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Observation, reason and experiment make up what we call the

scientific method.

— Richard P. Feynman

TH-4095_196121101



TH-4095_196121101



Declaration

Mr Anupam Bharadwaj

&\@\?ﬂa% #@”9
& %, Roll No.: 196121101
{:? %’9 Department of Physics,
%9. ‘ 5 Indian Institute of Technology Guwahati,
?p%f \00)@ Guwahati-781039, Assam, India.
€ of Techn® E-mail: abharadwaj@iitg.ac.in

I now declare that the findings in this thesis are based on experiments I carried out
under Prof. Bosanta Ranjan Boruah’s supervision at the Department of Physics,
Indian Institute of Technology Guwahati, Guwahati, India. This thesis has not

been submitted to any other university, institute, or organization to confer a degree,

diploma, or associateship.

Anupam Bharadwayj

Date: 2026-07-01

TH-4095_196121101



TH-4095_196121101



Certificate

Prof. Bosanta Ranjan Boruah

Ealk:s
K % Department of Physi
o 5 partment of Physics,
{:? %v Indian Institute of Technology Guwahati,
%. . E Guwahati-781039, Assam, India.
2, S
s & Phone: (+91) 361-258-2725 (O)
“ S
© of Techind® E-mail: brboruah@iitg.ac.in

This is to certify that the work presented in the thesis titled ‘Development of an
affordable and state-of-art optical super-resolution imaging system uti-
lizing stochastic optical reconstruction microscopy’, authored by Anupam
Bharadwaj (Roll No. 196121101), a student of the Department of Physics at the
Indian Institute of Technology Guwahati, has been conducted under my supervision
in fulfillment of the requirements for the degree of Doctor of Philosophy.

This thesis, in its entirety or in part, has not been submitted for consideration

for another associateship, diploma, or degree elsewhere.

Bosanta R. Boruah

Date: 2026-07-01

TH-4095_196121101



TH-4095_196121101



Acknowledgments

I sincerely thank my supervisor, Prof. Bosanta R. Boruah, for his unwavering
support, inspiration, and insightful guidance throughout my doctoral studies, which
greatly strengthened my understanding of the research and helped me overcome
every technical challenge.

[ am deeply thankful to Prof. Bithiah G. Jaganathan for her mentorship during
sample preparation and for providing access to her laboratory facilities.

I also extend my gratitude to my doctoral committee members, Prof. Tarak Nath
Dey, Prof. Ashwini Kumar, and Prof. Bithiah G. Jaganathan, for their construc-
tive feedback and encouragement during my progress presentations and overall. My
sincere thanks to the Heads of the Department, departmental staff, and the tech-
nical team for their constant support, and to the Ministry of Education (formerly
the Ministry of Human Resource Development (MHRD)), India, for providing the
fellowship through II'T Guwahati.

I gratefully acknowledge the collaboration with the Imperial College London
group, especially Prof. Paul M. W. French, Prof. Mark Neil, Prof. Christopher
Dunsby, Sunil Kumar, Edwin Garcia, and Jonathan Lightley, whose insightful dis-
cussions enriched this work. Special thanks to Dr. Anupam Sarma (B. Borroah Can-
cer Research Institute) for providing essential histopathology samples, Dr. Ranjan
Kalita for help with the openFrame setup, and Dr. Amalesh Kumar, Amit Sharma,
Rumela Mitra, and Sam P. Matthew for their assistance in biological sample prepa-
ration. I would also like to take this opportunity to thank my colleagues and friends,
especially Saraswati, Pranjal, Shilpa, Neeraj, Nimish, Pawan, Bishnu, and Deepjy-
oti, for their support and encouragement during my PhD journey.

Beyond direct mentorship, I wish to acknowledge the profound inspiration drawn
from Prof. Richard P. Feynman, whom I never had the privilege of meeting, yet
whose enthusiasm for science, lucid teachings, timeless works, and joyful way of
being have continuously motivated me and shaped my approach to learning and
research.

Lastly, I would like to sincerely thank my family for their unconditional love
and unwavering concern for my well-being. I am grateful to my grandparents, Late
Dineshwar Sarmah and Chandrika Devi; my parents, Late Kiran Chandra Sarmah

and Nirmali Goswami; my sister, Himadree; my uncles, Gajendra and Niranjan; and

xiii

TH-4095_196121101



my aunt, Binita. I fondly acknowledge the support and affection of my maternal
uncle, Late Biswajeet Goswami, and my aunt, Late Kanika Devi, whose presence
and guidance during the good old days remain deeply cherished.

This work stands on the support, inspiration, and kindness of many others who

may not be named here individually. I thank you all sincerely.

X1V

TH-4095_196121101



TH-4095_196121101



Abstract

Optical microscopy plays a crucial role in biological and biomedical sciences, al-
though its resolving power is fundamentally restricted to ~ 200 nm due to diffraction.
Optical super-resolution microscopy (OSRM) techniques, such as SIM, STED, and
STORM, can overcome this barrier and achieve resolutions from about 100 nm down
to a few tens of nanometers. However, the high cost and complexity of commer-
cial OSRM systems limit their accessibility in low resource organizations. Besides,
in regions such as Asia and the Indian subcontinent, hot and humid climates can
significantly impact the performance of OSRM, further exacerbating access. Since
STORM can be implemented relatively easily and in an affordable way in a wide-
field microscope, in this thesis, we develop a modular STORM system based on an
open-source microscopy concept. The modular platform, referred to as openFrame,
is built using industry-grade components and open-source control software, enabling
brightfield, widefield epi-fluorescence, and super-resolution imaging with STORM at
a much lower cost compared to the commercial systems. We present sample prepa-
ration and preservation protocols for STORM and demonstrate that the developed
system operates reliably in sub-tropical environmental conditions. We additionally
address a few major challenges in STORM, using this modular platform. First, we
introduce a UV-violet assisted photoinduced recovery mechanism that significantly
extends the blinking duration of fluorophores in an imaging buffer, namely, Mowiol
with S-ME, thereby increasing the number of localizations and improving the image
resolution in STORM. We then implement a holographic user-defined illumination
scheme that allows excitation of arbitrary regions of interest on the sample plane,
leaving other regions unilluminated except the targeted ones and thus enabling spa-
tial time-lapse STORM while minimizing the photodamage of the unilluminated
regions. We combine STORM with confocal and image scanning microscopes to
get high-resolution and super-resolution images of the same sample region using a
single microscope platform. This integration ensures that if STORM fails to recon-
struct a super-resolved image, at least a high-resolution image of the beam scanning
microscope will be available. Overall, the developments of advanced microscopy
demonstrated here expand the reach of state-of-art optical super-resolution imag-
ing to resource limited organizations and provide valuable tools and schemes for

biological and biomedical research.
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CHAPTER ]_

Introduction and Overview of the Thesis

1.1 Introduction

Microscopy involves constructing images of objects with finer details that are oth-
erwise impossible to observe with an unassisted eye. An important criterion that
determines the useful information present in a microscopic image is the resolution of
the imaging system. However, as Abbe suggested in 1873 [I], diffraction limits the
resolution of any imaging device. According to Abbe, no imaging device can resolve
details smaller than approximately half the wavelength of light used for imaging.
As such, obtaining resolution beyond this limit will require specialized microscopy
methods or instruments. Once the resolution is obtained beyond the diffraction
limit, we achieve super-resolution. In addition to achieving higher resolution, a
particular microscopy technique must allow non-invasive imaging and the ability to
image dry and wet samples, enabling live cell microscopy applications [2], 3, 4]. In
this context, far-field optical microscopy can provide a non invasive approach for
imaging of both dry and wet samples, including biological samples. However, a
conventional optical microscope can provide resolution up to ~ 200 nm only, due to
the diffraction limit. Yet there are many phenomena taking place at a length scale
much smaller than the above resolution limit.

Over the past two and a half decades, there have been concerted efforts to im-
prove the resolution limit of optical microscopes beyond the diffraction limit [5].
These methods are collectively named optical super-resolution microscopy (OSRM)
techniques. Out of all the reported OSRM techniques, Structured Illumination Mi-
croscopy (SIM) [6], [7], Stimulated Emission Depletion (STED) microscopy [8], and

single molecule localization techniques such as Stochastic Optical Reconstruction
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Microscopy (STORM) [9] are the prominent ones. While SIM provides a signif-
icant improvement in resolution compared to conventional widefield microscopes,
resolving structures at < 100 nm, STED, which is a confocal based technique, and
STORM, which is based on widefield microscopy, can achieve resolution at < 30 nm.
The experimental setup of STED is more complicated and involves spatio-temporal
alignment of the excitation beam and depletion beam, which is very crucial. How-
ever, STORM can be implemented easily with minimal changes in a conventional
widefield microscope, thereby making it more cost-effective compared to the STED
microscope. A detailed comparison between these techniques is provided in Chapter
2

OSRM techniques in recent years have made great strides and helped us in early
assessment of cancer, whose number of occurrences, particularly in Asia and the
Indian subcontinent, is increasing at an alarming rate. Studies using conventional
optical microscopes are not sufficient to reveal the underlying reason behind cancer
causing agents. OSRM techniques, with their improved resolution capabilities, can
identify and track structural alterations that traditional histopathology tools are
unable to detect. In both the pre-diagnosis and post-diagnosis phases, this can
greatly assist with the accurate management of the illness. There have already been
reports of using super-resolution microscopes in the diagnosis, such as in the pre-
stages of breast cancer (HER2 receptor on membrane protrusions in human breast
cancer specimens) [10], head and neck cancer [I1], and blood cancer (detection of
CD19 on myeloma) [12].

However, commercial optical super-resolution microscopes are not easily afford-
able for the majority of research organizations, clinics, medical and educational labs,
even though there is a development of cutting-edge OSRM techniques. According
to the tenets of open science [I3], the unfulfilled needs of these institutions can be
addressed by creating cutting-edge, reasonably priced, scientific-grade optical super-
resolution microscopes. Over the last decade, open-source computer programs, soft-
ware, and hardware platforms for advanced microscopy have made significant strides
[14]. These developments could not only lower the cost of hardware and software
but also provide both novice and experienced users with the flexibility to modify
the already available commercial instruments or build their own system from the
basic setup. The open-source approach fosters greater adaptability in microscopy re-
search, enabling users to customize instruments to their specific needs. Additionally,

open-source tools offer the advantage of easy maintenance and upgrades, preventing
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obsolescence. By integrating the latest advancements, researchers can enhance the
longevity and performance of their equipment without relying on proprietary solu-
tions, thereby optimizing costs and efficiency over time. Therefore, developing an
affordable and open-source super-resolution microscope, such as STORM, in areas
with organizations lacking enough financial resources can facilitate carrying out re-
search work in the area of biological and biomedical sciences, which may contribute
to advanced medical diagnosis.

While affordably realizing STORM is crucial for enhancing accessibility, there is
also a need to address the important question of the feasibility of its implementa-
tion in regions with a hot and humid climate, like the Indian subcontinent. Such a
climate can bring serious challenges to the sample preparation/preservation process
and the system components, be it optics or electronics [15] [16, 17]. Higher tem-
perature accelerates thermal drift of the sample, as well as evaporation of imaging
buffers/media, and accelerates microbial growth on the sample. Humidity, on the
other hand, affects the optics and camera sensors by allowing condensation to form
on their surfaces. Excess temperature and humidity can also affect the performance
of sensitive components present in the sample stage, camera, laser drivers and lasers,
leading to malfunctions. Therefore, it is essential to evaluate the implementation
and performance of a low-cost STORM scheme despite the above stated challenges.

However, in addition to the affordability and implementation challenges, there
are other important challenges that can affect the performance of any STORM
system.

The achievable resolution in the reconstructed image of a STORM system de-
pends on the total number of photons detected from a point object, which directly
depends on the the number of fluorescence blinking events, which, on the other
hand, depends on the duration for which fluorescence blinking continues before the
fluorophores get photobleached. Any increase in the fluorescence blinking dura-
tion essentially contributes towards improving the image resolution. Therefore, it
is imperative to investigate the effect of any external perturbation on the speci-
men/sample, which might add to the duration of emission or blinking.

In STORM imaging, normally, the entire field of view (FOV) of the sample
plane is illuminated, and it is not possible with the current illumination scheme in
STORM to illuminate only a user-defined region of interest. Therefore, if the region
of interest to be imaged is smaller than the whole illumination area, molecules

outside the region of interest may get photobleached. Moreover, different regions
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within the same FOV might have different emission intensities, depending on the
density of structures of the sample. If these regions are excited with the same
excitation intensity simultaneously, then there can be varying levels of brightness
across the regions. Thus, it is important in STORM to incorporate a user-defined
illumination beam profile to match any arbitrarily shaped region on the sample with
spatially varying intensity levels.

As mentioned already, the quality of the super-resolved image in STORM de-
pends on the adequate blinking behavior of each fluorophore. Since the imaging
is done in a widefield microscope, if the STORM imaging scheme does not work,
the user is left with a diffraction limited fluorescence image of the specimen only.
Thus, if the widefield microscope is combined with a scanning microscope by using
suitable optics and other hardware components, the user will be able to perform
both high-resolution imaging, such as confocal microscopy or image scanning mi-
croscopy (ISM) with array detection [18] and STORM of the same specimen. In
such a case, if STORM fails to reconstruct a super-resolved image, then the con-
focal or array detection will produce at least a high-resolution fluorescence image
of the same specimen area. Therefore, it will be worth exploring if the STORM
setup can be optically combined with a confocal or array detection setup to perform
imaging of the same specimen area.

In this thesis, we first describe the implementation of an open-source and af-
fordable advanced optical microscope at IIT Guwahati in a collaborative research
with Imperial College London. We leverage a modular microscope platform [19]
named as openkFrame based on the open microscopy concept, with industry-grade
and reasonably priced components and open-source software. The openFrame-based
microscope can be developed at a price much lower than the equivalent commer-
cially available microscopes. We demonstrate brightfield and fluorescence imaging
in widefield mode and compare the results with commercial optical microscopes. We
then implement STORM in the modular microscope as an affordable solution for
super-resolved fluorescence imaging and demonstrate STORM imaging of biological
specimens in the sub-tropical humid climate. We then employ our openFrame-based
STORM setup to address some of the important challenges mentioned above. We
propose a UV light based photoinduced recovery mechanism of the fluorophore to
significantly increase the blinking duration. We also introduce a holographic illumi-
nation beam profile design to enable illumination of an arbitrary user-defined area

of interest and thereby perform spatial time-lapse STORM imaging of the sample.
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We then demonstrate how the STORM setup can be combined with beam scan-
ning microscope to perform both STORM imaging and confocal or image scanning
microscopy of the same specimen.

Below, we present a chapter-wise summary of the thesis.

1.2 Overview of the Thesis Chapters

Chapter (1| serves as a short introduction to optical super-resolution and the need for
cost-effective implementation of optical super-resolution microscopy using STORM.
The Chapter discusses the challenges in the current state-of-art STORM, the pro-
posed objectives, and finally provides a summary of the thesis’s key points.

Chapter [2| provides a general introduction with a brief historical insight into mi-
croscopy and why the resolution is important in microscopy. The Chapter further
discusses the techniques to go beyond the diffraction limited resolution for obtain-
ing optical super-resolution and the reason behind choosing STORM, especially a
sub-variant of STORM, i.e., easySTORM, for our work. It also provides a detailed
explanation of working in STORM, which includes the fundamentals, the photo-
switching or blinking mechanism, and the image reconstruction process.

Chapter |3| comprehensively describes the development of an affordable modu-
lar research-grade optical microscope [19], utilizing accessible electrical components,
optics, industry-grade lasers, cameras, and open-source software. To show the per-
formance of the setup, detailed investigations are done on physical targets, biological
cells and histopathological tissue sections. The Chapter then compares our results
with commercial optical microscopes to show the efficacy of our affordable optical
microscope.

Chapter {4 demonstrates the implementation of easySTORM [20] in our afford-
able modular optical microscope to perform single-color and multi-color imaging on
physical and biological structures. It covers in detail the image acquisition steps and
image reconstruction process, as well as the sample preparation steps, along with
the challenges we faced during the implementation of STORM.

Chapter 5| introduces the photoinduced recovery mechanism [21] in STORM and
the experimental validation of resolution enhancement in STORM using this mecha-
nism. It presents different combinations of excitation and the photoinduced recovery
beam parameters for the fluorophores in an imaging buffer, so as to obtain the best

super-resolved image. In addition to this, the Chapter also reports the application
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of our optimized STORM in various human non-cancerous and cancerous cell lines
to understand the changes in structural widths of their cytoskeletal elements.

Chapter [0] presents a novel dynamic holographic beam modulation scheme to
realize arbitrary and user-defined illumination of the sample plane of a STORM
system. The scheme is employed for STORM imaging of both quantum dots and
biological specimens and can also be applied to other single molecule localization
microscopes. This Chapter also presents the integration of a STORM system with a
beam scanning confocal microscope and an image scanning microscope. The working
of the combined system is demonstrated by performing STORM, confocal and array
scanning imaging of the same area of a quantum dot sample.

Chapter [7] provides a comprehensive summary of the key findings and contri-
butions of this thesis. It also discusses potential directions for future research,
including improvements to the current state-of-art, expansion of its applications,

and integration with other imaging modalities.
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CHAPTER 2

Introduction to optical microscopy and optical

super-resolution

2.1 Introduction

In physical and biological sciences, microscopy has long been vital because it pro-
vides a window into the complex world of microstructures, cells, tissues, and mi-
croorganisms. The invention of early magnifying lenses in the late 16th century
marked the beginning of microscopy [22]. An important milestone was reached with
Zacharias Janssen’s invention of the compound microscope [23]. During the ensu-
ing period, prominent individuals like Antonie van Leeuwenhoek, the first person
to examine single-celled creatures [24] and Robert Hooke, who first used the term
“cell” in his book “Micrographia” in 1665 [25], helped to improve microscopy. Since
then, microscopy has continued to evolve with the development of sophisticated
imaging technology, making it possible for researchers to see structures normally
undetectable to the unassisted human eye.

As mentioned in Chapter [l resolution in microscopy is an important criterion
that defines the amount of important information present in a microscope image. In
far-field optical microscopy, the resolution is restricted by the objective lens’s ability
to capture diffracted light from the sample. Thus, there is a limit on the resolution
achievable in different microscopy techniques. For example, in optical microscopy,
if violet light is considered as the imaging wavelength, then it is possible to attain a
best resolution of &~ 200 nm. However, the invention of the electron microscope in
the 1930s, pioneered by Ernst Ruska [26], brought a significant leap in resolution,
allowing scientists to view structures at the Angstrom scale. Nevertheless, radiation

from the electron microscope is highly destructive to biological samples. Notably,
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any radiation below ~ 400 nm can lead to severe phototoxicity or photobleaching
of the samples in biological studies. Thus, optical microscopy with visible radiation
is more suitable for biological imaging. Furthermore, the electron microscope only
allows imaging of dry and dead samples coated with a thin conducting layer [2} 3],
in contrast with the optical microscope, which allows imaging of dry, wet, and living
samples. Hence, an optical microscope serves as a suitable alternative for imaging bi-
ological samples, including live cells. In the last few decades, there have been several
efforts to enhance the resolution of the optical microscope and thereby to be able to
see details of the sample beyond the diffraction limit. Such imaging techniques are,
in general, termed optical super-resolution microscopy (OSRM) techniques. The
current thesis is centered on how a standard optical microscope can be upgraded
in an affordable manner to realize imaging beyond the diffraction limit by imple-
menting an OSRM scheme known as stochastic optical reconstruction microscopy
(STORM). In this Chapter, we first discuss the resolution limit due to diffraction
and how, in recent years, it has been overcome with innovative approaches employing
visible wavelengths (~ 400 nm to 700 nm). We discuss different optical microscopy
techniques that can cross the diffraction limit, followed by a discussion on some
well-acknowledged advanced imaging techniques that can very easily surpass this
limit and achieve true super-resolution. The Chapter then outlines the rationale for
choosing STORM as the preferred super-resolution technique in this thesis. The
Chapter concludes by describing the fundamentals of STORM, the mechanism of

stochastic switching, reconstruction, and different variants of STORM.

