and you, Licensor owns and retains
all right, title, and interest in and to the Licensed Material subject to the
license granted in Section 1.1. Your permission to use the Licensed
Material is expressly conditioned on you not impairing Licensor's or the
applicable copyright owner's rights in the Licensed Material in any way.

3. Restrictions on use

1. Minor editing privileges are allowed for adaptations for stylistic
purposes or formatting purposes provided such alterations do not
alter the original meaning or intention of the Licensed Material and
the new figure(s) are still accurate and representative of the Licensed
Material. Any other changes including but not limited to, cropping,
adapting, and/or omitting material that affect the meaning, intention
or moral rights of the author(s) are strictly prohibited.

2. You must not use any Licensed Material as part of any design or
trademark.

3. Licensed Material may be used in Open Access Publications (OAP),
but any such reuse must include a clear acknowledgment of this
permission visible at the same time as the figures/tables/illustration
or abstract and which must indicate that the Licensed Material is not
part of the governing OA license but has been reproduced with
permission. This may be indicated according to any standard
referencing system but must include at a minimum 'Book/Journal
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title, Author, Journal Name (if applicable), Volume (if applicable),
Publisher, Year, reproduced with permission from SNCSC'.

4. STM Permission Guidelines

1. An alternative scope of license may apply to signatories of the STM
Permissions Guidelines ("STM PG") as amended from time to time
and made available at https://www.stm-assoc.org/intellectual-
property/permissions/permissions-guidelines/.

2. For content reuse requests that qualify for permission under the STM
PG, and which may be updated from time to time, the STM PG
supersede the terms and conditions contained in this License.

3. If a License has been granted under the STM PG, but the STM PG
no longer apply at the time of publication, further permission must
be sought from the Rightsholder.

Contact journalpermissions(@springernature.com or bookpermissions
(@springernature.com for these rights.

5. Duration of License

1. Unless otherwise indicated on your License, a License is valid from
the date of purchase ("License Date") until the end of the relevant
period in the below table:

Reuse in a medical Reuse up to distribution or time period
communications project |indicated in License
Reuse in a o .
3 . . Lifetime of thesi
dissertation/thesis ctime of thests
R ina o . .
Teuse . Lifetime of journal/magazine
journal/magazine

Reuse in a book/textbook [Lifetime of edition

1 year unless otherwise specified in the
License

Lifetime of presentation/slide kit/poster.

Reuse on a website

R i L . :
rzlgii‘s;ltii) w/slide Note: publication whether electronic or in
Ei t/poster print of presentation/slide kit/poster may

require further permission.

Reuse in conference
proceedings

Reuse in an annual report [Lifetime of annual report

Reuse in training/CME  [Reuse up to distribution or time period
materials indicated in License

Lifetime of conference proceedings
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6.

Reuse in newsmedia Lifetime of newsmedia

Reuse in T . .
Reuse up to distribution and/or time period
coursepack/classroom . o
. indicated in license
materials

7. Acknowledgement

1. The Licensor's permission must be acknowledged next to the

Licensed Material in print. In electronic form, this acknowledgement
must be visible at the same time as the figures/tables/illustrations or
abstract and must be hyperlinked to the journal/book's homepage.

. Acknowledgement may be provided according to any standard

referencing system and at a minimum should include "Author,
Article/Book Title, Journal name/Book imprint, volume, page
number, year, Springer Nature".

8. Reuse in a dissertation or thesis

1. Where 'reuse in a dissertation/thesis' has been selected, the following

terms apply: Print rights of the Version of Record are provided for;
electronic rights for use only on institutional repository as defined by
the Sherpa guideline (www.sherpa.ac.uk/romeo/) and only up to
what is required by the awarding institution.

. For theses published under an ISBN or ISSN, separate permission is

required. Please
contact journalpermissions(@springernature.com or bookpermissions
(@springernature.com for these rights.

. Authors must properly cite the published manuscript in their thesis

according to current citation standards and include the following
acknowledgement: 'Reproduced with permission from Springer
Nature'.
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9. License Fee

Y ou must pay the fee set forth in the License Agreement (the "License
Fees"). All amounts payable by you under this License are exclusive of any
sales, use, withholding, value added or similar taxes, government fees or
levies or other assessments. Collection and/or remittance of such taxes to
the relevant tax authority shall be the responsibility of the party who has the
legal obligation to do so.

10. Warranty

1. The Licensor warrants that it has, to the best of its knowledge, the
rights to license reuse of the Licensed Material. You are solely
responsible for ensuring that the material you wish to license is
original to the Licensor and does not carry the copyright of
another entity or third party (as credited in the published
version). If the credit line on any part of the Licensed Material
indicates that it was reprinted or adapted with permission from
another source, then you should seek additional permission from that
source to reuse the material.

2. EXCEPT FOR THE EXPRESS WARRANTY STATED HEREIN
AND TO THE EXTENT PERMITTED BY APPLICABLE LAW,
LICENSOR PROVIDES THE LICENSED MATERIAL "AS IS"
AND MAKES NO OTHER REPRESENTATION OR
WARRANTY. LICENSOR EXPRESSLY DISCLAIMS ANY
LIABILITY FOR ANY CLAIM ARISING FROM OR OUT OF
THE CONTENT, INCLUDING BUT NOT LIMITED TO ANY
ERRORS, INACCURACIES, OMISSIONS, OR DEFECTS
CONTAINED THEREIN, AND ANY IMPLIED OR EXPRESS
WARRANTY AS TO MERCHANTABILITY OR FITNESS FOR A
PARTICULAR PURPOSE. IN NO EVENT SHALL LICENSOR
BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY
OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL,
INCIDENTAL, INDIRECT, PUNITIVE, OR EXEMPLARY
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR
USE OF THE LICENSED MATERIAL REGARDLESS OF THE
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FORM OF ACTION, WHETHER FOR BREACH OF CONTRACT,
BREACH OF WARRANTY, TORT, NEGLIGENCE,
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS,
DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS
OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION APPLIES
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL
PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.

11. Termination and Cancellation

1. The License and all rights granted hereunder will continue until the
end of the applicable period shown in Clause 5.1 above. Thereafter,
this license will be terminated and all rights granted hereunder will
cease.

2. Licensor reserves the right to terminate the License in the event that
payment is not received in full or if you breach the terms of this
License.

12.General

1. The License and the rights and obligations of the parties hereto shall
be construed, interpreted and determined in accordance with the laws
of the Federal Republic of Germany without reference to the
stipulations of the CISG (United Nations Convention on Contracts
for the International Sale of Goods) or to Germany's choice-of-law
principle.

2. The parties acknowledge and agree that any controversies and
disputes arising out of this License shall be decided exclusively by
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the courts of or having jurisdiction for Heidelberg, Germany, as far
as legally permissible.

3. This License is solely for Licensor's and Licensee's benefit. It is not
for the benefit of any other person or entity.

Questions? For questions on Copyright Clearance Center accounts or
website issues please contact springernaturesupport@copyright.com or +1-
855-239-3415 (toll free in the US) or +1-978-646-2777. For questions on
Springer Nature licensing please

visit https://www.springernature.com/gp/partners/rights-permissions-third-
party-distribution

Other Conditions:

Version 1.4 - Dec 2022
Questions? customercare@copyright.com.
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A2. Open source EasySTORM component parts lists

The parts list for the open source components to enable EasySTORM on an Openframe as
downloaded on 19/11/2023 from
https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/super-
resolved-microscopy/easystorm/

OpenFrame components

You can fabricate these components using the openFrame CAD files or they can be purchased from
from Cairn Research Ltd

Item Quantity

Stage adapter layer 1

Focusing layer

65mm standard layer

RN R

Base layer

Piezo stage mount (precise alighment)

Cube insert (32mm Cairn)
Cube adapter (25mm Cairn / Thorlabs)
C Mount port

Rk w

Sideport mirror mount

35mm silver coated right angled mirror
(Edmund Optics)

Blanking plate 3

Mounting feet for botton port

Set of tools, screws etc 1
Total cost ~£3200

Excitation Sources

Lasertack diode lasers mounted in metal boxes:

Item Quantity | Supplier | Part number

405 nm, 350mW, (with 1 Lasertack | LDM-405-350-C
laserdriver)
462 nm, 1400mW, (with laserdriver)

520 nm, 1000mW, (with laserdriver)
635 nm, 700mW, (with laserdriver)