2.2 Diffraction limit of resolution

The resolution limit of an imaging system or a microscope can be defined as the
distance between two point objects in the sample plane that can be clearly seen or
resolved in its image. According to the laws of geometrical optics, the above distance
can be infinitely small. However, as a light beam passes through an imaging lens
typically having a circular aperture, it undergoes diffraction, due to which a plane
wave passing through the lens may not get focused to an infinitesimally small point,
but rather to a diffraction limited volume. Abbe in 1873 showed that the resolution
limit of an optical microscope due to diffraction is given as d &~ A/2NA, where A is the
light wavelength, and NA is the numerical aperture of the objective lens. Hence, the

best resolution with an optical microscope, according to Abbe, considering NA=1, is
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A/2. Rayleigh later stated that the image of a point source, called the point spread
function (PSF), due to diffraction through an ideal lens with a circular aperture
or the objective lens, would give rise to a pattern known as the Airy function [27].
For two closely spaced point sources, Rayleigh quantified the resolution limit as the
minimum distance between them at which the peak of one PSF coincides with the
minimum of the other PSF. This distance is given as d ~ 0.61A\/NA. An optical
microscope that can form images with details below the above stated resolution

limits can be termed an optical super-resolution microscope.

2.3 Optical super-resolution microscopy

Optical microscopes can be classified into two categories depending on the type
of illumination and imaging of the sample, namely, point scanning and widefield
microscopes [28, 29]. In a point scanning microscope, a focused laser beam is used
to scan point by point over an area on the sample. Scanning can be performed with
mirrors, for example, galvo scanning mirrors [30, 31]. Subsequently, the net reflected
or fluorescence signal from each scanned point is recorded on the detector and stored
in the computer, which is later processed to construct the final image. Unlike the
point scanning microscope, the widefield microscope illuminates an entire area on
the sample at a time. The reflected or the fluorescence signal is then captured
on the detector as an image. Widefield microscopes are more suitable for two-
dimensional imaging than point scanning microscopes. In contrast, point scanning
microscopes are more suitable for the depth imaging of thick biological samples.
The first approach to touch the diffraction barrier was by Marvin Minsky, who
developed a point scanning imaging technique, known as the confocal microscope,
in 1957 [32], that can deliver a resolution up to ~ 200 nm in the lateral direction
[28]. The confocal technique is based on forming the image by collecting light from
the sample plane that passes through a physical pin hole kept in front of the detector
and optically conjugate to the sample plane, as shown in Figure 2.1l Owing to the
pin hole, there is a significant enhancement in the axial resolution and a marginal
enhancement in the lateral resolution. In theory, the best resolution with a confocal
microscope is achieved when the diameter of the pin hole is zero. However, this
corresponds to no light reaching the detector. Even if the radius of the pinhole is
kept very small, it affects the signal to noise ratio (SNR) in the stored data to form

the image.
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Figure 2.1: Principle of a confocal microscope: (a) The pin hole allows the light from
the sample to reach the detector when the sample is on the focal plane. (b) When the
sample is out of focus, the same pin hole obstructs the light from reaching the detector.

To resolve the noise issue in the confocal microscope, especially when the pinhole
is to be made smaller in order to enhance the resolution performance, image scan-
ning microscopy (ISM) [I8] has been proposed. ISM is basically a point scanning
microscope with the pinhole and the detector, in the case of a confocal microscope,
replaced by an array detector (AD). An array detector can be a digital camera,
which images the illumination spot on its array of sensor pixels for each scan posi-
tion. Pixel reassignment [33] of the data captured with the array detector can help
achieve a resolution enhancement by a factor v/2 relative to the confocal microscope.
Figure depicts the pixel reassignment process in ISM. The light from the sample
plane for each scan position is focused on the camera, and its location in the recon-
structed image array, as seen in Figure (a), is noted. However, before adding the
focal spot at the given location of the image array, the size of the spot is reduced by
a factor of two and then added to the given location as seen in Figure (b). The
above process is then repeated for all scan positions to obtain the reconstructed ISM
image. However, achieving a resolution below 100 nm is not possible with either

confocal or ISM.

In the last two decades, optical microscopy techniques have progressed further
and have been able to circumvent the diffraction barrier, allowing resolution below
100 nm, utilizing either near-field or far-field techniques [9]. Near-field microscopy
is usually applicable to fixed samples only, has a small field of view, and can be
slow. Thus, in achieving higher resolution and surpassing the diffraction limit, ad-

vances in far-field optical microscopy techniques, leading to OSRM, have been more

10
TH-4095_196121101



2.3 Optical super-resolution microscopy

(a) (b)

bl .« .

Figure 2.2: Pixel reassignment in ISM: (a) The focal spot for each scan position is
mapped to the respective location of an image array with initial value 0, (b) The focal
spot is scaled down to half before adding the same to the image array, and the process is
repeated for all scan positions to get the final reconstructed image.

vital. As mentioned in Chapter [I, the most widely used OSRM techniques in-
clude point scanning-based stimulated emission depletion (STED) microscopy, and
widefield based structured illumination microscopy (SIM) and single molecule local-

ization microscopy (SMLM), such as STORM. SIM uses a spatially structured light

Known pattern

e Moir¢ pattern
(Structured I1lumination)

Unknown pattern (Sample)

Figure 2.3: Principle of SIM: The Unknown pattern (i.e. Sample) is superimposed with
a known illumination pattern (Structured Illumination) to get the Moiré fringes. Final
image is constructed by extracting the high-frequency content from multiple Moiré fringes
corresponding to different orientations of the illumination pattern.

(high-frequency mesh-like pattern) to illuminate the sample [7]. The high-frequency
content of the sample, which is otherwise not available, gets superposed with the
structured content or the pattern to produce Moiré pattern, as shown in Figure [2.3]
The high-frequency information in the sample plane can then be extracted from

multiple widefield images obtained by moving and rotating the structured pattern

11
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Chapter 2: Introduction to optical microscopy and optical super-resolution

in different directions. The extraction of high-resolution data involves the applica-

tion of a suitable algorithm to the captured images. The idea of STED [§] is based

+ @ —— o

Effective
STED beam Excitation beam illumination spot

Figure 2.4: Going beyond the diffraction barrier using STED: a STED beam (doughnut-
shaped intensity beam) and an Excitation beam, when aligned precisely, create a narrower

Effective illumination spot by depleting the fluorescent markers outside the zero of the
STED beam.

on stimulated emission and depletion of the molecules in the sample plane based
on the confocal imaging technique. Here, the fluorescence emission of molecules
surrounding the centre of the excitation spot in the sample plane is inhibited by
depleting the excited states via stimulated emission. This requires the use of a suit-
ably engineered laser beam, with a doughnut-shaped focal spot, called the STED
beam, at a wavelength slightly higher than the excitation wavelength, in addition
to the excitation beam. The excitation beam, which has a Gaussian intensity pro-
file, excites all the molecules in the sample plane that lie within the area of the
excitation spot. However, before the molecules undergo fluorescence emission, the
STED beam arrives and depletes the excited molecules in the surrounding area of
the centre. Thus, the confocal detector receives light coming from the molecules at
the centre of the focal spot only, thereby drastically narrowing the effective PSF, as
shown in Figure [2.4] Resolution of the STED microscope is given by,

rdough o /\/2NA\/]- + (Isted/]sat> (21)

where 4.4 is the intensity of the STED beam and I, is the saturation intensity at
which the probability of the fluorescence decreases by 50%. Maximizing the term
Isteq/ Lsqr breaks the diffraction barrier and allows us to achieve resolution in the
range 20-30 nm.

On the other hand, in STORM, fluorescent molecules in the sample plane of a
widefield microscope are localized by switching them on and off stochastically (i.e.,

fluorescence blinking) using a suitable excitation source. The reconstructed image

12
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can provide a lateral resolution comparable to that of STED. At present, STORM
only works with fixed samples and necessitates more complex sample preparation
than SIM and STED. However, instrumentation wise, STORM is much easier to
implement compared to STED.

Below, we highlight the advantages of STORM over SIM and STED.

1. Conventional SIM provides around twofold increase in resolution compared
to widefield microscopes, discerning structures at ~ 100 nm and achieving
lateral resolution close to A/4NA. STED and STORM, on the other hand, can
resolve structures as fine as ~ 10 nm. However, they usually achieve resolutions
between 20 and 50 nm for biological samples and suffer from limitations mostly

due to the available laser power and the characteristics of the fluorophores.

2. SIM is more of a surface imaging technique rather than a three-dimensional
or depth resolved imaging technique. STED and STORM, on the other hand,

have numerous applications in surface and three-dimensional imaging.

3. STED necessitates a more intricate and costly setup, usually requiring well
synchronized excitation and depletion pulses as well as a collinear alignment

of beams. The two beams need to be derived from an ultrafast laser.

4. Among different techniques, directSTORM (dSTORM) [34], a variation of
STORM, is more straightforward and economical than STED. Stochastic switch-
ing between emissive and dark states in fluorophores in an appropriate chem-
ical environment is the basis of ASTORM, with a continuous wave laser exci-

tation affecting the switching rates.

Overall, SMLM methods such as STORM provide resolution better than SIM
and are less expensive and simpler to implement than the STED microscope. Con-

sequently, we have chosen to implement STORM in this thesis.

2.4 Stochastic optical reconstruction microscopy

As discussed already, resolution refers to the smallest distance (d) at which two dis-
tinct features of the object can be well resolved in the image, as shown in Figure 2.5
(a). STORM doesn’t directly surpass the diffraction limit by narrowing the imaging

PSF but instead overcomes it by controlling the spatial distribution of fluorophore

13
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(a) (®)

d Widefield Image Localization Reconstructed
DI Image

Figure 2.5: (a) Images of two point emitters with intensity line pot, at a distance d
greater than the diffraction limit (seen in the upper row) and at a distance d smaller
than the diffraction limit (seen in the lower row). (b) Non-overlapping PSFs are shown in
widefield images (left), which are followed by the localization of each PSF (middle) and
reconstructed super-resolved images (right). PSFs are localized and reconstructed in each
round. Following the second and third rounds, the final super-resolved image is formed,
which is displayed at the bottom (right corner).

Round 1

Round 2

Round 3

emissions within the field of view (FOV) of a fluorescence microscope, ensuring that
the PSFs captured by the camera are non-overlapping. The non-overlapping PSFs
are then localized with a precision smaller than the diffraction limit by computation-
ally identifying the center of each PSF, thereby enabling super-resolution through
emitter localization. To ensure that emitting fluorophores are sparse enough not to
overlap with one another, a scheme is employed to selectively “switch on” only a
subset of the fluorophores tagged to specific molecules of the sample. Typically, this
“switching” or “photoswitching” [35] occurs through stochastic interactions between

the fluorophores and the excitation beam, which is elaborated below.

As shown in Figure 2.6 fluorophores can transition to long-lived triplet or dark

14
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Figure 2.6: Energy level diagram of a molecule showing fluorescence emission, the
molecule’s transition to dark states (D) and the non-radiative relaxation from the dark
state back to the ground state (G).

states (D) upon continuously being excited from the ground state (G) to the ex-
cited state (Ep). This is followed by the fluorescence emission and non-radiative
transitions to the ground state. The fraction of fluorophores in state Fy that emits
fluorescence is limited by the chemical environment of the sample. This environment
comprises certain chemical reagents to alter the fluorescence by producing the dark
states through intersystem crossing. To make the fluorophores blink, they are first
exposed to strong excitation light that pushes the majority of fluorophores labeling
the sample into dark states that are inactive to fluorescence. The intensity is then
reduced so that only a small portion of the fluorophores emit stochastically and
return to the dark state. The stochastic emissions result in the typical “on and off”
or “blinking” phenomenon [36] of the fluorophores, which must be a characteristic
of the emitters during STORM imaging. The PSFs of the fluorescence emitters
present in the targeted sites on the sample are then captured throughout several
camera frames as they cycle between the fluorescent on and dark states under con-
tinuous excitation. As shown in Figure 2.7 thousands of image frames are needed
to localize the fluorophores as the PSFs are fitted with 2D Gaussian functions to
calculate the precise locations of the fluorophores with subpixel accuracy [37]. The
resulting coordinates of the PSFs are then employed to reconstruct a super-resolved

image of the sample.

Figure 2.5 (b) (column 1) shows three conventional widefield microscope images,

15
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Figure 2.7: A schematic of the STORM reconstruction process: acquisition of thousands
of image frames containing emitting fluorophores (E) from a sample, followed by PSF
fitting, sub-pixel localization and approximation, post-processing and finally obtaining
the reconstructed super-resolved image.

each featuring a few non-overlapping PSFs that can be localized and then mapped for
reconstruction of a super-resolved image. Though only three rounds of localizations
are shown here, producing a super-resolved image of an actual sample typically
requires thousands of localization rounds, as already mentioned. The localization
precision and, consequently, the resolution in the reconstructed image are influenced
by the SNR of the acquired image data. The mathematical expression of localization

precision in STORM [3§] is given as,

d~ % (2.2)
where o represents the standard deviation of the imaging system’s spatial response
function to a point source (i.e., the PSF) [27]. N is the number of photons collected
during the blinking event of the molecule. Each emitter’s position, ideally, can be
recorded by a single fluorescence-switching cycle in STORM. However, numerous
cycles of a single emitter are captured, and this may give rise to errors during

localization if the sample drifts laterally over time throughout the switching cycles.
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Hence, post processing is a must to rectify errors caused by lateral drift or any other

artifacts.

2.4.1 Variants of STORM

In the initial STORM demonstrations [9] [39], fluorophores with an activator (A)-
receptor (R) pairings that photo-switched between states with two distinct excita-
tion wavelengths (A; and Ay, A2 > \;) enabled molecular photo-switching between
fluorescence and dark states, as this pair was attached to each molecule (M) to be
imaged. Under the condition that R is in proximity to A when A is illuminated with
A1, R is sent to a dark state. Continuous excitation of R with Ay and activation
with A\; keep the cycle on and off for R until it is photobleached permanently, as
shown in Figure (a). Many SMLM methods, however, simply call for labeling
with a single fluorophore that can switch between dark and reversible fluorescent (F)
active states on excitation with a single wavelength (\), as shown in Figure 2.8 (b).
This constitutes the dSTORM scheme[34], [40]. dSTORM was created to work with

(a) (b)
2 A

X X
2N/

- X

g

Figure 2.8: (a) Initial STORM scheme: Molecular photo-switching between fluorescence
and dark states is made possible by fluorophores with activator (A)-receptor (R) pairings
that photo-switch between states with two different excitation wavelengths (A1 and Ag,
A2 > A1), with the pair being attached to a molecule (M) in the sample. The cycle is
maintained through constant excitation of R with A2 and activation with A;. (b) dSTORM:
A single type of fluorophore (F) is attached to the molecule of interest (M), when excited
with a single wavelength (A), may transition between dark and reversible fluorescently
active states.
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Chapter 2: Introduction to optical microscopy and optical super-resolution

common dye/fluorophores in the presence of specific chemical reagents to produce
fluorescence active and dark states, as described earlier. A cost-effective implemen-
tation of dASTORM in a commercial microscope is referred to as easySTORM [20],
which also employs simple sample preparation techniques. In this thesis, we have

employed the easySTORM scheme.

2.5 Summary

The current Chapter has provided a brief historical insight into optical microscopy,
followed by the resolution limit due to diffraction. The Chapter then discusses
different optical microscopy techniques, such as confocal and array detection with
image scanning microscopy, which can deliver resolution marginally breaking the
diffraction barrier. This is followed by a brief introduction to some of the widely
acknowledged optical super-resolution microscopy techniques like SIM, STED and
STORM, that are able to deliver resolution around 100 nm and beyond. The Chapter
concludes by outlining the motivation for choosing STORM in this work, along with

its underlying principles and major variants.
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CHAPTER 3

Implementation of an openFrame-based modular

optical microscope

3.1 Introduction

Recent developments in light sources, detectors, and computational methods have
significantly expanded the capabilities of optical microscopy, enabling advanced
imaging for diverse applications [41, 42, 43| [44]. Yet, financial constraints pre-
vent many organizations from acquiring commercial microscopes that incorporate
the latest imaging modalities [14] [19], as already discussed in Chapter . While
a large number of optical microscopes offer widefield epi-fluorescence imaging em-
ploying LED, halogen lamp, or laser sources for fluorescence excitation and scientific
cameras for image capture, the majority of the optical microscopes come with trans-
illumination mode for brightfield imaging. In addition, the commercial microscopes
rely on proprietary hardware and software that make it difficult to upgrade the sys-
tem for new or novel imaging applications. Nevertheless, by assembling off-the-shelf
optical, mechanical, and electronic parts and adding open-source software, the po-
tential of such commercial microscopes can, to a large extent, be realized at a reduced
cost. For example, industry-grade diode lasers can be used in place of high-power
solid-state lasers, and less expensive CMOS cameras can be used in place of scien-
tific cameras such as EMCCD or sCMOS cameras. Additionally, expensive objective
lenses can be replaced with low-cost ones with high numerical apertures. Finally,
the image processing operations in the microscope can be executed with personal
computers (PCs) typically designed for gaming applications. However, even with
these substitutions, the body of the commercial microscope remains expensive, al-

though one can build a complete microscope from standard optomechanical parts or
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self-fabricated components, which usually requires technical skills that most users do
not possess. In this Chapter, we utilize a modular microscope stand, named “open-
Frame” [19], to realize an affordable, research-grade optical microscope, based on
the open-source microscopy concept, as mentioned in Chapter [1} Here, we demon-
strate the overall configuration and working of this modular, self-assembled open
microscope. We then consider applications of our microscope in research as well
as clinical pathology and illustrate the performances in both trans-illumination and

epi-fluorescence modes.

3.2 Experimental Arrangement

3.2.1 Key components and modules of the openFrame-based

microscope

(a) (b)

Trans-illumination Pillar
with an LED source

X-Y

Stage
adapter

Cube holder

Filter cube

Fiter cube goes here

" ~~

4 Tube lens module ——

Detection Unit

Layer 4

Layer 3

Layer 2
Cube insert
Layer 1

I Detection Unit |

5cm

Figure 3.1: (a) Schematic of the openFrame-based modular microscope with its base
plate, four layers, X-Y stage, trans-illumination pillar, excitation-detection units, and
other hardware components. (b) A CAD rendering of the microscope stand with a single
layer cube insert.

We first discuss the experimental arrangement and the implementation of the
proposed modular microscope. The basic openFrame-based microscope, with a
frame of anodized aluminum, comprises a base plate, a sample stage adapter, a
trans-illumination pillar with an LED light source, and four modular layers, as
shown in Figure (a). The CAD illustration of the modular frame is shown in
Figure (b). The CAD files for the modules of the openFrame-based microscope
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are freely accessible [19] and, therefore, the modules can either be purchased or fab-
ricated in the mechanical workshops. Although the layers or modules in the frame
are firmly fastened together, their orientation can be changed in 45° increments
around the optical axis. Layer 1 of the modular microscope is used for detection,
which features a 45° slanted mirror that reflects light coming from the sample onto
a detection unit (camera) mounted at the side, located in the same layer. Layer
2 of the microscope has a tube lens, which is used to focus the light coming from
the sample towards the camera. Layer 3 of the microscope has a filter cube. The
filter cube reflects the excitation light towards the sample, allowing epi-fluorescence
mode of imaging. Layer 4 of the microscope houses a piezoelectric stage into which
an objective lens is fitted. The piezo stage controls the axial (Z) movement of the
objective lens. On top of the Layer 4, a sample stage adapter is mounted. This sam-
ple stage adapter contains a motorized X-Y stage to move the sample in the lateral
direction. Further, a trans-illumination pillar with an LED source is fastened to the
edge of the stage adapter, which can be used for different illumination purposes.
In our work, we use the combination of the trans-illumination pillar and the LED
source for brightfield imaging. Overall, the microscope can function in both trans-
illumination and epi-fluorescence modes. The basic applications of the microscope
in the trans-illumination and fluorescence modes are discussed in the Results Sec-
tion of this Chapter. Finally, to control the illumination, sample stage movement,
objective lens movement, and detection of the microscope, the open-source software
pManager [45] is utilized.

The upcoming Sections describe the individual building blocks of the openFrame-

based modular microscope and their respective roles.