Lasertack | LDM-462-1400-C
Lasertack | LDM-520-1000-C
Lasertack | LDM-638-700-C

N I N N Y

Metal box RS 508-7377
Post for laserbox DIY

Controller for Lasertack diode lasers:
Item Quantity | Supplier | Part number
MB-5 box 4 RS 401-9610
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Arduino uno 4 RS 769-7409
jumper wires 4 RS 791-6454
jumper wires female/female 4 RS 791-6450
res 29.4k0 1 RS 683-3421
res 20kO 1 RS 125-1166
cap 100nF 1 RS 711-1396
headers 1 1 RS 681-2988
headers 2 1 RS 681-2963
board 4 RS 897-1635
ps 12V 4 RS 880-8372
serial male 1 RS 472-758
serial female 1 RS 472-764
serial cable 8 RS 182-8783
DAC TLV5618 4 Mouser | 595-TLV5618AIP
kettle lead 4 RS 426-389
power socket 4 RS 487-832
USB cable 4 RS 182-8833
Total cost “£410

Components for beam combiner and fibre launch:
Item Quantity | Supplier | Part number
mirror mount with mirror 8 Thorlabs | KM100-E02
beam combiner mount 3 Thorlabs | FMP1/M
exitation filter mount 4 Thorlabs | CP32/M
posts 13 Thorlabs | TR75/M
post holders 13 Thorlabs | UPH75/M
lens mount 2 Thorlabs | CP33/M
lens 1 Thorlabs | AC254-030-A-ML
rods 1 Thorlabs | ER3-P4
Xy mount 1 Thorlabs | CXY1
fiber plate FPC 1 Thorlabs | SM1FC
fiber plate APC 1 Thorlabs | SM1FCA
fiber 50 um core APC 1 Thorlabs | FGO50UGA-CUSTOM
fiber 100 um core APC 1 Thorlabs | FG100UGA-CUSTOM
Total cost ~£1600

Filters:
Item Quantity | Supplier | Part number
405/10nm OD4 12.5mm 1 Edmund | 65072
467/10nm OD4 12.5mm 1 Edmund | 39308
636/10nm OD4 12.5mm 1 Edmund | 65106
520/10nm OD4 12.5mm 1 Edmund | 65093
427LP dichroic 25mm 1 Edmund | 86389
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482LP dichroic 25mm Edmund | 86324
613LP dichroic 25mm Edmund | 86394
Total cost ~£1000
Total for 4-line exciation source ~4560

Focusing Layer
Item Supplier | Part # Quantity
100x 1.3NA 0.17/INF Plan Fluor objective lens | Amscope | PF100X- 1

INF

13mm travel piezo stage PI Q-545.140
Piezo servo controller, 1-axis Pl E-873
Total cost ~£3,600

Sample Stage
Item Supplier Part # Quantity | Cost
Zaber motorised stage with Laser ASR100B120B-T3-K0047, 1 £7,355.00
adapter plate, mutwell plate 2000 AP131, AM109, X--MCB2-
insert, 2-axis stepper motor KX14BG and X-JOY3-PTB2
controller and joystick
or
Manual microscope stage Thorlabs | CSS2001 1 £705.00
(Olympus)

OpenExcite
Item Supplier Part # Quantity
Fibre connector [FC-APC] Thorlabs SM1FCA 1
Lens tube Thorlabs SM1L15 1
Slotted lens tube for fibre connector Thorlabs SM1L20C 1
Fibre collimating lens [45mm] Thorlabs AC254- 1