Brightfield imaging with trans-illumination

To enable brightfield imaging in the modular microscope, it has a dedicated trans-
illumination pillar with an LED. Figure|3.1| (a) shows the trans-illumination pillar of
the microscope. The pillar is an inverted L-shaped structure with a horizontal arm
attached to the X-Y stage adapter. The arm consists of a combination of a condenser
lens with an NA of 0.34 and an LED source (MONOLED, Cairn Research Ltd, UK).
The combination of this condenser lens and the LED source produces an illumination
spot on the sample plane of the microscope. The illumination spot on the sample

can be adjusted by vertically shifting the horizontal arm on the pillar. During trans-
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illumination mode of imaging, the light from the sample passes through layers 4 to
2 and is finally reflected by the 45° mirror in Layer 1 towards the detection unit.
The detection unit or a camera is placed at the side port of Layer 1, facing the 45°
mirror, as shown in Figure (a).

X-Y stage for lateral movement of the sample

To enable precise lateral movement of the sample during imaging, we use the X-Y
(sample) stage installed on a stage-adapter layer, fastened to Layer 4 of the modular
microscope. The X-Y stage is motorized (ASR100B120B-E03T3A, Zaber, Canada).
It also consists of a sample holder designed to accommodate samples prepared on
slides of different dimensions, as well as various types of well plates for imaging.
The X-Y stage is controlled via a PC, through hardware-software interaction (X-
MCB2-KX14BG controller, Zaber Console software) (see Appendix [A]for the console
software). Additionally, a joystick (X-JOY3-PTB2, Zaber) can be used to control
the stage. The sample stage can be operated using the console software, the joystick,

or the uManager software interface.

The objective lens

To focus the excitation beam onto the sample stage of the modular microscope, we
use an objective lens. The objective lens is positioned on an L-bracket, which is
parallel to the vertical optical axis of the microscope and is housed in Layer 4. The
L-bracket is attached to a linear precision piezoelectric stage (Q-545.140, Physik
Instrumente) equipped with an encoder delivering 1 nm resolution to facilitate pre-
cise movement of the objective. Before performing experiments, the piezo stage is
programmed /referenced with the help of the stage controller (E-873 PI Shift Con-
troller, Physik Instrumente) using the PI MikroMove software (see Appendix |A| for
the software). Once the referencing is performed, the stage is ready to be con-
trolled by the puManager. Initially, we use four objective lenses: PlanF 100x oil
immersion 1.30 NA (AmScope), PlanF 40x 0.75 NA (AmScope), UPlanSApo 100x
oil immersion 1.40 NA (Olympus), and PLN 20x 0.40 NA (Olympus) to illustrate
the preliminary findings with our microscope. Further, the L-bracket is designed to
allow for straightforward adaptation to a wide range of commercially available ob-
jective lenses. Additionally, the Layer 4 of the microscope can also house a dichroic

beam splitter to provide an infrared laser beam for an optional autofocus module
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[46].

Fluorescence excitation

To allow the microscope to perform fluorescence excitation of the sample, a dedi-
cated fluorescence excitation module is required. In the modular microscope, the
fluorescence excitation is introduced through Layer 3, which houses filter cubes and
two side ports for mounting optical equipment that introduces excitation light for
epi-fluorescence imaging. Two filter cubes, each comprising a dichroic beam splitter
oriented toward their respective side ports, can be held in place by a mechanical
slider. This arrangement allows two different types of excitations simultaneously.
The dichroic beam splitter reflects the excitation light coming in from the side port
up through the objective lens to the sample while letting the fluorescence emis-
sion of the sample go downward to Layer 1 and towards the camera. Here we use
a customized multiline dichroic beam splitter (DBS) (Z2T405/462/635/830rpc-UF2,
[339553], Chroma Technology) of size 25.5 mm x 36 mm. Each cube also includes an
excitation filter and an emission filter. In our implementation, we use an emission fil-
ter (ZET405/462/635/830m, [339636], Chroma Technology) and an excitation filter
(ZET405/465/625/825x,[339819], Chroma Technology). During brightfield imaging,
one position of the mechanical slider is kept vacant to enable the transmitted light
to reach the camera directly. As an alternative, we can employ a single filter cube
as shown in Figures (a) and (b), which needs to be taken off during brightfield
trans-illuminated imaging. However, throughout the thesis work, we have used the
single filter cube only. The particular combination of the beam splitter and the
filters used in our implementation is optimized for single or multiwavelength exci-
tation at 405, 462, and 635 nm and transmission of emitted light within the bands
408-457, 472—627, and 645-820 nm. Further, the DBS can also be used with an
optical autofocus system because it reflects wavelengths longer than 820 nm [46].
A plot of the transmission probability against the wavelength for the beam splitter
and filters is available for reference in Appendix [C] Alternatively, single bandpass

filters can be employed in the filter cube, depending on the requirement of user.

Laser Bank

For fluorescence excitation of the sample, we need a laser source. Although a single

wavelength laser is sufficient for excitation, multiwavelength laser sources are nec-
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Figure 3.2: Schematic of the PC-controlled laser bank, incorporating lasers, optics, and
electrical components as integral parts of the excitation unit.

essary to selectively excite different fluorophores with distinct absorption spectra,
enabling multi-color imaging. To facilitate multiwavelength excitation, in our modu-
lar microscope, we assembled a computer-controlled laser bank, which contains four
multimode diode lasers whose outputs can be optically combined to produce the ex-
citation beam for fluorescence microscopy, as shown in Figure [3.2] The multimode
diode laser modules used are, LDM-638-700-C, LDM-520-1000-C, LDM-462-1400-C
and LDM-405-350-C (Make Lasertack GmbH), designated as DL1-DL4 in Figure
3.2l These diode modules generate continuous wave laser light at wavelengths of
638, 520, 462, and 405 nm, with maximum outputs of ~ 700, ~ 1000, ~ 1400, and
~ 350 mW, respectively. We place four bandpass (BP) filters (#65106, #65093,
#39308, and #65072; Edmund Optics) in front of the outputs of the diode laser
modules to achieve an excitation bandwidth (full width at half maximum) of 10 nm
each. These filters are depicted as BP1-BP4 in Figure [3.2] They block the ampli-
fied spontaneous emission and ensure narrow-band excitation, e.g., for use with our
multiline dichroic beam splitter and emission filter. Three dichroic beam combiners,
DBC1, DBC2, and DBC3 (#86394, #86324, and #86389, Edmund Optics), as well
as nine broadband dielectric mirrors, M1-M9 (BB05-E02, Thorlabs), all positioned
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in kinematic mounts, combine the laser radiation from the four diode lasers. This
arrangement makes the laser beams collinear to be incident at lens L4, which fo-
cuses the same into the Fibre Coupler Adapter (FCA) of a multimode optical fibre,
ensuring delivery of the excitation light into the microscope. Additional excitation
lasers can be incorporated into the laser bank, provided suitable combinations of
dichroic beam combiners and filters are available in the excitation path to direct the

corresponding excitation wavelengths towards the sample.

Laser power control

To control the excitation power /intensity of the four diode lasers on the sample plane
of the modular microscope we design electrical circuits using four programmable
Arduino microcontrollers (AD1-AD4), each equipped with a digital-to-analog con-
verter (DAC1-DAC4), (DAC; TLV5618AI, Texas Instruments) and connected to the
respective diode laser drivers (LD1-LD4; 2.5 A iLLD driver, Lasertrack GmbH), as
shown in Figure With the above arrangement, the user can have linear control
on laser power via the uManager software installed in the PC. The Arduino is to be

configured to work with the puManager using the below steps,

1. Arduino Software IDE (see Appendix |A| for the software) is installed on the
PC.

2. Arduino is connected to the PC with a USB 2.0 to serial adapter.

3. The Firmware source code is available here: https://micro-manager.org/Arduino.
It is pasted into a blank sketch window of the Software IDE and uploaded to

the Arduino microcontroller through this software.

The detailed procedure to add an Arduino in pManager is provided in Appendix

After configuring the Arduino, the appropriate electrical connections are made
by assembling the Arduino, DAC, and the laser driver as shown in Figure [3.3] To
assemble the DAC, a few additional components are required, such as a 100 nano-
Farad (nF') ceramic capacitor and resistors for creating a voltage divider to power the
DAC’s reference point (6). Setting the reference voltage of the DAC to 2.04 Volt (V)
between the terminals 5 and 6 is necessary (https://micro-manager.org/Arduino).
To achieve this, we place a 20 k Ohm resistor (R1) between 5 and 6 and a 29 k Ohm
resistor (R2) between 6 and 8. The analog outputs from the DAC are available at
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Figure 3.3: A schematic showing various components and electrical connections among an
Arduino microcontroller, digital-to-analog converter (DAC), and a laser driver, necessary
for laser voltage modulation.

terminals 4 (OUT,) and 7 (OUT)}), which connect to the laser driver’s MOD- and
MOD+ leads, respectively. Further, the terminals at 8 and 5 (GND) of the DAC
are connected to the Arduino’s 5V and GND terminals. Temperature control is also
included in each driver using an interlock mechanism (INT) and a thermoelectric
cooler (TEC) driver. Further, the negative temperature coefficient (NTC) terminal
on the laser driver connects to an NTC thermistor (NTCAFLEX05103HH, Vishay
Beyschlag) on the laser diode.

After completing the necessary connections, the working temperature of the laser
diode is set. This working temperature is normally the temperature of the laboratory
or the environment in which the experiment is conducted. To set the working
temperature of the diode laser, the power supply is disconnected, and then the
resistance between the points TEMP ADJ in the laser driver is checked with a
multimeter. Different resistance values correspond to different temperatures, which
is easily known from the laser specifications. By adjusting the TEMP potentiometer
screw in the laser driver, the resistance across the TEMP ADJ can be adjusted to
the working temperature of the laser. Once the appropriate temperature is set,
the power supply is connected again to the laser driver. Now, the laser diode is

ready to be modulated between 0 and +5 volts, corresponding to the minimum and
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the maximum laser powers. The laser voltage modulation using the laser driver
potentiometers (BIAS and GAIN) is indicated below,

1. The potentiometers BIAS and GAIN are set by turning their screws counter-

clockwise to zero (& 25 turns, as given in the specifications).

2. The outputs from LD+ and LD- on the laser driver are connected to the Input

terminals, Vin+ and Vin-, respectively, of the laser diode.
3. The supply voltage of the driver is set to 24 V DC.

4. The modulation source (outputs from terminals 7 and 4 in DAC) is connected

to the input terminals, MOD+ and MOD-, of the laser driver.

5. Before the main supply voltage is turned on, it is ensured that the INT is

closed by shorting the terminals.
6. The modulation voltage is set between 0.2 and 0.3 V DC using puManager.

7. The BIAS potentiometer is adjusted by turning its screw clockwise until the
threshold voltage or current of the laser diode (as given in the laser specifica-
tions) is reached, and it starts to lase. The voltages can be measured across

the shunt resistor (SHUNT) using a multimeter.
8. The modulation voltage is then set to 5 V DC on the puManager.

9. The maximum working voltage is then adjusted by turning the screw of the

GAIN potentiometer clockwise until it is reached.

10. The modulation voltage is set again between 0.2 and 0.3 V DC, and the thresh-
old voltage is checked across the SHUNT. If it has changed, the screw of the

BIAS is turned counterclockwise to the value set in step 7.

11. The modulation voltage is set again to 5 V DC, and the maximum working
voltage is checked. If it has changed, the screw of the GAIN is turned clockwise

to the value set in step 9.

For proper functioning of the laser diode, it is always necessary to maintain the
laser diode current between the threshold limit and the maximum permitted value.

Hence, it is necessary to check the laser driver voltage across the SHUNT once in a

27
TH-4095_196121101



Chapter 3: Implementation of an openFrame-based modular optical microscope

while, by performing the steps from 7-11. Further, in order to calculate the diode
current, we convert the voltage measured across the SHUNT while the laser diode
is connected. The ratio between the measured voltage (V) and current (Ampere

(Amp)) varies by laser model or version, as given below:

1. 1.0 V/Amp or 1:1 for the 0.01-0.5 Amp version
2. 0.2 V/Amp or 1:5 for the 0.07-2.50 Amp version

3. 0.1 V/Amp or 1:10 for the 0.14-4.5 Amp version

For example, if the measured voltage across the SHUNT is 0.05 V, the current
for different laser versions can be calculated using the appropriate ratio, as given

below:

1. For the 0.01-0.5 Amp version: 0.05 V x 1 = 0.05 Amp
2. For the 0.07-2.5 Amp version: 0.05 V x 5 = 0.25 Amp

3. For the 0.14-4.5 Amp version: 0.05 V x 10 = 0.50 Amp

Tube lens layer

To focus the light from the sample collected by the objective lens onto the camera,
we need a tube lens. In our modular microscope, Layer 2 contains the tube lens
(#58-520, Nikon), whose focal length is 200 mm, although it can also accommodate

a tube lens with various focal lengths.

Detection layer

In our modular microscope, the detection unit is located in Layer 1. It consists of a
silver-coated right-angled mirror (#89-632, Edmund Optics) that reflects incoming
light or emission to a camera, which is installed on the layer’s side port. The
detection layer of the microscope can house two of such mirrors via a mechanical
slider, enabling the user to choose one of the two cameras positioned on opposite
sides. In our work, we use two low-cost, fan-cooled CMOS cameras, one color CMOS
camera (CellCam Rana 200CR, Cairn Research Ltd.) and a monochrome camera
(CellCam Centro 200MR, Cairn Research Ltd.). Both cameras use the Sony IMX
183 CMOS sensor, which has a pixel resolution of 5440 x 3648 with each pixel of size
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~ 2.4 pm. Although we show applications of the modular microscope using these
two cameras only, the detection or the camera port of the microscope can easily

accept different types of cameras.

Software control

To control all the components of the modular microscope, we use the uManager soft-
ware (see Appendix [A| for the software). pManager is an open-source Java software
program that can be controlled through a PC interface. uManager has a wide va-
riety of device adapters that communicate with different hardware components and
devices. In order to connect to the hardware, uManager, in addition to the device
adapter, needs the respective Dynamic Link Library (DLL) file, which comes with
the majority of the commercial hardware components and devices. In the absence of
the DLL for a given hardware, a suitable DLL is to be generated to make the device
adapter active. A list of various device adapters supported by the yuManager can
be found at https://micro-manager.org/Device_Support. Configuration of different
hardware devices with the uManager can be found at https://micro-manager.org/
Micro-Manager_Configuration_Guide. In our case, uManager is configured to con-
trol the four excitation lasers, to operate the piezoelectric stage driver and the X-Y
stage, along with image capture by the two cameras. Although in our work we man-
ually control the power of the LED source, the uManager offers device adapters for
managing various LED sources too. The open-source software Fiji-ImageJ [47] (see
Appendix |Al) is utilized for image analysis of the captured images. The pManager
can also be used with the open-source program ImagelJ [48], which provides addi-

tional functions.

3.2.2 List of the essential components for assembling the

microscope

The essential components needed to assemble the openFrame-based modular micro-
scope in an affordable manner are listed in Table 3.1} Although in this work, we are
using the motorized X-Y stage or the joystick to control the lateral movement of
the sample, one can replace them, with a manual X-Y stage, such as the Olympus
CSS2001 (Thorlabs), whose price is &~ 6 times less than the motorized stage and
joystick combined. The tentative price of the majority of the components can be
found here [19].
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Components

1.30 NA oil immersion 100x objective

Despeckler and power supply

trans-illumination pillar and LED source

PI piezo stage with controller

CellCam 200MR

CellCam 200CR

Zaber motorized X-Y stage with controller
openFrame modular stand

405 nm diode laser and driver

462 nm diode laser and driver

520 nm diode laser and driver

638 nm diode laser and driver

Arduinos, DACs, and other electronics for diode
laser control, along with the metal enclosures for
lasers

Multimode fibre

Copper plates as heat sinks

Mirrors, DBC, DBS, and optical filters

Mounts, posts, screws, and other components in-
side the laser bank

Table 3.1: List of the essential components in the openFrame-based modular microscope

3.2.3 Implementation of the Microscope

The schematic of the modular microscope in the epi-fluorescence mode is shown
in Figure 3.4 The diagram illustrates how a multimode optical fibre (MMOF)
(FGO50UGA-CUSTOM, Thorlabs) cable carries light from the diode lasers inside
the laser bank and delivers it to the excitation layer of the microscope via the optics
in the excitation unit. Light emerging from the MMOF at the FCA is collimated
and focused by the combination of lenses L1 and L2 via mirror M1, at the back
focal plane (BFP) of the objective lens after reflection from the DBS cube inside
the excitation layer. The light from the sample collected by the objective lens is
transmitted through the DBS cube and focused by the Tube Lens L3 after being
reflected from the Mirror M2 to form the image at the camera plane. To achieve uni-
form illumination on the sample plane, the MMOF is vibrated using a fibre vibrator
or despeckler (DESPECKLER, Cairn Research Ltd.). The fibre vibrator mixes the

spatial modes of the radiation and time-averages the speckle patterns that appear
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Figure 3.4: openFrame-based modular microscope implemented in the epi-fluorescence
mode by assembling essential hardware, optical, optoelectronic and electronic components.

in the illuminated region of the sample. As shown in Figure (b), when a fluo-
rescent sample (92001 Autofluorescent Plastic Slides, Chroma Technology) on the
X-Y stage is excited with the 462 nm laser beam, keeping the despeckler on, almost
a smooth circular emission spot in the field of view (FOV) is observed. However,
this is not the case when the despeckler is switched off, as shown in Figure (a).
Figure (c) is a combined normalized intensity plot of the same regions marked
as red and blue in Figures (a) and (b). The excitation corresponding to this
emission is accomplished over a FOV with a diameter of roughly 115 pum using the
100x objective lens, when imaged by the monochrome camera. For the 40x and
20x microscope objectives, a similar shape of the emission beam is observed in the
FOV of the camera, but with diameters of ~ 310 and 625 pm, respectively. The
numerical aperture 0.22 of the MMOF with 50 um core determines the illuminated
area of the sample plane. With this arrangement, the back aperture of the objective

can receive up to 90% of the laser power. The system produces beam spots of simi-
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lar shape and dimensions on the fluorescent sample (92001 Autofluorescent Plastic
Slides, Chroma Technology) in the sample plane, at the wavelengths 405 nm, 532

nm, and 638 nm.

1.2
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Figure 3.5: Emission spot from a fluorescence slide kept on the sample plane and excited
with the 462 nm beam, as recorded in the monochrome camera when the despeckler is
switched (a) off and (b) on. (c) is the combined normalized intensity plots through the
regions shown in (a) and (b).

3.3 Results

3.3.1 Brightfield imaging utilizing transmitted light

To illustrate the brightfield imaging capability utilizing transmitted light in the mod-
ular microscope, we image a positive 1951 USAF test target (R3L3S1P, Thorlabs).
For image acquisition, a monochrome camera and gManager are used, while Fiji is
used to analyze the acquired images, as mentioned already. At first, an objective
lens with 20x magnification is used to image the test target, and the captured image
is seen in Figure (a). This is followed by imaging of the same target with the
oil immersion objective lens having 100x magnification, and the images are seen
in Figures (b) and (c). The target has several opaque/black strips or patterns
on it, such as those for group 7, element 1 (G7E1) and element 6 (G7E6), indi-
cated by yellow rectangles in Figures (b) and (c), respectively. The full width

at half maximum (FWHM) of the opaque and transparent strips within each region
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Figure 3.6: The trans-illumination images of (a) a portion of 1951 USAF test target
using the 20x objective lens, (b) the element G7E1, and (c) the element G6E1, using the
100x objective lens, all using the monochrome camera. Yellow rectangles indicate the
directions for line profiles used to measure the width of the respective black strips.

of interest (ROI) is estimated by plotting greyscale intensity profiles along a line
perpendicular to the strips. The manufacturer specified widths are then compared
with these measured values. The measured mean FWHM values closely match the
specified values, as seen in Table [3.2] indicating that the camera and microscope

system are configured correctly.

Experimentally measured
width of the black strip
using two objective lenses
(pm)

Pattern Width of a black | 20x 0.40 NA 100x oil im-

Number strip according to mersion 1.30

the specs (um) NA
GT7E1 3.91 3.99 3.92
G7E6 2.19 2.l 2.2

Table 3.2: Experimentally obtained widths of the black strips in the G7E1 and G7E6
patterns of the 1951 USAF resolution test chart utilizing various objective lenses in the
trans-illumination mode.

3.3.2 Imaging in the epi-fluorescence mode with multiwave-

length excitation

To perform imaging with multiwavelength excitation in the epi-fluorescence mode in

our modular microscope, we image a mixture of crimson-red (F8806 FluoSpheres®
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(2) (b) ©

Figure 3.7: Epi-fluorescence images of a microscope sample slide containing a blend of
crimson-red and orange-green fluorescent beads using the 100x objective lens on the color
CMOS camera with (a) both the 462 nm and 638 nm lasers, (b) only the 462 nm laser,
and (c) only the 638 nm laser.

carboxylate, Invitrogen™) and orange-green (F8809 FluoSpheres® carboxylate, In-
vitrogen™) fluorescence beads on the sample plane. To prepare the slides, both
beads are first diluted separately in deionized water (at a ratio 1:2000 v/v), and
then the dilutions are thoroughly mixed using a vortex mixer, followed by plac-
ing an ~ 10uL of the mixture between a cover glass and a microscope glass slide.
The 638 nm and 462 nm lasers are used for exciting the crimson-red beads and the
orange-green beads, respectively. At first, we capture an image of an area of the
sample, as shown in Figure (a), using the color CMOS camera and the 100x
objective lens and the fluorescence filter cube in Layer 3. The sample is being ex-
cited simultaneously by the 638 nm and 462 nm diode lasers. The image shown in
Figure (b) is then captured using the 462 nm diode laser. Next, for the same
region of the sample, we switch off the 462 nm laser and turn on the 638 nm diode
laser to capture an image as displayed in Figure (c). Figure demonstrates
the utilization of the multiwavelength excitation of the modular microscope in the

epi-fluorescence mode.

3.3.3 Comparison of the openFrame with a standard com-

mercial microscope in both epi-fluorescence and bright-
field modes

To compare the performance of the openFrame-based microscope with a commer-
cial microscope (IX51, Olympus), we image carboxyl quantum dot (Q21361MP,
Invitrogen™, size ~ 15-20 nm) and human glioblastoma cells (US7MG cells) in

both microscopes. We first prepare quantum dot (QD) samples to compare the
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Figure 3.8: (i) Epi-fluorescence images of quantum dots (QDs) using a commercial Olym-
pus IX51 fluorescence microscope with the (a) 100x 1.40 NA Olympus objective lens and
(b) 100x 1.30 NA AmScope objective lens and using the openFrame-based modular micro-
scope with the (c¢) 100x 1.40 NA Olympus objective lens and (d) 100x 1.30 NA AmScope
objective lens, captured in the monochrome CMOS camera, with 462 nm excitation. (ii)
(a-d) show the Gaussian fitted line plots in addition to the raw intensity plots for a ran-
domly chosen isolated QD from images (i) (a-d).

performance of the modular microscope with the Olympus IX51 microscope in the
epi-fluorescence mode. To prepare the QD samples, the stock solution of the QDs
is diluted in deionized water (in a ratio 1:5000 v/v), followed by preparation of the
sample slide by placing ~ 10 uL of the dilution between a cover glass and a mi-
croscope slide. The 462 nm laser is used to excite the QDs in both microscopes,
and fluorescence images are captured using the monochrome CMOS camera along
with the same filter combination, as previously discussed. The QDs emit within a
range of 650-850 nm wavelength as specified by the manufacturer. A measure of
the lateral PSF of each microscope is given by the FWHM of the QD images since
the QD diameters range from 15 to 20 nm, which is significantly smaller than the
excitation or emission wavelengths [49]. First, we use the 1.40 NA objective lens
on the Olympus IX51 microscope to image the QDs, and next, we use the 1.30 NA
AmScope lens on the same microscope to view a separate region of the QD slide,
as shown in Figures (i) (a) and (b), respectively. Using the identical objec-
tive lenses on the openkrame-based microscope, we once again image the same QD

sample, and are seen in Figures (i) (c) and (d). The intensity versus position
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across the center of isolated QDs selected from each of the images in Figures [3.8
(i) (a-d) are plotted. Figures (ii) (a~d) show the raw and Gaussian-fitted in-
tensity line plots for randomly isolated QDs. It is noted that the measured lateral
FWHM from each plot provides the experimental width of the lateral PSF. The
lateral FWHM of the diffraction limited PSF is determined according to the Abbe’s
limit as discussed in Chapter 2] Table presents the mean lateral FWHM values
determined experimentally for different isolated QDs chosen from each of the im-
ages, along with the theoretical estimates for the two objective lenses. The results
show no discernible variation in the experimentally determined lateral PSF between
the two microscopes. Theoretically, the lateral FWHM for the cheaper 1.30 NA
AmScope objective lens should be 7.8% larger compared to 1.40 NA, yet the 1.30
NA AmScope lens only provided a resolution that was around 5% worse than the
1.40 NA Olympus lens. Table demonstrates that the image quality produced by
the openFrame-based modular microscope with the low-cost objective lens is similar
to that of the commercial microscope. Additionally, when utilizing the Olympus
1.40 NA objective lens, the lateral FWHM values produced by both microscopes are
comparable.

We then compare the performance of the openFrame-based modular microscope
with the Olympus IX51 microscope while imaging microscope sample slides of un-
stained human glioblastoma (U87MG cells) in both microscopes, utilizing the bright-
field and epi-fluorescence modes. We use the PlanF 40X, 0.75 NA objective lens
(PF40X-INF, AmScope) in the openFrame-based microscope and a 40x, 0.60 NA
objective lens (LUCPlanFLN, Olympus Optical) in the Olympus IX51 during imag-
ing. Both microscopes use the same color CMOS camera and filter cube. However,
for brightfield imaging, the filter cube is removed from both microscopes and is
inserted back during the epi-fluorescence imaging. At first, brightfield images of
two distinct regions on the sample are captured in the Olympus system and are
displayed in Figures (i) (a) and (c). Next, the same regions are imaged in the
brightfield using the modular microscope and are displayed in Figures (ii) (a)
and (c). For the epi-fluorescence mode, we use the 462 nm laser. Figures|3.9| (i) (b)
and (d) show the epi-fluorescence images captured with the Olympus microscope,
while Figures (ii) (b) and (d) are the acquired epi-fluorescence images of the
same regions with the modular microscope. Under 462 nm laser excitation, the cells
show light-yellowish autofluorescence in both microscopes. In both brightfield and

epi-fluorescence imaging, the openkFrame-based modular microscope produces sim-
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FWHM of | Mean FWHM of the lateral
lateral PSF | PSF measured with a CMOS
(theoretical) camera (rendered at 21.6 nm
at A = 705 nm | in the sample plane)

using different
NA 100x ob-
jective lenses

Standard openFrame-
commercial based micro-
microscope scope
Type of | Size 1.40 1.30 1.40 1.30 1.40 1.30
Quan- of NA NA NA NA NA NA
tum dot | QD 100x | 100x 100x | 100x
(QD) Olym- | Am- Olym-| Am-
pus Scope | pus Scope
lens lens lens lens
Carboxyl | 15-20 | 251 271 310+£3 | 321+£2 | 31144 | 32443
QDs nm nm nm nm nm nm nm
(emis-
sion
peak at
705 nm)

Table 3.3: Theoretical and experimental full width at half maximum (FWHM) of the lat-
eral point spread function (PSF) for the standard optical microscope and the openFrame-
based microscope, utilizing the same two objective lenses.

ilar quality images when compared to the Olympus IX51. It is observed that the
epi-fluorescence mode images captured with the modular microscope appear fainter
compared to the images of the same regions captured in the Olympus microscope.
The reason behind this is the photobleaching of the fluorophores during the initial

imaging with the Olympus microscope.

3.3.4 Application in histopathological examination

One of the primary objectives of the openkFrame-based modular microscope is to
facilitate its use in clinical examination and diagnostic applications. To demon-
strate the clinical applications of the modular microscope, we image histopathology
samples of human breast tissue slices stained with hematoxylin and eosin (H&E) to
distinguish between normal and malignant regions. We at first compare the perfor-

mance of the modular microscope with a commercial microscope (NIKON Eclipse
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25 pm

Figure 3.9: Brightfield images (i) (a,c) and fluorescence images (i) (b,d) of unstained
human glioblastoma cells (U87MG) obtained from two areas on a sample slide using the
Olympus IX51 microscope with a 40x, 0.60 NA objective lens (LUCPlanFLN, Olympus).
The same areas are subsequently imaged in brightfield mode (ii) (a,c) and fluorescence
mode (ii) (b,d) using the openFrame-based microscope with a low-cost 40x 0.75 NA
objective lens (PF40X-INF, AmScope). The brightfield images are captured with the
color CMOS camera, while the fluorescence images are obtained at 462 nm excitation
using the same camera.

50i, 40x objective) in trans-illumination mode. Under the NIKON Eclipse 50i mi-
croscope, we image normal ducts from the human breast tissue as seen in Figure
3.10| (i) (a), while Figure (i) (b) shows malignant ducts from a different slide
imaged using the same microscope. We notice that the normal ducts in Figure 3.10
(i) (a) have elliptical rings of epithelial cells. While seen in Figure [3.10] (i) (b), the
malignant ducts have invaded the neighboring ducts, resulting in deformed epithelial
rings. The identical H&E-stained tissue slices are then imaged using a color CMOS
camera (without the filter cube) of the modular microscope in the trans-illumination
mode with the 20x objective lens (Olympus PLN 20X, 0.40 NA). Figure [3.10] (ii)
(a) depicts a normal duct (circled) with a regular elliptical ring of epithelial cells
and Figure [3.10] (ii) (b) depicts a malignant duct (circled) packed with tumor cells
and devoid of the typical elliptical arrangement of the epithelial cells. Figures [3.10
(iii) (a) and (b), on the other hand, display the epi-fluorescence images correspond-
ing to Figures (ii) (a) and (b), respectively. These epi-fluorescence images are

obtained using the 462 nm laser excitation. There is a noticeable contrast between
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the duct boundary and the surrounding areas as the labeled cells in the cytoplasmic
region and inside the ducts glow green, while the lumen does not. To be noted,
hematoxylin exhibits considerable absorbance in the UV-Visible range with very
little fluorescence, whereas eosin dye is known for its green emission [50, 51]. The ir-
regular dark boundary in the epi-fluorescence image in Figure[3.10] (iii) (b) indicates

the location of the cancerous duct.

(1)

R T TS e et

T

Figure 3.10: H&E-stained human breast tissue sections in (i) (a) normal and (i) (b)
malignant, imaged in the brightfield trans-illumination mode using a Nikon Eclipse 50i
microscope with a 40x objective lens and the CellCam Rana 200CR color CMOS camera.
Brightfield images of (ii) (a) normal and (ii) (b) malignant breast tissue stained with H&E,
(iii) (a) and (b) epi-fluorescence images with 462 nm excitation laser, of (ii) (a) and (b),
respectively, using the openFrame-based modular microscope with a 20x objective lens.
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3.4 Summary

We have presented the implementation of the affordable, modular, research-grade
microscope developed based on the open-source microscopy concept. The modular
microscope is built by assembling industry-grade optical, mechanical, and electronic
parts. The affordability and modularity of the components, together with the usage
of open-source software for hardware control and image analysis, make the sys-
tem maintenance easier. This openFrame-based microscope is shown to function in
both trans-illumination and epi-fluorescence modes. Our findings demonstrate the
research-grade imaging capabilities of the basic widefield microscope as well as its
potential for cancer research and clinical histopathology investigation, specifically

when imaging human glioblastoma cells and sections of human breast tissue.
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CHAPTER 4

Implementation of Stochastic Optical

Reconstruction Microscopy (STORM)

4.1 Introduction

As discussed already, achieving spatial resolution below 200 nm in conventional
optical microscopy is not possible due to diffraction. In recent times, advanced
microscopy techniques have evolved to overcome this limitation, achieving super-
resolution using visible light, known collectively as optical super-resolution mi-
croscopy (OSRM) techniques. OSRM has opened up new avenues for understanding
biological and physical systems at a resolution < 20 nm. Especially in cancer re-
search, OSRM has made significant contributions [10, [11], 12} [44], which is otherwise
not possible with conventional optical microscopes. Although indirect detection
techniques [52, B3] for cancers are also available, these techniques cannot show
structural alterations essential for early cancer detection, which is, however, only
possible with OSRM. Despite these advantages, the widespread adoption of OSRM
remains limited, particularly in the majority of hospitals, clinics, laboratories, and
research institutes, especially in regions like Asia and the Indian subcontinent, where
cancer related diseases are increasing at an alarming rate. A major barrier to the
widespread adoption of OSRM is the high cost [54] 55]. However, as outlined in the
Chapters 1| and [2, OSRM utilizing the stochastic optical reconstruction microscopy
(STORM) technique can be implemented easily with minimal changes to a conven-
tional widefield microscope, and by following the open-source approach, it can be
made more affordable compared to the other available OSRM techniques. In addi-
tion to affordability, it is also important to consider the feasibility of the technique

in hot and humid climates, typical of the Asian and the Indian subcontinent. Such
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climatic conditions pose significant challenges to both sample preparation, preser-

vation, and system performance, including the stability of optical and electronic
components. Therefore, it is essential to evaluate how a low-cost STORM system
performs under these challenges. In this chapter, we discuss the implementation
of easySTORM in the openFrame-based modular optical microscope. The chapter
comprises discussions on the image acquisition process, reconstruction process us-
ing the open-source ThunderSTORM plugin [56], image analysis in Fiji, and sample
preparation techniques optimized for STORM. In addition, we discuss the challenges
faced during the initial implementation of STORM and the resolution to overcome
them. Finally, the performance of the openFrame-based easySTORM system is
demonstrated by imaging quantum dots and then analyzing human cytoskeletal

structures with single-color and multi-color excitations.

4.2 Materials and methods

4.2.1 Experimental arrangement

Sample Plane
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open Frame
Layer for —» ‘
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movement
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Excitation — i
Layer i
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Layer i I
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Figure 4.1: A schematic of the openFrame-based modular microscope working as easyS-
TORM.
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To realize easySTORM, we use the openFrame-based modular microscope in the
widefield epi-fluorescence mode, as shown in Figure [1.1] The experiments demon-
strated here utilize the 405 nm, 462 nm, and 638 nm multimode diode lasers from
the microscope laser bank and the 1.3 NA objective lens (Plan Fluor 100x, Am-
scope). The combination of the lenses L1, L2, and the objective lens creates a
uniform illumination on the sample plane. Fluorescence emission from the sample is
collected by the objective lens and is transmitted through the DBS cube towards the
tube lens L3, which focuses the emission onto the camera (CellCam Centro 200MR)
after reflection from mirror M2. The combination of the tube lens (focal length of
200 nm) and the objective lens (focal length of 1.8 mm) results in a (1/111) times
demagnification of a camera pixel on the sample plane so that the camera pixel size

reduces to =~ 21.6 nm.

4.2.2 Acquisition of Images

As mentioned earlier, STORM requires the acquisition of thousands of widefield flu-
orescence images at a high excitation intensity. This high intensity laser illumination
drives the larger fraction of the excited fluorophores into the dark state and initiates
the blinking, which is essential for localization in STORM. Before proceeding with
the easySTORM image acquisition, the widefield fluorescence image of the sample
is first captured using the excitation intensity at the lowest available range (= 0.02
kW /cm?). Then the intensity of the laser is raised to its maximum (=~ 1.5 kW /cm?
for 638 nm excitation and ~ 1.25 kW /em? for 462 nm excitation on the sample plane
for biological samples) to initiate blinking. As soon as the blinking becomes sparse
(typically after 10 seconds of continuous excitation), the laser intensity is reduced
to < 0.75 kW /em? for 638 nm and < 0.7 kW /em? for 462 nm, and image frames for
STORM are acquired at about 33 fps with an exposure time of 30 ms per frame.
For reconstructing one super-resolved image, more than 10,000 image frames need

to be acquired.

4.2.3 Image reconstruction and processing

After acquiring the widefield images of the sample, the images are loaded into the
Fiji-ImageJ software. To do this, we go to the Bio-Formats — Bio-Formats Importer
— of the plugin and choose the stack of widefield images (acquired in the format

.ome or .tiff). Once the stack of images is chosen, the Bio-Formats Import Options
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Figure 4.2: A screenshot showing the Bio-Formats Plugin in the Fiji-ImageJ software to
load the stack of widefield images acquired during STORM image acquisition.

pop up, where the View stack option is kept as Standard ImageJ and the Stack order
is left in the default state, as shown in Figure [4.2l Finally, the stack of images gets

loaded into Fiji-ImageJ and is ready for image reconstruction and further processing.
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Figure 4.3: A screenshot showing the camera setup and the localization parameters inside
the Run analysis option in ThunderSTORM before running the reconstruction process.

For reconstruction of the super-resolved image from the loaded image stack, we
access the ThunderSTORM plugin from the Plugins list and select the Run analy-
sis option. The Run analysis allows setting of the camera parameters, localization
and fitting algorithms, filtering models, and display parameters required for recon-
struction. This includes setting the camera pixel size in the sample plane, analog-

to-digital (ADU) unit conversion, and background offset (base level), as shown in
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Figure As mentioned earlier, for our camera, the pixel size in the sample plane
is 21.6 nm, the ADU conversion ratio is 3.6 (from the camera specifications), and
the background offset is determined from the lowest greyscale intensity value in the
widefield fluorescence image. Other options, such as localization and fitting algo-
rithms, filtering, and visualization, are then set. These include Gaussian fitting of
the PSF using maximum likelihood estimation [57], wavelet-based image filtering

[58], and Average Shifted Histogram [59] for visualization.
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Figure 4.4: A screenshot of the reconstruction results in the ThunderSTORM presented
in a tabular format, along with a reconstructed image. Additional options, such as drift
correction, filtering and duplicate removal, can be applied at this stage before generating
the reconstructed image.

After setting the parameters in Run analysis, the image analysis tool is next
selected to display the reconstruction results in a tabular format, along with the
image, as shown in Figure[£.4] Once these results are displayed, the image is further
processed for the drift correction, using ThunderSTORM’s built-in drift correction
tool [57], before displaying the drift corrected reconstructed image. Additionally, at
this stage, if required, additional post-processing, such as duplicates removal and
filtering, can be applied to the reconstructed image using the appropriate options
already available in ThunderSTORM. Further processing and analysis of the recon-
structed image, such as pixel number to pixel distance calibration, ROI selection,

intensity line plots, pseudo-coloring, and combination of multi-channel images, are
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all performed in Fiji-ImageJ. The experimental arrangement includes a PC with

sufficient storage, RAM, and processing speed for STORM image reconstruction, as
STORM involves analyzing thousands of images. Here, we use a Dell OptiPlex 5080
equipped with 64 GB of RAM and a 2.90 GHz Intel® Core™ i7-10700 processor.

4.2.4 Preparation of samples

To demonstrate the easySTORM imaging with the modular microscope, we prepare
samples of carboxyl quantum dots (QDs), human bone marrow-derived mesenchymal
stem cells (MSCs), and human glioblastoma cells (U87MG cancer cells). In the

following, we provide a detailed description of the sample preparation steps.