045-A

SM1 to SM2 adapter Thorlabs SM2A6 1
25mm clear aperture iris Thorlabs SM2D25D |1
SM2 to SM1 adapter Thorlabs SM1A2 1
90 degree kinematic mount (elliptical hole) Thorlabs KCB1E/M 1
1" elliptical mirror (EO2 coating) Thorlabs BBE1-E02 1
100mm post holder Thorlabs UPH100/M | 1
100mm post Thorlabs TR100/M 1
SM1 to SM30 adapter Thorlabs SM1A16 1
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https://www.amscope.com/100x-oil-infinity-corrected-plan-fluor-objective-lens.html
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https://www.physikinstrumente.co.uk/en/products/linear-stages/miniature-linear-stages/q-545-q-motion-precision-linear-stage-103170/
https://www.physikinstrumente.co.uk/en/products/controllers-and-drivers/controllers-drivers-for-piezomotors/e-873-q-motion-servo-controller-1-axis-900660/
https://www.thorlabs.de/thorproduct.cfm?partnumber=SM1FCA
https://www.thorlabs.de/thorproduct.cfm?partnumber=SM1L15
https://www.thorlabs.de/thorproduct.cfm?partnumber=SM1L20C
https://www.thorlabs.de/thorproduct.cfm?partnumber=AC254-045-A
https://www.thorlabs.de/thorproduct.cfm?partnumber=AC254-045-A
https://www.thorlabs.de/thorproduct.cfm?partnumber=SM2D25D
https://www.thorlabs.de/thorproduct.cfm?partnumber=SM1A2
https://www.thorlabs.de/thorproduct.cfm?partnumber=KCB1E/M
https://www.thorlabs.de/thorproduct.cfm?partnumber=BBE1-E02
https://www.thorlabs.com/thorproduct.cfm?partnumber=UPH75/M
https://www.thorlabs.com/thorproduct.cfm?partnumber=TR75/M
https://www.thorlabs.de/thorproduct.cfm?partnumber=SM1A16

Tube lens tube Thorlabs SM30L30
Tube lens tube Thorlabs SM30L10
30mm diameter lens [150mm] from Edmund Edmund #32-502
Optics
Total cost “£665
Dichroic layer
Filter sets for 405nm, 462nm, 635nm, 830nm cube:
Item Supplier Part # Cost
Excitation | Chroma DC/ZET405/465/625/825x £470.00
filter
Dichroic Chroma DC/ZT405/465/625/825rpc-UF2 £550.00
Emission | Chroma DC/ZET405/465/625/825m £810.00
filter
Filter set total £1,830.00
Filter sets for 405nm, 528nm, 635nm, 830nm cube:
Item Supplier Part # Cost
Excitation not yet available
filter
Dichroic Chroma DC/ZT405/528/640/830rpc-UF2 £470.00
Emission Chroma DC/ZET405/528/640/830m £550.00
filter
£810.00
Camera Port
SM30 Camera Port:
Item Supplier Part # Quantity
SM1 to c-mount adapter Thorlabs SM1A10 1
Non-rotating translating Thorlabs SM1ZM 1
SM1 mount
SM30 to SM1 adapter Thorlabs SM1A15 1
SM30 threaded tube 3" Thorlabs SM30L30 2
SM30 tube clamp Thorlabs SM30TC 1
Post assembly, 30mm Thorlabs UPH30/M 1
Post, 20mm Thorlabs TR20/M 1
SM1 Tube, 10mm thorlabs SM1L03 1
Total cost ~£300
Cameras:
Item Supplier Part # Quantity | Cost
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https://www.thorlabs.de/thorproduct.cfm?partnumber=SM30L30
https://www.thorlabs.de/thorproduct.cfm?partnumber=SM30L10
https://www.edmundoptics.com/p/30mm-dia-x-150mm-fl-mgfsub2sub-coated-achromatic-doublet-lens/2381/
https://www.thorlabs.com/thorproduct.cfm?partnumber=SM1A10
https://www.thorlabs.com/thorproduct.cfm?partnumber=SM1ZM
https://www.thorlabs.com/thorproduct.cfm?partnumber=SM1A15
https://www.thorlabs.com/thorproduct.cfm?partnumber=SM30L30
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=1533&pn=SM30TC#5063
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=1982&pn=UPH30/M#2000
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=1266&pn=TR20/M#1270
https://www.thorlabs.com/thorproduct.cfm?partnumber=SM1L03

Fan cooled Cairn Research Ltd Cellcam Centro 1 <£1000
Camera

TE cooled Cairn Research Ltd Cellcam Kikker 1 <£1000
Camera

Total System Cost

Subsystem Cost
openFrame £3,200.00
Excitation sources £4,560.00
Focusing layer £3,600.00
openExcite £665.00
Dichroic layer £1,830.00
camera port £1,300.00
TOTAL £15,155.00
Plus

manual micrscope stage <£1000
or

Motorised micrscope stage >~£6000

A3. Components list for an easySTORM microscope implemented on an openFrame

The parts list to implement easySTORm on an openFrame using components available from Cairn
Research as downloaded on 19/11/2023 from:

https://www.imperial.ac.uk/photonics/research/biophotonics/instruments--software/fluorescence-
microscopy/openframe/

openFrame components:
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tem
openFrame base plate.