Sample preparation for MSCs for single-color easySTORM (638 nm ex-

citation)

e Direct immunostaining of actin:
To prepare samples of fluorescently labeled actin in mesenchymal stem cells
(MSCs), we first acquire unutilized bone marrow aspirates from Guwahati
Medical College Hospital, India [55]. MSCs are extracted from these aspirates
following an identical process as previously reported [60]. MSCs are seeded
at a density of 5000 cells/cm? on glass coverslips coated with bovine-plasma
fibronectin (10 ng/cm?, Sigma Aldrich), and then they are left to adhere and
proliferate for 24 hours in a humidified CO5 incubator. Afterwards, the cells
are fixed with 4% formaldehyde in PBS for 20 minutes at room tempera-
ture after being cleaned with phosphate-buffered saline (PBS) that has been
preheated to 37°C. After fixation, the cells undergo two PBS washes, per-
meabilization with 0.1% Triton X-100 (Merck) in PBS for 15 minutes, and
again three washes with PBS. This is followed by blocking of the cells with
5% bovine serum albumin (BSA; Hi-Media) in PBS [61] and then incubation
at 4°C overnight. For staining the actin filaments, Phalloidin-Alexa Fluor
(AF) 647 (Invitrogen) is used [62]. To proceed with the staining, the incu-
bated blocked cells are treated in a 1:1000 dilution of Phalloidin-AF 647 in
5% BSA-PBS solution for an entire night at 4°C [61]. This process is referred
to as direct immunostaining [63]. The cells then undergo three washes with
2% BSA in PBS, followed by storing in PBS before mounting. For STORM

imaging, coverslips are placed on the glass slides using a buffer containing
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Mowiol based on PVA (MOWIOL 4-88 Reagent, 475904, Calbiochem) and 1%
p-mercaptoethanol (S-ME) (Himedia) as a blinking reagent [64]. The slides
are then incubated in an oven at 37°C for 24 hours and sealed with transparent
nail varnish before proceeding for single-color STORM. As we will see later,
in Section this incubation step is very useful in preserving the sample for

long term imaging.

Sample preparation for US87TMG cells for single-color easySTORM (638

nm excitation)

Direct immunostaining of actin:

To prepare sample slides of fluorescently labeled actin in USTMG cells, the
USTMG cell line is bought from the National Centre for Cell Science (Pune,
India). The cells are kept in a humidified CO5 incubator in high-glucose Dul-
becco’s Modified Eagle’s Medium with an addition of 10% fetal bovine serum
(FBS) to the medium. For staining purposes, cells are seeded at a density of
2000 cells/cm? on sterile glass coverslips and then cultured for 24 hours. Un-
like MSCs, which use 5% BSA-PBS during immunostaining, actin of US7TMG
cells is directly immunostained with Phalloidin-AF 647 diluted in a 1:1000
ratio in a 2% FBS-PBS solution (v/v). The post-staining steps are performed

following the same protocol as described earlier for MSCs.

Indirect immunostaining of tubulin:

To perform indirect immunostaining [63] of tubulin, USTMG cells are kept
under incubation for 24 hours at 4°C with a primary antibody (rabbit anti-
a-tubulin, Invitrogen) at a 1:750 dilution in 2% FBS-PBS. After washing the
cells twice with the blocking solution, fluorescently tagged secondary antibody
(donkey anti-rabbit IgG Alexa Fluor 647, Invitrogen) diluted at a 1:1000 in
the blocking solution is dropped onto the coverslips containing the cells and
allowed to incubate for the entire night at 4°C. The post-staining steps are

similar to those described earlier for MSCs.

Sample preparation for US8TMG cells for multi-color easySTORM and
dual-color imaging in easySTORM-widefield (638 nm, 462 nm, and 405

nm excitations)

TH-4095_196121101

Staining of actin-tubulin for 462 nm and 638 nm excitations:
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To perform multi-color easySTORM in actin-tubulin of US7TMG cells, first,
the tubulin of the USTMG cells is incubated with the primary antibodies as

discussed previously. After the primary antibody incubation stage, a 1:1 com-
bination of Phalloidin-AF 488 (for direct immunostaining of actin) and AF
647-conjugated secondary antibody (for indirect immunostaining of tubulin)
prepared in the blocking solution is dropped onto the coverslips and allowed
to incubate overnight at 4°C. The combination of the AF 488 and AF 647
fluorophores helps visualize both tubulin and actin within the sample. The
post-staining steps are similar to those discussed above. It should be noted
that a 1:1 volumetric ratio of the fluorophores helps maintain comparable la-
beling densities of actin (Phalloidin-AF 488) and tubulin (AF 647-secondary

antibody) and is not a strict physical requirement.

e Staining of actin-nucleus for 638 nm and 405 nm excitations:

To perform dual-color imaging in easySTORM-widefield, we stain actin of
US8TMG cells with Phalloidin-AF 647 for STORM and then stain the nucleus of
these cells with DAPI for widefield imaging. Following an overnight incubation
with Phalloidin-AF 647 and two washes with 2% FBS-PBS, cells are incubated
for five minutes at room temperature with DAPI, prepared in a 1:2000 dilution
in 2% FBS-PBS. Finally, two washes with 2% FBS-PBS and two washes with
PBS are performed before proceeding with the post-staining steps.

4.3 Initial challenges and their resolution

During the implementation of STORM, we encountered several practical challenges,
particularly in the initial stages of its implementation. This Section discusses the

key challenges faced and how they are eventually resolved.

4.3.1 Effect of sample mounting time on photobleaching of
the sample

Initially, we implement easySTORM to image sample slides of AF 647 stained actin

in MSCs. We notice that, on excitation with the 638 nm laser, the fluorophores in

the sample get photobleached quickly, surviving less than a minute. For example, we
show in Figures (i) and (ii) (a), the widefield fluorescence images of actin from
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@) (b) ( @

At time = 30 seconds

Figure 4.5: Widefield fluorescence images of two separate regions of actin stained with
Phalloidin-AF 647 in the MSCs sample, captured at time = 0 in (i) (a) when excited with
~ 0.2 kW/cm? and (ii) (a) when excited with ~ 1.5 kW /em? using 638 nm wavelength.
(i) and (ii) (b) are the widefield images corresponding to (i) and (ii) (a) after 30 seconds
and 5 seconds, respectively. (i) and (ii) (c) are widefield fluorescence images of two regions
of Phalloidin-AF 647 labeled actin from sample slides of USTMG cells when excited with
~ 0.2 kW/cm? intensity using 638 nm wavelength. (i) and (ii) (d) are the corresponding
easySTORM images reconstructed from images acquired for 50 seconds.

two separate regions on the same sample slide when the intensity on the sample
plane is ~ 0.2 kW/cm? and ~ 1.5 kW /em?, respectively. These two regions get
photobleached within 30 seconds and 5 seconds, as shown in their respective widefield
images in Figures|4.5| (i) and (ii) (b). The number of frames acquired for that much
time is insufficient to reconstruct a super-resolved image in STORM. Additionally,
we utilize STORM to image sample slides of AF 647 stained actin in the USTMG
cells using 638 nm excitation. In Figures (i) and (ii) (c), two widefield images
are shown corresponding to two separate regions from the same sample slide of
the US7TMG sample, when excited with a sample plane intensity ~ 0.2 kW /cm?.
The regions get photobleached after 50 seconds, and the number of imaging frames
acquired for this period is not sufficient to reconstruct a super-resolved image, as
shown in the Figures [4.5] (i) and (ii) (d) corresponding to Figures|4.5 (i) and (ii) (c),
respectively. Although we follow standard immunostaining and sample preservation
protocols as reported previously [44 61], these do not help to reduce the fluorophore
photobleaching in Mowiol supplemented with 3-ME, as evident in Figure [£.5] Later,
we find that the mounting time plays a pivotal role in keeping the sample preserved
for a longer duration of imaging. Initially, the samples are brought for STORM
imaging just after mounting the coverslips on the glass slides. However, as outlined

in the Section [4.2.4] we later leave the coverslips to dry at 37°C for 24-48 hours
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after mounting. Additionally, the coverslips, after getting sealed with nail varnish,
are kept at 4°C for 24-48 hours before imaging. Over the course of the STORM

experiments, we observe that these two steps reduce the photobleaching and preserve

the sample for an extended duration of image acquisition, for samples mounted in
Mowiol with S-ME.

4.3.2 Effect of temperature and humidity

Implementing STORM in high temperature and humid environments poses chal-
lenges to both technical procedures and the processes of sample preparation and
preservation. Higher temperatures cause thermal drift, accelerate buffer evapora-
tion, and promote microbial growth in the sample, while high humidity can lead
to condensation on optical components and degrade the performance of sensitive
electronics, like those in cameras and lasers. To ensure stable conditions during
the STORM experiments, we maintain the imaging laboratory at 23°C with rel-
ative humidity set between 35-45%. Additionally, the laser working temperature
is routinely monitored and matched to the laboratory temperature as outlined in
Chapter [3] Moreover, the process of sample preparation and preservation is carried
out following the appropriate protocols as described in Section [4.2.4]

4.3.3 Effect of camera exposure time

For recording a sufficient number of fluorophore blinking events during STORM im-
age acquisition, the exposure time of the camera is crucial. Without an appropriate
exposure time, the camera fails to record enough blinking, and thus, the resolution
in the reconstructed image is poor. We find that the exposure time of the camera
should be between 20-100 ms to acquire a sufficient number of blinking events for
both AF 647 and AF 488 in Mowiol with 5-ME. We therefore keep the exposure

time at 30 ms for optimum performance during the entire work.

4.4 Results

After resolving the initial challenges as discussed in the Section [4.3], we conduct sev-
eral experiments to demonstrate the performance of our openkFrame-based modular
easySTORM system.
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4.4.1 easySTORM imaging of QDs

We first chose to perform easySTORM in the modular microscope by imaging the
QD slide. A stack of widefield images of a region from the QD sample is acquired on
the camera by exciting with 462 nm laser beam, keeping the intensity 0.5 kW /cm?
on the sample plane. Figure (i) displays the widefield fluorescence image of
the QDs in (a) and the reconstructed super-resolved image of the same region in

(b). The reconstructed images in Figure (i) (c) highlight two magnified regions,
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Figure 4.6: A widefield fluorescence image of a selected region on the QD sample slide
(i) (a), as recorded on the camera, under 462 nm excitation and (i)(b) its corresponding
easySTORM image. Regions 3 and 4 from (i) (b) are magnified and shown in (i) (c). (ii)
Presents normalized intensity profiles across the PSFs in regions 1, 2, 3, and 4 from images
(i) (a) and (b).

denoted as 3 and 4 in Figure (i) (b). In Figure (ii) (1,2), the normalized
intensity plots of the raw data corresponding to the ROIs 1 and 2 in the widefield
fluorescence and their respective super-resolved images are shown. The average
FWHM measured from intensity line plots across isolated QQDs in Figure (i) (b)
is ~ 24.67+0.55 nm. Figures[4.6](ii) (3,4) display line plots of ROIs 3 and 4 in Figure
(i) (b) through the centers of two neighboring QDs. We see that two QDs, 70 nm
apart, are getting resolved in our implementation of the easySTORM microscope.
Additionally, we evaluate the localization precision of the QDs, defined as o/ VN
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(mentioned in Chapter [2)), where N denotes the number of photons detected per

emitter estimated from the camera image and o represents the standard deviation
of the fitted Gaussian PSF [38]. The mean localization precision, averaged over all

frames of the reconstructed image, is found to be ~ 10 nm, based on the results
given using ThunderSTORM.

4.4.2 Single-color easySTORM imaging of actin in human

bone marrow-derived MSCs

To show the utility of our easySTORM system in biomedical applications, we first
perform single-color easySTORM to visualize actin in MSCs tagged with Phalloidin-
AF 647, under 638 nm excitation. The excitation intensities on the sample plane
required for widefield imaging, blinking activation, and image acquisition are as
already outlined in the Section Figure (i) (a) is the widefield image of
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Figure 4.7: Actin in MSCs labeled with Phalloidin-AF 647 is excited with 638 nm
wavelength, and the camera captures (i) (a) the widefield fluorescence image, while (b) is
the corresponding easySTORM image. (ii) Gaussian-fitted normalized line profiles across
actin in regions designated 1, 2, 3, and 4 in (i) (a) and (b). The intensity profiles from
the widefield images have FWHMs ranging from 400 nm to 496 nm, whereas the super-
resolved images have FWHMSs between 55 nm to 77 nm.

an area on the sample slide, and its corresponding easySTORM image is seen in
Figure (i) (b). Normalized intensity line profiles labeled as 1, 2, 3, and 4 from
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the widefield and super-resolved images are shown in Figure [4.7] (ii). The FWHMs
of these line profiles fall between 400 to 496 nm in the widefield image and between

55 and 77 nm in the super-resolved image.

4.4.3 Single-color easySTORM imaging of actin and tubulin
in USTMG cells

To show the utility of our easySTORM microscope in cancer research, we perform
single-color easySTORM imaging of actin and tubulin in US7TMG cells. First, we
image Phalloidin-AF 647 labeled actin in US7TMG cells by exciting with 638 nm
laser. We keep the same excitation intensities on the sample plane, as outlined in the
Section [4.2.2] Figures[4.8| (i) (a) and (b) display the widefield fluorescence image of

(a) - (b)
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Figure 4.8: (i) (a) The widefield fluorescence image, and (i) (b) the corresponding easysS-
TORM image of actin in USTMG cells labeled with Phalloidin-AF 647 when excited with
638 nm wavelength. (ii) Normalized line profiles across actin along regions designated as
1, 2, 3, and 4 in the widefield fluorescence and super-resolved images.

an FOV on the sample and its reconstructed super-resolved image, respectively. For
the regions labeled as 1, 2, 3, and 4 in Figures 4.8 (i) (a) and the same regions in (i)
(b), the intensity line plots are presented in Figure[d.§|(ii). These line plots show that

the widefield fluorescence image lacks finer details compared to the super-resolved

23
TH-4095_196121101



Chapter 4: Implementation of Stochastic Optical Reconstruction Microscopy
(STORM)

image. The distance between two closely spaced actin in easySTORM images ranges

from 50 to 90 nm, which agrees well with previously reported data [40].

Next, we perform easySTORM on sample slides of tubulin stained with AF 647-
conjugated secondary antibody in USTMG cells by exciting at 638 nm. Figures (i)
and (ii) (b) show the reconstructed images of two distinct FOVs, and their respective
widefield fluorescence images are seen in Figures (i) and (ii) (a). Figures (i)
and (ii) (c) show two ROIs labeled as 1 and 2, from each of these widefield and
reconstructed images. Figures (i) and (ii) (d) show the respective intensity line
plots through the ROIs in Figures (i) and (ii) (¢). Line plots between two
tubulin structures in the reconstructed images show separations of 120 nm and 150

nm, respectively, revealing tiny structures not resolvable in the widefield images.

(d)
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Figure 4.9: Widefield fluorescence images of tubulin in USTMG cells tagged with AF 647
are displayed in (i) and (ii) (a), using a 638 nm excitation laser. (i) and (ii) (b) display
the corresponding reconstructed super-resolved images of these regions. (i) (c¢) shows the
magnified images of regions 1 and 2 from (i) (a) and (b), while (ii) (c) shows the magnified
views of regions 1 and 2 from (ii) (a) and (b). (i) and (ii) (d) show the normalized intensity
line profiles across the regions from (i) (c¢) and (ii) (c), respectively.
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(c) (d)

(1)

-
5 um

i) |8

Figure 4.10: Widefield fluorescence images of (i)(a) Phalloidin-AF 488 labeled actin
in USTMG cells (pseudo-colored green), excited with 462 nm wavelength and (i)(b)
secondary-AF 647 tagged tubulin (pseudo-colored red), excited with 638 nm wavelength.
(ii) (a) and (b) show the respective ThunderSTORM reconstructed multi-color super-
resolution images. (i) (c) and (d) display the widefield images of Phalloidin-AF 647 tagged
actin (pseudo-colored red) superimposed on DAPI stained nucleus (pseudo-colored blue),
(ii) (c) and (d) represent the respective reconstructed easySTORM images of actin super-
imposed with the respective widefield image of the nucleus from (i) (¢) and (d). Actin is
excited at 638 nm, and the nucleus is excited at 405 nm in (i), (c), and (d).

4.4.4 Multi-color easySTORM of actin-tubulin and dual-
color visualization in easySTORM-widefield of actin-

nucleus in USTMG cells

To illustrate our system’s multi-color OSRM capability utilizing easySTORM, we
image fluorescently tagged actin-tubulin in US87MG cells. Actin is labeled using
Phalloidin-AF 488 and excited with 462 nm laser, while tubulin is labeled using
AF 647-conjugated secondary antibody and excited with 638 nm laser. During
imaging, we set the excitation intensities for AF 488 and AF 647 in the desired
range, as mentioned in the Section [4.2.2] Figures[4.10] (i) (a) and (b) show widefield
fluorescence images of tubulin and actin structures, with tubulin pseudo-colored in
red and actin pseudo-colored green. Figures (ii) (a) and (b) show the respective
reconstructed images. Figure[1.10] (i) (a) and Figure[4.10] (ii) (a) show, in the insets,
the ROIs in the widefield and their corresponding easySTORM images, respectively.
It has been observed from the STORM image that tubulin fine structures coexist

with actin, which is otherwise not easily observed in the widefield image, where most
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of the image is primarily in green, indicating only the presence of actin. Similarly, a
different ROI in Figure [4.10] (ii) (b) indicates the presence of actin and tubulin fine
structures, which are not visible in the widefield image of Figure [4.10] (i) (b).

Additionally, we perform dual-color visualization of actin-nucleus in US7TMG cells

with easySTORM-widefield imaging. Actin (pseudo-colored in red) is stained with
Phalloidin-AF 647 and excited using 638 nm laser, nucleus (pseudo-colored in blue)
is labeled with DAPI and excited using 405 nm laser. The excitation intensities for
imaging AF 647 during STORM acquisition remain the same as described earlier,
while the widefield fluorescence images of the DAPI stained nucleus are captured
employing 405 nm with an intensity ~ 0.05 kW /cm? on the sample plane. Widefield
images of the two-color labeled actin-nucleus from two different regions are shown
in Figures (i) (c) and (d). Figures [£.10] (ii) (c) and (d) display the respective
easySTORM reconstructed images of actin merged with the widefield images of the

respective nucleus.

4.5 Summary

In this Chapter, we have presented the implementation of easySTORM-based OSRM,
using the openFrame-based modular microscope. The Chapter describes image ac-
quisition, reconstruction, and analysis workflows, along with sample preparation
protocols optimized for STORM. It also outlines the key challenges encountered
initially during STORM implementation and the resolutions to overcome them. To
validate the capabilities of the modular easySTORM system, we have performed
single-color imaging of QDs, fluorescently tagged actin, and tubulin in normal hu-
man cells and brain cancer cells. Further, the potential of our system has been
demonstrated in multi-color STORM imaging of actin-tubulin and two-color visual-
ization of actin-nucleus in brain cancer cells using STORM-widefield. The findings
presented in this Chapter indicate that the openFrame-based easySTORM micro-
scope is an affordable yet effective OSRM system that can work in hot, humid

environments of tropical climatic regions like the Indian and Asian subcontinent.
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CHAPTER 5

Effect of excitation and photoinduced recovery

intensity for resolution enhancement in STORM

5.1 Introduction

As discussed earlier, STORM imaging relies on a specialized environment (imaging
buffer) composed of chemical reagents that induce controlled fluorophore blinking
or photoswitching through redox chemistry [65, [66]. However, chemical interac-
tions among the reagents leading to buffer acidification, as well as high excitation
intensities, can degrade fluorophores, limiting blinking duration and reducing the
number of localizations and eventually degrading the resolution in STORM [67, 68].
Maintaining stability during imaging, therefore, requires suitable buffers and op-
timized illumination schemes. Semisolid antifading media composed of glycerol-
based Mowiol, supplemented with a thiol-based blinking reagent such as [-ME
(beta-mercaptoethanol), provide improved fluorophore stability, enable longer ac-
quisitions, and allow sample preservation for extended periods, as mentioned in
Chapter [d Despite this, prolonged excitation eventually drives fluorophores into
long-lived dark states, fundamentally limiting acquisition time and achievable res-
olution in STORM [61), 69, [70]. To restore sustainable fluorescence and blinking
in STORM, external strategies can be utilized, among which the photoinduced re-
covery technique is widely used. This technique employs ultraviolet (UV) or vi-
olet illumination to reverse long-lived dark states and restore the photophysical
activity of fluorophores, enabling them to take part in fluorescence and blinking
[21, B5]. While photoinduced recovery has been extensively studied in aqueous
imaging buffers [71], 72, [73], its effectiveness in semisolid media such as Mowiol

remains largely unexplored [74]. Here, using the openFrame-based modular easyS-
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TORM system, we study the influence of excitation (at 638 nm) and photoinduced
recovery (using 405 nm and UV) beam intensities on the blinking duration of AF 647
labeled biological samples mounted in Mowiol with S-ME. From these experiments,
we identify the optimized illumination intensity conditions in STORM that help to
sustain the blinking for extended durations, thereby enhancing the resolution in the
reconstructed images. Finally, we utilize these optimized illumination conditions in
STORM to compare the widths of cytoskeletal structures in human stem cells and

cancer cells.