openframe 80mm layer base (configured for 2 positionsider)

openframe tube lens layer

openFrame focus ayer

openFrame stage plate adpater layer

openframe transilluminator

Interiocked safety cover for slide holder

Interiocked saety cover for multiwel plates

Dichroic cube

(Cairn Prices update:

Multple

Yes

Yes

openFrame nomenclature:

Nomendlature| Component type

OpenFrame Layer - Size/function
oF - w - &
o w E o
o - w E T
o w E 8P
oF - w E s
oF - w - AL
Layer Insert - Size/function
o 5 N
o - N - »
PortPlug E Size/function
o - 3 E
o 5 3 E v
Aperture Coverplate - Size/function
of Ac - o
o - Ac - 200
Clamp. - Size/function
o a L
oF - a - 30
o - a - w2
Handle - For
o 5 HA .00
o - HA - AC00
Transilluminator - Size/function
o - i PILAR
o 5 L E ARM
Adapter - From
of - A0 - SBSM30
o - D - sesm2
o 5 AD - £
o - A0 E TPILAR
o AD - TARM
o - A0 - M
o - AD. - L
o AD E £
o - D E PZPI
o AD E osH
oF - A0 E w25
o - AD. - w2
o - AD - w2
o - D E w
o AD HA
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Thortabs and Edmund prices updated on 19/05/2023.
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OF-LL-80 Camera Port:

Basic openFrame camera layer - single port

You will need a camera - some options are listed here

Item Part# Manufacturer  Quantity Price (£) Purpose/notes

CellCam Kikker 100MT camera for fluorescence imaging DCC/KIK/003 Cairn 0/1 3325 monochrome TE-cooled CMOS with with back-illuminated SONY IMX492 CMOS sensor
Trigger box for CellCam Kikker P555/MM/KIK Cairn 0/1 650 trigger box for CellCam Kikker

CellCam Centro 200MR CMOS for lower-cost fluorescence  DCC/CEN/000 Cairn 0/1 1238 monochrome fan-cooled CMOS with SONY IMX183 sensor

CellCam Rana 200CR colour CMOS DCC/RAN/000 Cairn 0/1 971.66 colour fan-cooled CMOS with SONY IMX183 sensor

Need to choose between (A), (B) or (C)

(A) Simplest implementation using tube lens layer inside openFrame stack

openFrame, Adapter, From SM2 smoothbore, To C-mount  OF-AD-SBSM2-CM Cairn 0/1 100  Allows coupling of camera to SM2 layer via clamp - included in OF-LL-80 if purchaed from Cairn

(B) Implementation using tube lens layer inside openFrame stack and Thorlabs parts as opposed to OF-AD-SBSM2-CM

SM2 threaded tube 3" SM2L30 Thorlabs 1 29.99 Allows coupling to 80mm SM2 layer via clamp
SM2 to SM1 adapter SM1A2 Thorlabs 1 20.88  Allows coupling of SM2 layer to c-mount adapter
SM1 to c-mount adapter SM1A10 Thorlabs 1 16.37  Allows coupling of camera to tube system

(C) Implementation using external tube lens instead of using tube lens layer inside openFrame stack, e.g. to add image splitter, etc.

Tube lens (to be mounted in SM2 tube) e.g., Nikon #58-520 Edmund Optics 1 305.15 Focuses light onto image plane

SM2 threaded tube 6" SM2E60 Thorlabs 1 53.51 Allows coupling to 80mm SM2 layer via clamp
SM2 threaded tube 3" SM2L30 Thorlabs 1 29.99  Extends tube system

SM2 to SM1 adapter SM1A2 Thorlabs 1 20.88 Allows coupling of SM2 layer to c-mount adapter
SM1 to c-mount adapter SM1A10 Thorlabs 1 16.37  Allows coupling of camera to tube system

Optional upgrade:
Non-rotating translating SM1 mount SM1ZM Thorlabs 1 142.38 Allows fine adjustment of focus of camera image

Thorlabs and Edmund prices updated on 19/05/2023
Cairn Prices updated 25/07/2023

openAF (cage System):

openAF - optical autofocus components for use with oil-immersion objective lenses

Choose between common components with (A) self-built cage-based (B) i i or (C) Premade system
Common ics/light [ i for options (A) and (B). Not needed for option (C)
Item Part # Manufacturer Quantity Price Total Notes
Autofocus short-pass dichroic (e.g.) Edmund Optics 69-220 Edmund Optics 1 140.25  140.25
50:50 beamsplitter 47-026 Edmund Optics 1 130.05  130.05
Cylindrical lens CL1 U122711-B Thorlabs 1 71.75 71.75
Cylindrical lens CL2 LJ1960L1-B Thorlabs 1 54.82 54.82
Camera tube lens LS AC254-200-B Thorlabs 1 76.22 76.22
fikgpr:r:;:’\;r::cenl diode (wavelength to match autofocus dichroic), i(lsl:;—::OFSDPOSS— Superlum Diodes Ltd 1 420 420
SLD mount with TEC LDM9T/M Thorlabs 1 689.06  689.06
Superluminescent diode driver LDC205C Thorlabs 1 889.94  889.94 It may be possible to use a cheaper diode power supply
25 mm AR-Coated Absorptive Neutral Density Filter, 650-1050nm  NE10A-B Thorlabs 1 66.15 66.15
CMOS camera CM3-U3-3154M  FLIR 1 578
(A) self- y op
Cage rods 1.5" x4 ER1.5-P4 Thorlabs 1 18.02 18.02
Cage rods 2" x4 ER2-P4 Thorlabs 2 18.8 37.6
Cage rods 4" x4 ER4-P4 Thorlabs 3 21.89 65.67
Cage rod holder x4 ERSCB-P4 Thorlabs 2 47.25 94.5
Dichroic holding cube CM1-DCH/M Thorlabs 1 1415 1415
SM1 cage plate (SM1 threaded) CP33/M Thorlabs 4 14.32 57.28
SM1 cage plate (SMOS5 threaded) CP32/M Thorlabs 1 15.19 15.19
Right angle kinematic mount KCB1E/M Thorlabs 2 163.85 327.7
Elliptical 1" mirrors BBE1-E02 Thorlabs 2 95.88 191.76
Fibre connector [FC-APC] [CHOOSE FIBRE TYPE AS APPROPRIATE] SM1FCA Thorlabs 1 26.87 26.87 For attching fibre to AF
30mm cage translator for 1" optics CXY1A Thorlabs 2 151.1 302.2 One could be replaced with a kinematic mirror and some cage rods for the camera
SM1 to c-mount adapter SM1A10 Thorlabs 1 16.37 16.37
75mm post holder [CHECK LENGTH NEEDED FOR YOUR SYSTEM] UPH75/M Thorlabs 3 27.31 81.93
Post swivel base UPHA Thorlabs 3 17.74 53.22
75mm post [CHECK LENGTH NEEDED FOR YOUR SYSTEM] TR75/M Thorlabs 3 4.61 13.83
CUSTOM CL PAIR HOLDER/SPACER CUSTOM CUSTOM 1 [
CUSTOM SHIELDING CUSTOM CUSTOM 1
(B) i P i y
Cairn openFocus module skeleton (optical/mechanical components
not included) - this will require additional parts and TBD Cairn 1 1200 1200
assembly/alignment work
(C) Complete openFocus - all components included
Cairn openFocus module - premade T8D Cairn 1 10000

The openAF system can be adapted for use with air or water
immersion objective lenses (working on reflection from lower
surface of coverslip)

Thorlabs and Edmund prices updated on 19/05/2023
Cairn Prices updated 25/07/2023

Excitation Sources:
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Multimode diode laser excitation sources

(no shielding parts included)
Quantity needed Qty per unit Price per unit (£, RS prices do not include VAT

Need to choose between (A) Self-assembly 4line multimode diode laserbank, (B) 6 line proprietary multimode diode laserbank, (C) 7 line proprietary multimode diode laserbank, (D) Self-assembly single line laserbank, (E) other laser sources