5.2 Theory

5.2.1 Photoinduced recovery mechanism

@ hvuv /405
Blinking Reagent

Dissociation

Figure 5.1: Illustration of fluorescence recovery cycle utilizing the photoinduced recovery
mechanism.
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5.2 Theory

As mentioned earlier, stochastic blinking of fluorophores in STORM requires the
excited fluorophores to enter a dark state. However, the dark state fluorophores
are long-lived, and when all the fluorophores enter this state, the fluorescence is
eventually lost. In order to drive the fluorophores for continuous participation in
the fluorescence and blinking cycle, a recovery mechanism using external means is
needed. Photoinduced fluorescence recovery is such a mechanism in which illumina-
tion with specific wavelengths triggers the dark state fluorophores to recover their
fluorescence state [75], [76].

In Figure 5.1, a schematic of the photoinduced recovery process of a fluorophore
or a fluorescent molecule from its dark state in the presence of a photoinduced re-
covery beam is shown. The molecule in its singlet ground state (E,) transits to an
excited singlet state (E;) by absorbing a photon from the excitation beam (hv,.),
from where it emits fluorescence (hv.,,) (at an interval of the order of nanoseconds).
There is a possibility that a few fluorophores may undergo an intersystem crossing
from E; to a triplet state (T) and then non-radiatively return to E, within mi-
croseconds interval [77]. In the presence of a blinking reagent, like 5-ME, which is
normally a reducing agent, some fluorophores enter into the long-lived dark state
(D) via T. There is also a certain probability that the excited fluorophores may
enter into the D state directly, in the presence of the blinking reagent. Once a
molecule reaches the dark state, it can take time from milliseconds to minutes to
even hours for this molecule to undergo non-radiative relaxation back to E, [78],
interrupting the continuous fluorescence emission. During the E, - E; — T — D
— E, cycle, fluorophores display random fluorescence blinking events [36], [79]. Any
research-grade camera tuned to capture images with millisecond exposure mostly
detects continuous fluorescence emission and seldom detects fluorescence blinking
at low excitation intensities [80, [8I]. It is necessary to increase the excitation in-
tensity to produce noticeable blinking [74]. However, under strong excitation, over
time, the fluorophores accumulate significantly in the D state and eventually the E,
— E; = T — D — E, cycle stops [82]. To restore this cycle immediately and to
sustain the blinking process during excitation, the photoinduced recovery beam at
405 nm or UV wavelengths needs to be employed. In our work, it is observed that
continuous excitation of AF 647 at 638 nm leads to a reduction in the fluorescence
intensity as the AF 647 moves into the dark state (D). When exposed to hv,, /405,
the molecules in D state transition into an excited reduced dark state (Dx). They

then return to the fluorescence emission cycle E, - E; — T — D — Dx — E, after
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non-radiatively relaxing from Dx and continue blinking [83] within the fluorophores’

photobleaching threshold [76], before experiencing permanent photodamage [84) [85].

5.3 Materials and methods

5.3.1 Experimental Arrangement

uv
Source

_T'___Sample Plane
1 Objective Lens
1

M7
. DBS
A
Tube Lens
Laser Bank
L2
Camera
|1 FCA2 M8 r

w—T Q

L1 FCA1 Fibre Cable

Figure 5.2: A schematic of the experimental setup showing the optical elements, illumi-
nation sources, sample plane, and detector.

To demonstrate experimentally, we use our openkFrame-based modular micro-
scope in the widefield epi-fluorescence mode, as shown in Figure |5.2l Here, we use
the 638 nm and the 405 nm lasers from the laser bank. The DBS, the camera
(monochrome), the tube lens, and the objective lens remain the same as mentioned
in Chapters [3] and ] Additionally, we utilize an external, low-cost broadband UV
lamp (350-380 nm) (108879, Farnell InOne) and position it above the sample plane
to realize a flexible configuration for microscopes that lack a 405 nm laser or spe-
cialized optics for the same. Power densities on the sample plane range from 0.02
to 0.8 kW/cm? for the 405 nm laser and 0.2 to 1.3 kW /cm? for the 638 nm laser.
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In contrast, the external UV lamp provides a stable intensity of ~ 0.10 mW /cm?
on the sample plane. To acquire the widefield images, the camera exposure period
is kept at 30 ms, while reconstruction of the acquired images is performed, utilizing

ThunderSTORM, with similar reconstruction parameters, as outlined in Chapter [4]

5.3.2 Sample preparation

Sample preparation to study resolution enhancement in STORM utilizing

photoinduced recovery

To demonstrate the resolution enhancement in STORM utilizing the photoinduced
recovery technique, we prepare microscope sample slides of USTMG cells by following
a similar sample preparation procedure as mentioned in Chapter [ The sample
preparation mainly involves direct immunostaining of actin in USTMG cells with

Phalloidin-AF 647 fluorophores and mounting in Mowiol supplemented with 5-ME.

Sample preparation for comparing widths of cytoskeletal elements in
MSCs, US87TMG cells, and MDA MB 231 cells

To compare the widths of cytoskeletal structures (i.e., actin), we prepare separate
samples of directly immunostained actin with AF 647 in three types of biological
cells, MSCs, USTMG cells, and MDA MB 231 cells (breast cancer) [86]. A similar

sample preparation process is followed for these cells, as outlined in Chapter [4]

5.4 Illumination schemes for photoinduced recov-

ery

To observe resolution enhancement in STORM utilizing photoinduced recovery beams,

four distinct illumination schemes are employed.

Scheme-A
The 638 nm beam is used to excite the sample, and the resultant fluorescence is

recorded on the camera till the fluorescence intensity matches the background.
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Scheme-B

After turning on the 638 nm laser, the sample’s fluorescence is recorded until it
decays and matches the background level. At this point, the fluorescence is revived
by switching on the recovery beam, and the fluorescence is recorded until it reaches

the background again.

Scheme-C

The 638 nm excitation and the photoinduced recovery beams are switched on simul-

taneously, and the fluorescence is recorded until it drops to the background level.

Scheme-D

After turning on the 638 nm excitation, fluorescence is recorded until it drops to the
background. At first, the recovery beam is switched on for about a second, and the
fluorescence is collected until it reaches the background once again. As soon as it
drops to the background, the recovery beam is switched on again (for one second).

The cycle is continued until the fluorescence emission fades away completely.

5.5 Results and discussion

5.5.1 Detection of background fluorescence without pho-

toinduced recovery
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Figure 5.3: (a) The variation in the mean normalized background signal under Scheme-
A illumination, as the excitation intensity increases. Using a 405 nm recovery beam, the
variation of the normalized fluorescence signal with time under (b) Scheme-B illumination
and (c) Scheme-C illumination.
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Before employing the photoinduced recovery, it is important to quantify the
background signal arising from the sample at different excitation intensities, so
that its contribution can be appropriately accounted for during the experiments.
Accordingly, a sample slide of Phalloidin-AF 647 stained actin in USTMG cells is
illuminated under Scheme-A, and fluorescence emission of the sample is recorded.
We then search for a region on the slide where there is no fluorescence emission from
AF 647 dyes, but there are only redundant emissions, recorded as the background
fluorescence. The intensity of the 638 nm excitation beam in the sample plane is
varied from ~ 0.2-1.3 kW /em? and the changes in the background fluorescence sig-
nal at different excitation intensities are recorded. It is observed that the intensity
of the background fluorescence increases almost linearly with the increase in the
excitation beam intensity, as seen in Figure (a). This observation implies that
at any given power of the excitation beam, the sample without the AF 647 dyes

generates a background fluorescence.

5.5.2 Photoinduced recovery with 405 nm

After measuring the background emission, we employ the illumination Schemes B
and C with 638 nm as the excitation wavelength and 405 nm as the recovery beam
by choosing an area on the same sample slide where we observe fluorescence. For
Scheme-B, the fluorescence signal first increases before rapidly decaying to the back-
ground. At this point, the 405 nm recovery beam is turned on, due to which the
fluorescence recovers and it rises momentarily, as shown in Figure [5.3] (b), before de-
caying back to the background level. For Scheme-C, both lasers are simultaneously
switched on as shown in Figure (c), causing an initial rise in the fluorescence
that decays quickly to background.

The effects of the excitation and recovery beam intensities on the fluorescence
duration utilizing Scheme-B are then systematically examined. We change the in-
tensity of the 405 nm recovery beam from 0.04 kW /cm? to 0.8 kW /cm? and maintain
the 638 nm excitation at a constant value. For each measurement, a fresh region
on the sample is selected, and the experiments are repeated at excitation intensity
values of 0.5, 0.75, 1, and 1.3 kW /cm?, to record the fluorescence duration for each
intensity. According to the bar plot in Figure [5.4] (a), the fluorescence blinking
duration is the longest when the 405 nm beam intensity is between 0.04 and 0.1
kW /cm?, with an ideal excitation intensity of ~ 0.5 kW /cm? from the 638 nm laser.
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Figure 5.4: (a) Bar plots, depicting the time of the total fluorescence signal due to
four intensity levels of the 638 nm laser under Scheme-B illumination, when the 405 nm
recovery beam intensity is increased from 0.04 kW /cm? to 0.8 kW /cm?. (b) Bar plots for
the total fluorescence signal duration, under both Scheme-B and Scheme-C illumination,
when the 405 nm recovery beam is kept at 0.04 kW /cm?, and the intensity of the 638 nm
laser is increased from 0.2 kW /cm? to 1.3 kW /ecm?. The position of the blue bar in (a)
indicates the 405 nm intensity, while the violet bar in (b) denotes the 638 nm intensity
for each bar group.

Subsequently, the fluorescence blinking times for Schemes B and C are evaluated by
varying the 638 nm excitation beam from 0.2 to 1.3 kW /cm?, keeping the 405 nm
recovery beam at 0.04 kW /cm?. Analysis of the fluorescence signal periods from the
experiments reveals that Scheme-B offers a longer blinking duration than Scheme-
C. As seen in the bar plot of Figure (b), the ideal intensity level of the 638 nm
laser is ~ 0.5 kW /cm? (indicated by red color bars). Scheme-D is then employed
to further investigate the fluorescence recovery while varying the 638 nm excitation
intensities on the sample plane. For each excitation intensity at 638 nm, as soon
as the fluorescence decays to the background level, the 405 nm beam is briefly acti-
vated (= 1 second), producing a sudden spike in the fluorescence, which eventually
fades. The brief activation of the 405 nm is repeated as soon as the fluorescence
fades away. This momentary activation of the 405 nm at brief intervals is continued
until there is no further fluorescence detected on the camera. In Figure[5.5] we show
the variation of the normalized fluorescence intensity with time, for a range of exci-
tation intensities and for different photoinduced intensity levels. The inset of each
plot shows the fluorescence spikes at 2 minute intervals. It is observed from a series
of experiments using Scheme-D that the frequency of the spikes rises as the strength

of the excitation increases. The number of frames acquired through Scheme-D is

64
TH-4095_196121101



5.5 Results and discussion

(a) 0.04 kW/cm* at405nm (b) 0.25 KW/cm® at 405 nm
638 tm | — — — — — I

7 switched on I | -
momentary

switching on I
of 405 nm S LL———-[L—I L-‘-I

-
=

Normalized Intensity
=
tn

Normalized Intensity
=
tn

0.0 e | 0.0 T 1
0.0 15.0 iy minutes 30.0 0.0 10.0 i minutes 20.C
(C) 0.6 kW/cm* at 405 nm (d) 0.8 KkW/cm?® at 405 nm
1.0 1 1.0 1

r

Nomnalized Intensity
(=]
th

=
=
Normalized Intensity
=]
tn

&
=

tne 5.0 . 50 lme
i minutes m minutes

=
=
=
=

Figure 5.5: With the 405 nm laser intensity in the sample plane set to (a) 0.04 kW /cm?,
(b) 0.25 kW /cm?, (c) 0.6 kW/cm? and (d) 0.8 kW/cm?, the net fluorescence intensity
variation over time under Scheme-D illumination.

similar to that of Scheme-B. However, Scheme-B is more useful and effective than
Scheme-D for extending fluorescence blinking duration, as Scheme-D requires the
camera to be activated at the exact instant of peak fluorescence emission, which is
more complicated to achieve. Further switching the recovery beam on and off at
quick intervals, as shown in Scheme-D, requires additional arrangement. Thus, it
can be concluded that Scheme-B is the most efficient illumination scheme, with 0.5
kW /cm? as the excitation intensity on the sample plane at 638 nm while keeping
405 nm recovery intensity at 0.04 kW /cm?.

For the experimental demonstration, we perform easySTORM imaging of AF
647 labeled actin in US87TMG samples. The experiments are performed utilizing
Schemes A and B, with the 638 nm intensity at 0.5 kW /cm? and 405 nm recovery at
0.04 kW /cm? on the sample plane. At first, a widefield fluorescence image (pseudo-
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Figure 5.6: (i) (a) The conventional widefield fluorescence image, (b) the corresponding
super-resolved image reconstructed with Scheme-A illumination, and (c) a super-resolved
image reconstructed with Scheme-B illumination of Phalloidin-AF 647 labeled actin in
USTMG cells, excited at 638 nm. (ii) (a-c) are the line plots for the regions designated as
1in (i) (a-c).

colored in red) of an area on the sample is captured and is seen in Figure [5.6] (i) (a).
This is followed by capturing 8000 frames containing blinking events using Scheme-
A and then capturing an additional 12,000 frames after fluorescence recovery using
Scheme-B for the same area. Overall, the number of imaging frames increases by 2.5
times due to the application of Scheme-B, compared to Scheme-A. Figures (i)
(b) and (c) display the super-resolved STORM images (pseudo-colored in red) from
the original 8000 frames and from the overall 20,000 frames, respectively. It is seen
in the inset images that actin, which is indistinct in the widefield image and barely
gets resolved in Scheme-A, is well resolved after the use of Scheme-B. In Figure [5.6
(ii) (a-c), line plots of normalized intensity across closely spaced actin (ROI 1 in
each image) show that fluorescence recovery has improved resolution, enabling the

detection of filaments at 60 nm apart.

5.5.3 Photoinduced recovery with UV

We then perform photoinduced recovery using the external UV source. To proceed
with the experiments, a sample slide of AF 647 labeled actin in USTMG cells is

placed on the sample plane. Using the 638 nm laser as the excitation beam, we first
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Figure 5.7: (a) The normalized fluorescence signal change over time under Scheme-B
irradiation with a UV recovery beam. Bar plots illustration showing the time of the entire
fluorescence signal as the 638 nm laser intensity rises from 0.2 kW /cm? to 1.3 kW /cm?
under (b) Schemes A and B illumination and (c) Schemes A and C illumination, while
utilizing the UV recovery beam.

implement the illumination Scheme-B and measure the period of the fluorescence
signal. As displayed in Figure (a), the switching of the 638 nm laser causes
the fluorescence signal to spike first before progressively decaying to the background
level. At this moment, the UV source is switched on to recover the fluorescence,
which eventually fades into the background. We also measure the duration of the
observed fluorescence blinking on the camera for each excitation intensity as it in-
creases from 0.2 kW/cm? to 1.3 kW /cm ? under Schemes A and B. According to
the bar plot in Figure (b), the duration of fluorescence blinking under Scheme-B
(red color) is the longest at an excitation intensity of ~ 0.2 kW / cm 2. Additionally,
we measure the total observed fluorescence time under Scheme-C (green color) at
different levels of excitation intensity and compare them with Scheme-A (sky blue
color), as shown in the bar diagram of Figure [5.7] (¢). It is evident from Figures
(b) and (c) that the use of the UV recovery source yields similar results to those
obtained with the 405 nm beam and Scheme B, thereby providing the maximum
fluorescence duration. We then perform easySTORM imaging of a sample slide of
AF 647 tagged actin in USTMG cells using the optimized scheme for fluorescence re-
covery. At first, an area of the sample slide is excited under Scheme-A and captures
5,800 image frames with noticeable blinking. The same area is subsequently illumi-
nated with the optimized Scheme-B, resulting in the acquisition of a total of 17,000
imaging frames. Figures (a) and (d) show the reconstructed super-resolved im-
ages (pseudo-colored in red) of the same sample area from these 5,800 and 17,000

frames, respectively. We then compare the resolution of the reconstructed images in
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Figure 5.8: easySTORM reconstructed image of AF 647 labeled actin in US7TMG cells
(a) under Scheme-A illumination and (d) under Scheme-B illumination with an external
UV source. Two super-resolved images, Image 1 and Image 2, are shown in (b) and (e).
Each of these two is reconstructed by extracting separate image stacks for the regions
designated as 1 in (a) and (d), respectively. The Fourier Ring Correlation method is
used to determine image resolution for region 1 in (b) and (e) using correlation vs spatial
frequency plots in (c) and (f), respectively.

Figures|5.8| (a) and (d), using the Fourier Ring Correlation (FRC) approach [87, 8§].
As a requirement of the FRC analysis, at first, two distinct super-resolved images
of region 1 in Figure (a) are reconstructed by dividing the 5,800 image frames
into two random stacks. The reconstructed images are shown as Image 1 and Image
2 in Figure (b). By plotting correlation versus spatial frequency using the FRC
plugin in Fiji-ImageJ (https://imagej.net/plugins/fourier-ring-correlation), the res-
olution at the cutoff spatial frequency is determined as shown in Figure (c).
The resolution is measured as the inverse of the cutoff frequency, where the FRC

plot intersects the threshold line (1/7 of the correlation peak) [89]. A resolution of
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dmin = 168 nm is obtained. We also reconstruct another two super-resolved images,
shown as Image 1 and Image 2 in Figure (e), from the same region 1 in Figure
5.8 (d), following the same steps and then repeating the FRC analysis. The plot in
Figure (f) indicates d,,;,, = 112 nm, suggesting an improvement of 56 nm with
Scheme-B. These results confirm that photoinduced fluorescence recovery of AF 647
fluorophores in Mowiol with 5-ME can also be accomplished with an external UV
source without the need for a separate laser and specialized optics required to deliver

the recovery beam.

5.5.4 Spectroscopic studies to confirm photoinduced recov-

ery effect

In Section we discussed about excited fluorophores entering a dark state in the
presence of a blinking reagent. To verify the dark state formation for AF 647 fluo-
rophores in the presence of 5-ME only, we carry out additional experiments. First, a
specimen slide of Phalloidin-AF 647 in S-ME only is considered on the sample plane
of the microscope. Utilizing the 405 nm recovery beam and the optimized settings
for Scheme-B, the sample slide is illuminated. As seen from the plot in Figure [5.9
(a) of net fluorescence intensity (along with blinking) as a function of time, after
~ 5 minutes of 638 nm excitation of the sample, the fluorescence signal drops to
the background level. However, upon application of the 405 nm recovery beam, the
blinking duration increases by an extra 5 minutes. Another specimen slide that has
Phalloidin-AF 647 in $-ME alone is also illuminated under Scheme-B using the UV
source. As seen in Figure (b), switching the UV lamp on after the fluorescence
decays on 638 nm excitation causes the fluorescence blinking to recover and lasts
for &~ 12 minutes, which is limited to ~ 5 minutes without the UV beam.

For the second experiment, we prepare another slide containing Phalloidin-AF
647 in S-ME only and record the absorption spectra using a UV-VIS-NIR spec-
trophotometer (Lambda 950, Perkin Elmer). The recorded absorption spectrum
against wavelength is shown in Figure (c). After irradiating the same slide with
the 638 nm laser at 0.5 kW /cm? for roughly 5 minutes, we again record the absorp-
tion spectrum (i.e., the red curve). Following irradiation with 638 nm, it is noticed
that the absorption peak at 638 nm falls and a new peak appears at around 400 nm.
This observation is in line with the previous reports observed with AF 488 and the

cyanine dyes [21) 34, 35]. Our spectroscopic analysis hints at the formation of the
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dark state of AF 647 in -ME under 638 nm excitation. It also indicates that the
enhancement in the photoswitching of AF 647 is due to the dye itself in presence of

the blinking reagent as the molecule undergoes the E, - E; - T — D — Dx —
E, cycle, as discussed in Section and is independent of the buffer medium or

biological structure.
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Figure 5.9: Plots of fluorescence emission during blinking of Phalloidin conjugated-AF
647 dye in 8-ME alone, from a microscope slide, with optimized parameters using (a)
Scheme-B with a recovery beam at 405 nm and (b) Scheme-B with a recovery beam from
an external UV lamp. (c) Phalloidin-AF 647 dye absorption spectra in S-ME alone, both
before and after 638 nm laser irradiation.

5.5.5 Comparing cytoskeletal structures in human stem and

cancer cells utilizing easySTORM

Following the optimization of photoinduced recovery and excitation intensities, the
optimized parameters (Scheme-B) are subsequently applied to image cytoskeletal

structures for comparison of their widths in human stem and cancer cells.

Comparison of actin widths in MSCs, US87TMG cells and MDA MB 231

cells

In the first experiment, we compare the width of actin present in specimen slides
of MSCs, USTMG, and MDA MB 231 cells. Figures [5.10] (i) (a-c) show the wide-
field fluorescence images (pseudo-colored in red hot) of actin from different FOVs
corresponding to specimen slides of MSCs, US8TMG cells, and MDA MB 231 cells,
respectively. Figures[5.10] (i) (a-c) display the respective STORM images (pseudo-
colored in red hot). The intensity line plots across the ROIs 1, 2, and 3 in the
widefield and their corresponding reconstructed images are shown in the Figures
b.10] (iii) (a-c), respectively. The FWHM measurements obtained from these line
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Figure 5.10: Results for actin in MSCs, US7TMG, and MDA MB 231 cells are shown in
columns (a), (b), and (c), respectively. The widefield images are displayed in (i), while
the associated super-resolved images obtained using easySTORM are shown in (ii). The
combined intensity line plots from regions of interest 1, 2, and 3 chosen from both widefield
and STORM images of actin are shown in (iii), where the orange plot denotes STORM
and the blue plot denotes widefield. (iv) displays histogram plots that show the frequency
distribution of actin widths in each easySTORM image, based on 100 selected regions per
image. Measured values are in mean+SD. SD corresponds to standard deviation.

plots indicate that the ROIs 1, 2, and 3 in the STORM images exhibit widths of 120

nm, 80 nm, and 65 nm, respectively. In contrast, the actin is not distinctly resolved
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in the corresponding widefield images. To gain further insights, 100 randomly se-
lected ROIs from Figures[5.10] (i) (a-c) are analyzed. Based on the FWHM data, the
average actin width in these ROIs is found to vary between 300 and 700 nm. Anal-
ysis of the corresponding ROIs in their respective STORM images in Figures
(ii) (a-c), reveals a substantial improvement in resolution, with average actin widths
estimated to be 101430 nm for MSCs, 814£20 nm for USTMG cells, and 77+23
nm for MDA MB 231 cells. The width distributions obtained from the STORM
measurements are presented as histograms in Figures [5.10] (iv) (a-c), revealing the
frequency of occurrences as a function of the widths. For MSCs, USTMG and MDA
MB 231 cells, the frequently occurring actin widths are between 84-105 nm, 67-83
nm, and 70-89 nm, respectively. These results suggest that the actin in MSCs is
significantly thicker than that of the US7TMG and MDA MB 231 cells. From the
FWHM study, the minimum actin widths for MSCs, US7TMG, and MDA MB 231
cells are found to be approximately 42 nm, 35 nm, and 32 nm, respectively. Addi-
tionally, we observe that actin width does not significantly differ across individual
cells of the same kind, as per STORM measurements taken across 5-10 cells per
cell type. This implies that there is low structural heterogeneity within each cell
type, while clear differences are evident between cell types. Besides, it has already
been demonstrated with electron microscopy that actin filaments aggregate using
special binding proteins, with each aggregation or group containing anywhere from
a few to thousands of filaments within a cell [90]. Studies with electron microscopy
have also revealed that the cross-sectional diameter of a single actin filament is ap-
proximately 7 nm [91]. Our results using easySTORM imaging indicate that the
different groups of actin filaments are likely to be accountable for the varying width
of actin (actin bundles) as seen in MSCs, US7MG, and MDA MB 231 cells. More-
over, cryo-electron microscopy has shown that, depending on the kind of binding
protein and the filament structural organization, the distance between two parallel
actin filaments can vary from 11 to 36 nm [90]. By utilizing these interspacing data
and width estimations from our easySTORM, we find that each actin bundle in
MSCs has roughly 3-6 filaments. In contrast, bundles in US7TMG and MDA MB 231
cells have approximately 2-5 filaments. These measurements highlight the variabil-

ity in actin organization in terms of the thicknesses among the above cell types as
observed in STORM imaging.
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5.6 Summary

We present a comprehensive experimental investigation of the photoinduced recovery
mechanism in fluorescence and blinking behavior of excited AF 647 fluorophores
during their dark state formation in Mowiol with S-mercaptoethanol, utilizing the
modular easySTORM microscope. The experiments involve the use of different
illumination schemes, utilizing a 638 nm laser excitation and a 405 nm laser or a
UV source as the recovery beam. It has been observed that, using the optimized
illumination parameters, significant extension in fluorescence duration and blinking
can be achieved, resulting in a higher number of imaging frames and subsequent
increase in single molecule localization accuracy. This improvement significantly
enhances the resolution, enabling the observation of closely spaced actin filaments in
brain cancer cells (USTMG) that are otherwise indistinguishable using conventional
illumination in STORM. Further, we observe that utilizing the low-cost handheld
UV source as the recovery beam reduces the system complexity and cost, while

maintaining comparable performance to a 405 nm laser.
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CHAPTER O

Dynamic modulation of illumination in STORM
and Combining STORM with beam scanning

microscopes

6.1 Introduction

In STORM, the beam optics determines the extent of the illumination, which typi-
cally follows a Gaussian intensity profile. This limits precise control and modification
of the spatial extent of excitation in the sample plane. As a result, regions outside
the intended region of interest (ROI) may get illuminated. Since STORM requires
high excitation intensities and prolonged illumination, any unintentionally exposed
regions outside the user-defined ROI will not be available for future STORM imag-
ing due to photobleaching of the fluorophores. Existing approaches, such as placing
apertures conjugate to the sample plane, can restrict the illumination area but are
limited to fixed profiles and lack the flexibility to generate arbitrary or user-defined
dynamically modulated patterns [92]. Moreover, the existing illumination approach
in STORM prevents differential intensity control across multiple regions, within
a field of view (FOV), with varying fluorophore densities, resulting in fast photo-
bleaching of sparsely labeled areas compared to the dense areas. As mentioned
earlier, STORM imaging is associated with the blinking behavior of fluorophores,
which must be adequate to reconstruct the super-resolved image. Failure to meet
this condition will result in only a widefield fluorescence image. For such a sample, it
may be possible to acquire a high-resolution image using beam scanning techniques
such as confocal or image scanning microscopy (ISM); however, ensuring exactly
the same ROI is not possible, unless the STORM setup and the scanning micro-

scope share the same sample stage and objective lens. Spatially modulated light has
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been used in multiple microscopy techniques [7, 03, 04, O5], although its integration
with widefield single molecule localization microscopy, like STORM, remains unex-
plored. In this Chapter, we introduce a novel programmable illumination method
to control the spatial extent and intensity of the illumination area in the sample
plane by employing a liquid crystal spatial light modulator (LCSLM) based assem-
bly in the excitation beam path. This enables spatial modulation of light [92], thus
controlling the position, shape, and intensity of the illumination patch. We name
the new STORM imaging scheme as piSTORM (i.e. programmable illumination in
STORM) [81]. In this Chapter, we also demonstrate another novel imaging approach
that combines excitation beams from STORM and beam scanning techniques and

is directed towards a single objective lens and sample stage.

6.2 Programmable control of the illumination beam

profile

To create programmable illumination patterns on the sample plane of the micro-
scope, we holographically modulate the complex amplitude of the light beam on
the hologram plane in the excitation path, which is made optically conjugate to
the sample plane of the microscope. Below, we first describe the theory behind
programmable illumination control and its implementation in the openFrame-based

modular microscope.

6.2.1 Holographic modulation of the light beam

Let A, (x,y)e™™®¥) where (r,y) denote the transverse coordinates in the hologram
plane, be the complex amplitude profile of the illumination beam to be generated.
Here, A,(x,y) takes values in the range [0,1] and «(z,y) represents the overall
phase. We utilize a computer generated holography technique [92, 96] to achieve
the generation of a user-defined complex amplitude profile. The transmittance (or

reflectance) value of the binary hologram (7},(x,y)) can be obtained as,

1, ifa(z,y) <% and r,(z,y) < An(z,y)
Th($7y> = ’ (61)
0, ifa(z,y)>7
5
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(a) (b) (c)

Figure 6.1: (i) (a-c) display the expected illumination patterns and (ii) shows the typical
binary holograms corresponding to (i) (a-c), which, on illumination with a laser beam,
should give rise to diffracted orders carrying the information of the illumination patterns

(i) (a-c).

In the above, r,(z,y) represents a uniform random number with values in the range
[0,1], which is generated independently at each coordinate (x,y) of the hologram
plane. The phase term is defined as a(x, y) = mzx+m,y, with (m,, m,) representing
X and Y tilts of the generated beam. The binary hologram T}, thus computed can be
sent to the LCSLM display panel. When the LCSLM displaying the binary hologram
is illuminated with a collimated laser beam, (+1, 0 and -1) diffraction orders are
produced. The angular position of the +1 diffraction order depends on the values
(mg, my) that can be adjusted in real time using the computer interface, allowing
dynamic beam steering. By selecting appropriate values of (m,, m,), the +1 order
beam can be focused at the center of an iris diaphragm, which blocks the other two
orders, thereby isolating the one order beam. The +1 order beam, representing the
illumination beam, is then relayed on to the sample plane of the microscope to result
in an intensity profile, I,,(¢,n) = |A.(¢,n)|?, where ((,n) = (Mz, My) and M is the
demagnification factor between the LCSLM plane and the sample plane.

We demonstrate the computation of user-defined binary holograms, to generate
three different illumination beam patterns, as shown in Figures (i) (a-c), where
the white portion has I,, = 1, and the dark portion has I, = 0. The typical binary

holograms to create such illumination beam patterns are shown in Figures (ii)
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(a-c).

6.2.2 Experimental arrangement
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Figure 6.2: Schematic of the experimental setup. The hologram displayed on the LCSLM
panel diffracts the excitation beam in different orders, of which the +1 order is isolated and
relayed to the sample plane. The +1 order beam carries information on the user-specified
illumination pattern.

The schematic of the experimental arrangement is shown in Figure|6.2] To excite
the sample, the 638 nm multimode diode laser is used. The lens L2 collimates the
emergent beam from the fibre coupler adapter FCA2 to be incident on an LCSLM
(LC-R 720, HOLOEYE) display consisting of 1280x768 pixels. The LCSLM is

connected to a PC, where the binary hologram is computed. After being incident
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on the hologram, the beam diffracts into 0, -1, and +1 orders. Lens L3 focuses these
diffraction orders onto the iris diaphragm, ID2, which allows only the 41 order
beam to pass through, towards lens L4 to be incident on the microscope objective
lens (OL) (UPlanSApo, 1.40 NA, 100x oil immersion, Olympus). Lens pairs (L3,
L4) and (L5, OL) are arranged in such a way as to make the LCSLM and sample
planes optically conjugate. The imaging part of the microscope remains unchanged
and the same as earlier Chapters. We observe that the excitation intensity in our
arrangement has been reduced to ~ 6 % after the LCSLM assembly, primarily due
to the overall effects of limited diffraction efficiency of the binary hologram and
optical losses. One can instead use a blazed grating hologram to raise efficiency >
10 times. Additionally, there are low-cost high power (=~ 8 W) compact diode lasers
available or fluorophores such as iFluor 647 that require very low excitation power
[44], and can be used to compensate for these losses. To be noted, the LCSLM
display supports real-time update of the hologram at a rate of at least 30 fps. The
hologram display can be synchronized with the camera acquisition to enable real-
time hologram updates or toggling between multiple illumination patterns during

image capture.

6.2.3 Image acquisition and reconstruction

To record widefield fluorescence images, illumination intensities in the range 1-5
W/cm? at 638 nm are maintained on the sample plane. For STORM image ac-
quisition of the same regions, the excitation intensity is subsequently increased to
activate fluorophore blinking and is maintained in the range of 150-200 W/cm? on
the sample plane. For super-resolved image reconstruction, approximately 20,000
image frames are acquired using the camera at a rate of 30 fps for each region un-
der an illumination pattern. The image reconstruction and analysis are performed,

following the same reconstruction parameters and procedures described in Chapter

4l

6.2.4 Sample preparation for programmable illumination

At first, we utilize a fluorescent slide (92001, autofluorescent plastic slide, Chroma
technology) as the sample for the proof of concept programmable illumination. To
demonstrate piSTORM, we prepare samples of carboxyl QDs and AF 647 labeled
actin and tubulin of USTMG cells, following similar protocols, as in Chapter
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6.3.1 Programmable illumination in autofluorescent glass

slide
(b) (c) (d) (e
P d s
7
T [ ] =

10 pm . —— 10 pm 10 pm 10 pm

(a)

(1)

(iii)

Figure 6.3: (i) (a-e) display the expected or ideal illumination patterns to illuminate the
sample plane and (ii) (a-e) show the typical binary holograms that are utilized to create
these patterns on the sample plane. (iii) (a-e) are the fluorescence images captured on
the camera, due to the illumination of a fluorescent slide on the sample plane, using the
patterns (i) (a-e), respectively.

For programmable illumination in the sample plane of the microscope, we first
generate five user-defined illumination patterns. The intended patterns are seen in
Figures (i) (a-e), while Figures (ii) (a-e) show the typical binary holograms
that generate these patterns. Figures (iii) (a~e) show the observed fluorescence
emitted from an area on the autofluorescent slide on the sample plane, when illu-
minated with the patterns. The results demonstrate that we are able to generate
a dynamic and user-specified illumination pattern in the sample plane of the open-

Frame modular microscope.

6.3.2 piSTORM of QDs

To demonstrate piSTORM with user-defined illumination patterns, we consider the
specimen slide of QDs on the sample plane of the microscope. We employ two dis-

tinct illumination patterns (comprising diagonally opposite quadrants) on a specific
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Figure 6.4: (i) and (ii) (a) are widefield images of quantum dots using two user-defined
illumination patterns at two different instants. The corresponding reconstructed STORM
images are shown in (i) and (ii) (b). (iii) denotes the correlation against the spatial
frequency plot to estimate the resolution using the FRC method in region 1 of (ii) (b).

FOV on the sample plane. Initially, we capture a widefield image as shown in Figure
(i) (a) with one illumination pattern, followed by acquisition of image frames
for STORM. The reconstructed super-resolved image is shown in Figure (i) (b).
After the imaging with the first illumination pattern is completed, the second illumi-
nation pattern is employed as shown in Figure [6.4] (ii) (a), and STORM acquisition
is carried out to reconstruct the super-resolved image as shown in Figure (ii)
(b). Subsequently, the resolution of region 1 in Figure (i) (b) is quantified by
employing the Fourier Ring Correlation (FRC) approach as described in Chapter
Bl The corresponding correlation versus spatial frequency plot, shown in Figure
[6.4] (iii), yields a resolution of ~ 80 nm. We also estimate the mean localization

precision to be around 7 nm, following the procedure as mentioned in the Chapter

4l

6.3.3 piSTORM of actin in US7TMG cells

As an additional proof of concept, we perform programmable illumination in STORM
to image Phalloidin-AF 647 labeled actin in US7TMG cells. First, a particular FOV
is chosen containing actin, and similar illumination patterns are employed as used
for the quantum dots in Section[6.3.2] Figures[6.5] (i) and (ii) (a) show the widefield
images (pseudo-colored in red) of actin for each illumination pattern, while Figures
6.5 (i) and (ii) (b) display the corresponding super-resolved images (pseudo-colored
in red) using STORM. From Figures (i) (a) and (b), we consider region 1 and
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Figure 6.5: (i) and (ii) (a) are two widefield images from a field of view on a microscope
slide, containing AF 647 labeled actin in USTMG cells, illuminated with two opposite
quadrant patterns, and (i) and (ii) (b) are the respective super-resolved reconstructed
images. (i) and (ii) (c) are the magnified views of region 1 in (i) (a) and (b), respectively.
(i) and (ii) (d) are the intensity line plots of region 1 chosen in (i) and (ii) (c), respectively.

display its magnified views in Figures (i) and (ii) (c), respectively. Figures
(i) and (ii) (d) show the intensity line plots across the regions marked in yellow in
Figures - ) and (ii) (c), respectively. The line plots show that the structures
are getting resolved with a separation of about 90 nm in the super-resolved image,
which remain unresolved in the widefield image. The single molecule localization

precision is found to be ~ 5 nm.

6.3.4 piSTORM to image random actin structures in USTMG

cells

One key objective of piSTORM is to have STORM imaging with random illumina-
tion patterns. To realize this, we consider a sample slide of AF 647 labeled actin in
US7MG cells. As seen in Figure (a), first, a widefield image (pseudo-colored in
red) of the full FOV is captured on the camera. The arbitrary illumination beam
profile I,, is first computed, based on the widefield image pixel value distribution.
Specifically, 1,,(¢,n)=1 if the location ({,n) in the widefield image has a pixel value
greater than a threshold and I,,(¢, n)=0 otherwise. The computed illumination pat-
tern is seen in Figure (b). Following the generation of the thresholded pattern,
the binary hologram is calculated and loaded onto the LCSLM. A typical binary

hologram of that pattern is shown in Figure (c). The illumination pattern now
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ensures that only the designated ROIs on the sample will be excited, excluding other
regions, as seen in the widefield image in the Figure (d). The image acquisi-
tion for STORM is carried out in the same ROI using the same illumination pattern.
The corresponding super-resolved image (pseudo-colored in red) is seen in Figure
(e). Figure (f) presents the intensity line plots through the ROI 1 chosen in the
widefield and respective reconstructed images. As observed in these line plots, the
super-resolved image helps to visualize two closely spaced actin separated by ~ 68
nm, which is not getting resolved in the widefield image. We compute the localiza-
tion precision in the reconstructed image as ~ 5 nm. The experiments presented so
far show that dynamic, programmable illumination enables selective STORM imag-
ing of different regions within the same field of view at different times. This approach
offers improved control over excitation, minimizes unnecessary photobleaching, and

enhances fluorophore localization during super-resolution imaging.
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Figure 6.6: (a) Widefield image of Phalloidin-AF 647 labeled actin in US87TMG cells
under full-field illumination. The intended illumination pattern obtained by thresholding
the image (a) is displayed in (b). A typical binary hologram that can generate the pattern
(b) is shown in (c). (d) is the widefield image of the same sample area after excitation
with the illumination pattern (b), and (e) is the respective reconstructed super-resolved
image. Intensity line plots of the same region of interest 1 chosen in (d) and (e) are shown
in (f). Inset in (e) shows the magnified view of the region of interest 1.
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6.3.5 piSTORM with differential illumination intensity to
image tubulin of US87TMG cells

To demonstrate differential or variable intensity illumination utilizing programmable
illumination in STORM, AF 647 immunolabeled tubulin in US7TMG cells is imaged.

We follow the same procedure as described earlier for generating the selective illu-

(b)

Figure 6.7: (a) and (b) are two different fields of view (FOVs) showing the STORM
images of AF 647 labeled tubulin from a sample slide of US7TMG cells, reconstructed from
~ 20,000 images acquired separately for each FOV, under simultaneous excitation with
multiple intensities in each FOV. The real numbers 0.39, 0.58, and 1, inside the designated
white-dotted regions in (a) and (b), denote the normalized pixel values, corresponding to
different levels of intensity in the illumination beam.

mination patterns, except for the thresholding step. Here, the illumination beam
profile I,, is computed based on a widefield image such that 0<I,(¢,n)<1. The
reconstructed images (pseudo-colored in red) are seen in Figures (a) and (b).
The white-circled regions in the images, indicated by real numbers 0.39, 0.58, and
1, denote the normalized pixel values that correspond to different excitation levels
within the illumination beam, with a larger pixel value indicating a higher excitation
intensity. Thus, the variable intensity illumination allows simultaneous excitation

of different regions, with different intensity levels.