Item Part#t Manufacturer
(A) Self-assembly 4 line multimode diode laserbank laser to change ilable)
405nm, 350mW, (with laser driver) LDM-405-350-C  Lasertack
462 nm, 1400mW, (with laser driver) LDM-462-1400-C  Lasertack
520 nm, 1000mW, (with laser driver) LDM-520-1000-C  Lasertack
635 nm, 700mW, (with laser driver) LDM-638-700-C _ Lasertack
Laser driver with TEC controller and Peltier cooler PD-01359 Laser tack
Metal box 1465333 R
Copper post for laserbox cusTom cusToM
MB-5 box 401-9610 RS
Arduino Uno 769-7409 RS
Jumper wires 791-6454 RS
Jumper wires female/female 791-6450 RS
Resistor 29.4k0 683-3421 RS
Resistor 20k0 125-1166 RS
Capacitor 100nF 711-1396 RS
Headers 681-2088 RS
Solderable breadboard 897-1635 RS
DACTLVS618 595-TLVS618AIP  Mouser
Kettle lead (IEC plug) 426-389 RS
Power socket 487-832 RS
USB cable 182-8833 RS
Power supply RS
Mirror mount 1/2" KMOS/M Thorlabs
Mirror mount 1" KM100 Thorlabs
Hex-key thumb screw HKTS-5/64 Thorlabs
1/2" Mirror BBOS-E02 Thorlabs
1" Mirror BB1-E02 Thorlabs
Pedestal post PH0E/M Thorlabs
Posts TR30/M Thorlabs
Clamping fork CF125C/M Thorlabs
Beam combiner mount FMP1/M Thorlabs
SM1 cage plate cP33/M Thorlabs
Adjustable iris SM1D12D Thorlabs
Extension Rods ER3-P4 Thorlabs
Extension Rods EROS-P4 Thorlabs
XY mount CXY1A Thorlabs
Fibre plate FC/PC SMIFC Thorlabs
Fibre plate APC SMIFCA Thorlabs
Coupling lens A260TM-A Thorlabs
SM1to M9 x 0.5 Lens Cell Adapter S1TM09 Thorlabs
405/10nm OD4 12.5mm 65072 Edmund Optics
467/100m 0D 12.5mm 39-308 Edmund Optics
636/10nm 0D4 12.5mm 65-106 Edmund Optics
4271P dichroic 25mm 86389 Edmund Optics
480LP dichroic 25mm 86301 Edmund Optics
613LP dichroic 25mm 86304 Edmund Optics
(B) 6 line proprietary multi diode laserbank
LDI-6- 6 line laser diode illuminator (lines should match filter cube) D89/15000-06  Cairn
Fibre patch cord for multiline illuminator M93L02 Thorlabs
(€) 7line proprietary multi diode laserbank
LDI-7- 7 line laser diode illuminator (lines should match filter cube) D89/15000-07  Cairn
Fibre patch cord for multiline illuminator BFY400L502 Thorlabs
ADASMA Thorlabs
M93L02 Thorlabs
Multimode diode lasers deliverd by multimode optical fibres (with vibrator) are a cost-effective
means to provide the high exctation intensities for SMLM (easySTORM)
In principle, any laser engine can be used for excitation and should ideally be delivered via an optical
fibre with a FC-APC connector.
Single mode lasers may provide superior for TIRF but some ing may be
required (e.g., by vibrating the multimode optical fibre) and the illumination may not be as uniform
as that obtained with multimode diode lasers
(D) Self-assembly single line laserbank (choose which laser to use)
CHOOSE A LASER - example used here is: 635 nm, 700mW, (with laser driver) LDM-638-700-C  Lasertack
Laser driver with TEC controller and Peltier cooler PD-01359 Laser tack
Metal box 146-5333 RS
Copper post for laserbox cusToM cusTOM
MB-5 box 401-9610 RS
Arduino Uno 769-7409 RS
Jumper wires 791-6454 RS
Jumper wires female/female 791-6450 RS
Resistor 29.4k0 683-3421 RS
Resistor 20k0 125-1166 RS
Capacitor 100nF 711139 RS
Headers 681-2088 RS
Solderable breadboard 897-1635 RS
DACTLVS618 595-TLVS618AIP  Mouser
Kettle lead (IEC plug) 426-389 RS
Power socket 487-832 RS
USB cable 182-8833 RS
Power supply 880-8408 RS
Hex-key thumb screw HKTS-5/64 Thorlabs
Mirror mount 1/2" KMO5/M Thorlabs
1/2" Mirror BBO5-E02 Thorlabs
Pedestal post PH0E/M Thorlabs
Posts TR30/M Thorlabs
Clamping fork CF125C/M Thorlabs
SM1 cage plate CP33/M Thorlabs
Extension Rods ER3-P4 Thorlabs
Extension Rods EROS-P4. Thorlabs
Xy mount CXY1A Thorlabs
fiber plate FC/PC SMIFC Thorlabs
fiber plate APC SMIFCA Thorlabs
Coupling lens A260TM-A Thorlabs
SM1to M9 x 0.5 Lens Cell Adapter S1TM09 Thorlabs
CHOOSE A FILTER FOR SUPERLUMINESCENCE SUPPRESSION: e.g. 636/10nm OD4 12.5mm 65-106 Edmund Optics