6.4 Combining STORM and beam scanning mi-

Croscopy

To obtain super-resolved as well as high-resolution images of the same sample region,

we combine the illumination beams for STORM and the beam scanning microscope
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(confocal and ISM) in the excitation path of a single optical microscope (IX51,
Olympus), as shown in Figure [6.8] For illumination in STORM and beam scan-
ning microscope, we utilize the 638 nm laser and the 462 nm laser, respectively.
The emergent beam from the FCA output is collimated by the lens L1, towards
the dichroic beam splitter DBS1. The DBS1 is a long pass dichroic that reflects
wavelengths below 532 nm and transmits above this wavelength. Hence, the 462
nm beam (shown in blue) is reflected by the DBS1, while the 638 nm wavelength

(shown in red) passes through it.
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Figure 6.8: A schematic of the experimental setup to combine the illumination beam
paths of STORM and beam scanning (confocal and image scanning) microscopes in a
single microscope stage. Red and Blue indicate the path of illumination for STORM and
beam scanning, respectively.

6.4.1 Implementation of beam scanning

At first, we implement the beam scanning technique by switching on the 462 nm
laser. As shown in Figure [6.8], the 462 nm beam after being reflected by the DBS1
is focused by the lens L2 onto the iris diaphragm (ID), which is at the focus of
another lens L3. L3 hence collimates the beam towards the beam scanning unit,
which comprises the Galvo Scanner X (6231H, Cambridge Technology), lens pairs
(L4, L5), and the Galvo Scanner Y (6231H, Cambridge Technology). The beam after

the Scanner Y travels towards the lens L8, after passing through the combination of
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mirror M1, lens pairs (L6, L7), and mirror M2. L8 focuses the 462 nm beam towards
the mirror M3, after reflection at the DBS2, which has the same specification as
DBS1. M1, M2, and M3 are kinematic mirrors that allow precise X-Y control of the
beam on the sample stage of the microscope. The combination of the lenses L9-L11
and the Mirror (80/20) produces a uniform illumination at the back focal plane
(BFP) of the microscope. The Mirror (80/20) reflects 80% of the illumination beam
towards the sample plane and transmits 20% through it. The beam at BFP is focused
by the objective lens (UPlanSApo, 1.40 NA, 100x oil immersion, Olympus) to create
an illumination spot on the sample plane. For a reflecting sample, such as the 1951
USAF test resolution target, the reflected signal from the sample is collected by the
objective and transmitted through the Mirror (80/20) towards another mirror M4.
M4 reflects the beam towards the lens .12, which then focuses the light onto the
camera. For the fluorescent sample, the Mirror (80/20) is replaced by the dichroic
DBS3, which is the same DBS cube as mentioned in Chapter [3} The Mirror (80/20)
and DBS3 are held in a rotating turret, making it easy to switch their positions.
For image capture in both reflection and fluorescence modes, we use a USB 3.0
CMOS Camera (DCC3240C, Thorlabs) with a sensor area of 1280x 1024 pixels and
each camera pixel having a size ~ 5.3 um. The rotations of the X and Y Galvo
Scanners are controlled by the servo driver unit via a program written in LabVIEW
on the PC. The same LabVIEW program also controls the image capture by the
camera. An appropriate trigger signal derived from the servo driver unit is used to
synchronize the Scanner’s movement with the camera image capture. The trigger
signal ensures that once the program is instructed to run, for each scanned position
of the beam over the sample, the camera captures an image of that position only.
Thus, if the beam scans an area over MxN positions of the sample plane, then the

camera captures MxN images of the beam corresponding to those positions.

6.4.2 Reconstruction of images in the beam scanning mi-
Croscopy

Figure (a) shows one out of the MxN images of the beam on the camera. To

implement confocal microscopy, we use a suitable algorithm to select a window of

P xQ pixels centered around the beam in the image, as shown in Figure (b), and

the sum of the total of the image pixels is stored. The window thus plays the role of

the physical pin hole in front of the detector, as present in a conventional confocal
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(a) (b) (c)

w :
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Figure 6.9: Schematic in (a) is the image of the illumination spot corresponding to a
given scan position of the beam on the sample plane. (b) A small window of PxQ pixels
surrounding the beam centre is extracted from (a). The summation of the pixel values in
the window gives the confocal signal for the respective scan position and is accordingly
assigned to the reconstructed image array as seen in (c).

microscope. The process is repeated for each scan position, and at the end of the
scanning, the stored values over an array of M xN pixels are used to reconstruct the
confocal image as shown in Figure (c). To reconstruct the ISM image from the
same MxN images as in Figure [6.9](a), we perform pixel binning and a reassignment

procedure for each scan position, as discussed in Chapter [2|

6.4.3 Implementation of the combined STORM-beam scan-
ning microscope

To demonstrate STORM and beam scanning together, we enable the fluorescence
mode with the DBS3. First, the beam scanning is performed on a region of a fluo-
rescent sample using the 462 nm beam. Once the beam scanning is over, the 462 nm
is switched off, and the 638 nm laser is switched on for widefield and STORM. The
collimated 638 nm beam after L1 passes through the DBS1 and reaches the DBS2.
The beam after DBS2 is reflected by M3 and focused onto the BFP of the objective
lens after passing through the combination of lenses L.9-L.11 and being reflected by
DBS3. This combination produces a uniform illumination on the sample plane after
the beam passes through the objective lens. The emission from the sample is then
collected by the objective, and after traveling through the combination of DBS3,
M4, and lens L12 gets focused on the camera. The widefield image of an area on

the sample is acquired with an intensity ~ 0.03 kW /cm? on the sample plane, while
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the intensity is increased to ~ 0.5 kW /cm? during image acquisition for STORM.

6.4.4 Sample preparation for combined STORM-beam scan-
ning

For beam scanning microscopy in the reflection mode, we use the 1951 USAF test

resolution target as the sample. To realize the combined STORM and beam scan-

ning microscopy in the fluorescence mode, we prepare microscope sample slides of

carboxyl QDs obtained by diluting the stock solution in deionized water in the ratio

of 1:12000 v/v.

6.4.5 Results

Beam Scanning in reflection mode
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Figure 6.10: (a) and (b) are the confocal and image scanning microscopy (ISM) images,
respectively, from a portion of the G5E2 strips in the 1951 USAF resolution test target on
the sample plane, imaged in the reflection mode with the 462 nm beam. (c) The intensity
line plots across the region marked as red and green in (a) and (b), respectively. The
images are reconstructed from 100x 128 scanned positions.

We use beam scanning microscopy in the reflection mode to image a portion of
the group 5, element 2 (G5E2) strips of the 1951 USAF resolution test target kept
on the sample plane. Scanning is performed over 100x 128 positions. The confocal

and ISM images are accordingly constructed and shown in Figures[6.10] (a) and (b),
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respectively. The intensity line plots across the regions marked in red and yellow in
Figure[6.10] (a) and (b), respectively, are shown in Figure [6.10] (c).

Combined STORM-Beam Scanning microscopy in the fluorescence mode
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Figure 6.11: (a) is the widefield image of an area from a sample of quantum dots imaged
on the CMOS camera using 638 nm excitation. (b) and (c) are the respective confocal
and image scanning images over 16x16 scanned positions of the 462 nm beam. (d) The
easySTORM image of the same region (a) under 638 nm excitation. (e) is the intensity
line plots across the region marked as yellow in (a), (b), and (c), while (f) is the intensity
line plot of the same region in the easySTORM image (d).

We then use the combined STORM and beam scanning microscope in the flu-
orescence mode to image the QD sample slide. First, a widefield image of an area
of the QD sample is captured by using the 638 nm excitation, and the same is
shown in Figure m (a). We then perform beam scanning microscopy of the same
region using the 462 nm beam, and a scan is performed over 16x16 positions. The
confocal and ISM images thus constructed are shown in Figures (b) and (c),
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respectively. Once the beam scanning is over, we switch to perform easySTORM of
the same region as in Figure (a), by acquiring ~ 10,000 images using the 638
nm excitation. The reconstructed super-resolved image is shown in Figure (d).
Figure m (e) shows the intensity line plots across the regions marked as yellow
in Figure [6.10] (a-c). From the intensity line plots, it is clear that the ISM and
confocal images provide better resolution as compared to the widefield image, while
ISM delivers better signal to noise compared to confocal and widefield. Figure [6.10
(f) shows the intensity line plot across the same region, marked as yellow in Figure
6.10| (d). The plot clearly indicates that the QDs are getting super-resolved in the
STORM image.

6.5 Summary

We have introduced piSTORM, a programmable illumination scheme for STORM
that enables dynamic control of the intensity level and spatial distribution of the
excitation beam in the sample plane using a liquid crystal spatial light modula-
tor that functions as a dynamic hologram. Implemented on the openkFrame-based
modular microscope, piSTORM allows arbitrary, user-defined illumination patterns
to be generated and updated in real time without mechanical movement of optical
components. This capability enables selective STORM acquisitions from multiple,
spatially distinct regions of the same sample plane performed at different instances
of time. We have also shown that piSTORM allows simultaneous excitation of dif-
ferent regions within the same field of view with different intensity levels, which can
address challenges arising from spatially varying fluorophore densities in the spec-
imen. Finally, the Chapter demonstrates a combined STORM and beam scanning
microscopy (confocal and image scanning microscopy) technique that integrates the
illumination paths of STORM with that of a scanning microscope, in a single mi-
croscope platform. This enables super-resolution alongside high-resolution imaging

of the same region in the sample plane.
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Conclusion and Future Work

7.1 Conclusion

Optical microscopy has long served as a fundamental tool for imaging biological and
clinical samples, owing to its compatibility with both dead/dry and living samples.
However, its spatial resolution is fundamentally limited due to diffraction, restricting
the visualization of structures of size up to about 200 nm only. Although techniques
such as confocal microscopy and image scanning microscopy offer improvements in
resolution up to ~ 150 nm, achieving true super-resolution beyond 100 nm requires
advanced optical microscopy methods. Over the last decade, several advanced opti-
cal microscopy methods have been developed using visible light that can overcome
the limitations previously imposed by diffraction, achieving true super-resolution.
These methods are collectively referred to as optical super-resolution microscopy
(OSRM) methods. OSRM techniques, like confocal based stimulated emission deple-
tion microscopy (STED), widefield based structured illumination microscopy (SIM),
and stochastic optical reconstruction microscopy (STORM), are widely acknowl-
edged. Despite their transformative potential for biological research and cancer di-
agnostics, commercial OSRM systems remain expensive and unaffordable for many
research organizations, clinics, and educational institutions. Fortunately, easyS-
TORM, a variant of STORM, which provides nanometer scale resolution (< 20
nm), remains comparatively simple and can be implemented cost-effectively in a
widefield microscope. However, the efficacy of such low-cost systems needs to be
investigated properly, especially in the geographical and physical settings where the
system needs to be operated. Equally important is the upgradation of the capabili-
ties of easySTORM in terms of resolution and practical considerations that become

important while imaging biological specimens.
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This thesis has focused on the development of an open-source, affordable, and
modular microscope, which was augmented to perform easySTORM. The modu-
lar microscope is constructed using industry-grade, cost-effective components and
open-source software. The system works in both brightfield and widefield mode and,
as already mentioned, its working is extended to STORM for super-resolved fluo-
rescence imaging. The system’s performance has been systematically evaluated on
biological specimens prepared and imaged under hot and humid sub-tropical con-
ditions (specific to Asia and the Indian subcontinent), where environmental factors
such as temperature and humidity pose additional challenges to system stability and
imaging reliability. Further, optimized sample preparation and preservation strate-
gies tailored for STORM imaging in these conditions have also been discussed in the
thesis. To enhance resolution in STORM, a UV-violet photoinduced recovery strat-
egy has been employed that extended fluorophore blinking and increased localization
events. In addition, a programmable holographic illumination approach has been
introduced to enable selective excitation of arbitrarily shaped regions with spatially
controlled intensity, thereby reducing unnecessary photobleaching of unilluminated
regions and improving reconstruction quality. Finally, we have integrated the exci-
tation paths of STORM with beam scanning microscopes (confocal microscopy and
image scanning microscopy (ISM)) in a single optical microscope platform, allowing
both super-resolved and high-resolution imaging of the same sample region. Overall,
this thesis work has demonstrated a robust, flexible, and cost-effective open-source
framework for advanced optical super-resolution microscopy, thereby expanding ac-
cessibility to nanoscale imaging and supporting biological and biomedical research in
resource-limited settings. While the developed system is not an immediate clinical
diagnostic solution, it provides a step toward increasing accessibility of advanced
microscopy, with potential future applications in biomedical research and clinical
diagnostics after further validation.

A summary of the main contributions of the thesis Chapters is presented below.

1. Chapter 1 has introduced optical super-resolution microscopy and highlighted
the need for cost-effective STORM implementation. It has outlined challenges
in the current state-of-art, and then presented the objectives of the thesis,

which tried to address some of the challenges.

2. Chapter 2 has provided a historical perspective on microscopy, explained the

importance of resolution, and discussed methods to surpass the diffraction
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limit. It has detailed STORM fundamentals, including fluorophore blinking

and the image reconstruction process, along with the working of easySTORM.

3. Chapter 3 has described the development of an affordable, modular, research-
grade optical microscope using accessible components, lasers, cameras, and
open-source software. Performance of the developed system has been validated
using physical targets, biological cells, and tissue sections, and performance

has been compared with that of commercial microscopes.

4. Chapter 4 has outlined the implementation of easySTORM in the modular
microscope for single-color and multi-color imaging of physical and biologi-
cal samples. It has explained in detail the image acquisition, reconstruction,

sample preparation, and implementation challenges.

5. Chapter 5 has introduced the photoinduced recovery mechanism and presented
its experimental validation to enhance STORM resolution. It explored various
combinations of excitation and recovery beam parameters for fluorophores in
an imaging buffer that could yield the best super-resolved images. The Chapter
has further applied the optimized STORM settings to image multiple human
non-cancerous and cancerous cell lines to investigate the variations of their

cytoskeletal filament widths.

6. Chapter 6 has presented a novel dynamic holographic beam modulation scheme
for user-defined illumination in STORM. The Chapter has demonstrated this
novel technique by imaging quantum dots and biological samples. The Chap-
ter has further presented a multimodal imaging system by integrating STORM
with beam scanning microscopy techniques (confocal and ISM). Its perfor-
mance has been validated by acquiring STORM, confocal, and image scanning

images from the same region of a quantum dot sample.

7. Chapter 7 has summarized the key findings in thesis Chapters and outlined
the future research directions, including potential improvements to existing
methods.
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7.2

Future Work

This thesis work can be further extended to implement some of the essential tasks

needed for the present state-of-art STORM. Below, we present a few of them.

1.

TH-4095_196121101

Optimization of STORM for various dyes in different imaging buffers like PVA-
based Mowiol, Vectashield, EC-Oxyrase, and Glucose Oxidase. This task aims
to assist users in selecting the most suitable dye-buffer combinations via opti-
mization of imaging protocols by determining the best signal to noise ratios,
switching cycle periods, and overall resolution across a range of laser illumi-

nation intensities.

Combined STORM-beam scanning microscopy with Hyperspectral imaging of
the same area on the sample plane in a single microscope platform. With
STORM and beam scanning, we can simultaneously obtain a super-resolved
image and a high-resolution image, while Hyperspectral imaging allows de-
tailed information about the spectral properties of the sample. Thus, we can
have a spatially resolved and spectrally resolved image of the same area on

the sample using a single microscope platform.

. Another future direction involves time-sequential scanning in STORM using

programmable illumination with a spatial light modulator and live image re-
construction. Targeting of small, user-defined regions dynamically and sequen-
tially will enable efficient scanning of the full field of view while minimizing
unnecessary exposure and photobleaching. Real-time localization and recon-
struction will reduce post-processing time and will be useful in fundamental
biological research to investigate molecular organization, protein interactions,
cellular structures, and nanoscale biological processes, along with clinical ap-

plications.

Another new research direction involves developing a high-throughput STORM
system with a large field of view (FOV), enabling simultaneous imaging of
thousands to millions of molecules. This goal can be realized by (a) upgrading
microscopy hardware with high-speed and high-sensitivity detectors, (b) im-
plementing advanced algorithms to handle large datasets, and (c) optimizing

the optical setup with larger FOV cameras.
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5. Yet another task is to develop an affordable, smart STORM platform utilizing
a smartphone camera for image acquisition. Integrating on-device computa-
tion into the smartphone itself for real-time localization, along with autofocus
and adaptive imaging into the system, will enable high-quality super-resolution
imaging. This approach will make STORM more accessible and suitable for

point of care or field applications.
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APPENDIX A

Softwares used during the research work
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Figure A.1: A screenshot showing the Zaber Console Software.
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Figure A.2: A screenshot showing the PIMikroMove software.

95

TH-4095_196121101



https://www.zaber.com/software
https://www.physikinstrumente.com/en/products/software-suite/motion-control-software

Chapter A: Softwares used during the research work
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Figure A.3: A screenshot showing on the left the /Arduino IDE software and on the right
a sketch page to upload the Arduino Firmware software code.
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Figure A.4: Screenshots showing in (a) the uManager software startup configuration and
in (b) (top) the ImageJ integration with the (bottom) uManager panel.
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Figure A.5: A screenshot showing the [Fiji software.
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APPENDIX B

Adding Arduino into yManager
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BEolglu~4AlAla|ad 2aala

Figure B.1: A screenshot showing the pManager setup configuration and the Hardware
Configuration Wizard under the Device option.

To add an Arduino in the puManager, at first, the gManager is run, and in the
Startup Configuration, the Hardware Configuration File is set to “none”. This is
followed by clicking the Devices—Hardware Configuration Wizard—Create a new
configuration as shown in Figure[B.1] Then we choose the Arduino—*Arduino-Hub:
Hub (required) in the Hardware Configuration Wizard as shown in Figure This
is followed by clicking the Add icon and then setting the Port Value and Port
Properties in the Device Arduino-Hub; Library Arduino. In the Port Properties,
the BaudRate is set to 57600, Verbose is kept to 0, and other properties are set to
the default. This is followed by checking the Arduino-DAC2 option in the Peripheral
Devices Setup and then writing an appropriate Device name in the Device Arduino-
DAC2; Library Arduino. This Device name must be carefully chosen so that it

does not conflict with other file names. Subsequently, we click the “next” option
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Figure B.2: Screenshots showing the addition of Arduino, setting the communication
(COM) port, port properties, peripheral device setup, and putting a device name.

till we arrive at the Hardware Configuration Wizard, where we put the name of the
configuration (.cfg) file as shown in Figure The .cfg file must be included in
the uManager installation folder (default C:\Program Files\Micromanager). This
is possible by browsing for the same in this wizard itself. Once done, we get back
to the uManager panel and click on the (+) icon near the Group option available at
the bottom of the pManager panel. This opens the Group Editor. Here we check
the Device name-volts and put a suitable name in the Group name. Once done, we
get the Device name under the Configuration Settings with a slider, allowing us to
change the Arduino voltage between 0 and 5 volts. Before closing the pManager,
we need to save the .cfg file for the first time.

Later on, when we run the puManager, we can browse and choose the same
.cfg file that was created earlier, and it does not require setting a new Hardware
Configuration File in the Startup Configuration. However, if we want to add other
Arduino or hardware into the same .cfg file, we choose the same in the Startup
Configuration and then go to the Devices—Load Hardware Configuration—Modify
or explore existing configuration. This allows us to add, remove, or change devices

in the existing .cfg file.
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Figure B.3: Screenshots showing the final file name configuration and adding the Arduino
to the group.
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APPENDIX C

Plot of transmission against wavelength for the

multiline dichroic splitter and optical filters
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Figure C.1: Plot showing the transmission probability against the wavelength for the

multiline dichroic beam splitter (orange), excitation (green), and emission (red) filters
used in Layer 3 of the openFrame-based modular microscope.
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