(E) Other laser sources
You will need to ensure adequate filling of the modes of the fibre to achieve uniform illumination,
and use an appropriate dichroic in the microscope

‘Thorlabs, RS, Mouser and Edmund prices updated on 19/05/2023

Transillumination:
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N/A
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SIS N N N P PPNV

1 EUR 328.30
1 EUR 406.66
1 EUR 554.99
1 EUR 345.83
1EUR135

1

1 EUR 345.83
1EUR135
1
cusTom
1

14.94

10.22
2055
312
312
0.525
236
58
12
157
12.49
9.2
6.22

20.89

3164
3139

209
4178
60.92

14.94

10.22

2055
312
312

0.525
236

58

1.57
12.49
9.2
6.22
3.82
20.89

Price per unit (GBP) Total (GBP) Notes

285621  £285.62
353.7942  £353.79
482.8413  £482.84
300.8721  £300.87

11745 £469.80

1141 4564
cusTom cusTom

1022 £4088
2055 £8220
312 £1248
312 £1248
0525 £0.08
236 £0.47
58 £023
12 £0.48
157 £6.28
1249 £49.96
92 £36.80
622  £488
38  £1528
2089 £8356
3164 £25312
3139 £3139
2090  £090
4178 £334.24
6092 £6092

2009 £261.17 Look for packs of 5

404 £5252 Look for packs of 5

944 £122.72 Look for packs of 5
1381 £41.43
1432 £4296
57.44  £57.44
2034 £2034
1557  £3114
15110  £151.10
2533 £2533
2687  £2687
.72 £
1966 £19.66
13600 £136.00
13600  £136.00
13600 £136.00
2525 £225.25

19125 £191.25 482 no longer in stock (86-324)

22525 £225.25

14957.02 £14,957.02
17873 £178.73

2225576 £22,255.76
30126 £301.26
13.97 £13.97
17873 £178.73

300.8721  £300.87
11745 £117.45

1141 £11.41
cusTom cusToM
10.22 £10.22
2055 £20.55
312 £3.12
312 £3.12
0.525 £0.02
236 £0.12
58 £0.06
12 £0.12
157 £1.57
12.49 £12.49
9.2 £9.20
6.22 £6.22
3.82 £3.82
20.89 £20.89
20.90 £20.90
3164 £63.28
4178 £83.56
20.09 £80.36
4.04 £16.16
9.44 £37.76
1432 £14.32
2034 £20.34
15.57 £15.57
15110 £151.10
2533 £25.33
26.87 £26.87
7272 £72.72
19.66 £19.66
13600 £136.00



Transillumination components

Item Part #
Pre-assembled transilluminator

Rack and pinion tilt-back transmitted illumination pillar. P1136/000/000
Rack and pinion non-tilting transmitted illumination pillar. P1136/000/0ONT
Simple transmitted illumination pillar with LED mount. P1136/001/000
LED adapter plate for rack and pinion pillar. P1136/LED/000
Aura Lite head and controller P1135/000/002
Aura Pro head and controller P1135/000/003

Single channel white MonoLED illuminator.

Cairn Prices updated 25/07/2023

A4. Github links

openFrame CAD files available at:

https://github.com/ImperialCollegeLondon/openFrame

openAF plugin available at:

https://github.com/ImperialCollegeLondon/openAF

ClusDoC available at:

https://github.com/yalexand/Imperial-ClusDoC
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Manufacturer Quantity Price

Cairn
Cairn
Cairn
Cairn

Cairn
Cairn

P1125/000/WHT Cairn

R R R R

=

1650
875
473
250

1500
1975
1040

Total

1650
875
473
250

1500
1975
1040

Notes


https://github.com/ImperialCollegeLondon/openFrame
https://github.com/ImperialCollegeLondon/openAF
https://github.com/yalexand/Imperial-ClusDoC
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