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Abstract

The thesis primarily highlights the super-resolution optical microscopic imaging in
the transmission architecture. At the heart of the thesis, there is structured illumi-
nation microscopy (SIM) that has been explored with different perspectives. The
conventional SIM deals with a single objective lens for both illumination as well as
detection purposes. Hence, both the excitation and fluorescent signal collection are
restricted by the diffraction limit of the objective lens under consideration. In the
race of achieving best possible resolution, high numerical aperture (NA) objective
lens are typically employed in the standard SIM systems. Thus, the super-resolution
image using such objective lens appears by compromising with the imaging field of
view. However, the entire study is performed employing low NA objective lens that
confirms a large field of view imaging at the cost of poor resolution. Implementing si-
nusoidal structured illumination generated by tilt-mirror based illumination module,
the resolution is enhanced afterwards. Two oppositely faced mirror facets are func-
tional at once to produce the sinusoidal interference pattern and the hexa assembly
of the mirror facets serves the purpose of isotropic resolution in three orientations.
It is also demonstrated that by tuning the angle of the tilt-mirror, high frequency
illumination pattern is created which further improve the image resolution while
maintaining the same field of view. The technique is experimentally demonstrated

for both the fluorescence nano particles and biological samples.

Next, the tilt-mirror based illumination configuration is exploited for the high space-
bandwidth product SIM imaging. By incorporating a sequence of illumination pat-
terns with gradually increasing spatial frequencies generated by the tilt-mirror as-
sembly covers up the frequency spectra in a cumulative manner and thus delivers
high space-bandwidth product SIM imaging. However, it is observed that the ex-
isting reconstruction methods fail to deliver the appropriate reconstruction for the
illumination frequencies beyond the detection passband support. A reconstruction
strategy is presented that is capable to provide appropriate SIM reconstructed im-
ages even if the excitation peak lies very far outside the passband limit. It is verified
that the proposed scheme can be extended up to infinity in ideal situations and
the quality is degraded with the presence of noise in realistic scenario. The exist-

ing reconstruction algorithms developed for the SIM technique suffers from several



artifacts e.g. honeycomb, ghosting, hatching and so on, these artifacts sometimes
provide misinterpretations about the sample. In order to get rid these issues, a blind
reconstruction algorithm is proposed which does not require any prior knowledge of
the illumination. It brings the spatial fluctuation and temporal photo-switching
based imaging techniques together under a general category. The only criteria re-
quired to be satisfied for the algorithm is that the average over the illumination
patterns is uniform. The super-resolution capability of the proposed algorithm is

verified for both the sinusoidal and multi-periodic lattice illumination microscopy.

The trans-illumination type SIM architecture is further exploited for the nonlinear
SIM imaging as well. A broader range of illumination frequencies acquired by the
detection system result in an improved achievable spatial resolution, which repre-
sents that a high-frequency excitation pattern is potentially beneficial to provide
superior resolution. Following this fundamental concept, a novel super-resolution
technique called saturable absorption assisted nonlinear structured illumination mi-
croscopy (SAN-SIM) is proposed by exploring the saturable absorption property of
a material. The higher intensity regions of the sinusoidal illumination possess higher
transmittance through the saturable absorber as compared to the low-intensity re-
gion. As a result, the effective illumination becomes sharper in comparison to the
input sinusoidal pattern and contains broader spectral support. The technique is
capable of providing a resolution similar to the conventional nonlinear SIM without
the requirement of highly photo-stable fluorescence tagging molecules which work at
high power illumination or specific dyes that exhibit nonlinear response at low in-
tensity level. The effective nonlinear illumination possesses higher harmonics which
multiply fold high frequency components within the passband and hence offers more
than two-fold resolution improvement over the diffraction limit. The theoretical
background of the technique is presented supported by the numerical results. The
simulation is performed for both symmetric as well as random samples where the raw
moiré frames are processed through a blind reconstruction approach. The results

demonstrate the super-resolution capability of the proposed technique.

In conclusion, some current state-of-the-art technical developments are discussed in a
nutshell. Finally, some future outlooks are presented which might develop fruitfully

and pave the way for new discoveries in the near future.
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Organization of the thesis

Chapter 1 provides the preface and essential outlines of Structured Illumination
Microscopy (SIM) as a widefield super-resolution imaging technique. At first, the
history of microscopy, basics of the fluorescence microscopy, diffraction limited res-
olution are discussed in a nutshell. Then a few significant techniques are men-
tioned which are primarily developed to overcome the diffraction limited resolu-
tion of the fluorescent microscopes and influenced the bio-medical, bio-engineering
studies and research to visualize the sub-cellular features with fine details. These
ground-breaking revolutionary super-resolution approaches are capable to push the
resolution limit of microscopes towards the nanoscale dimension and hence a new
field of research called ‘optical nanoscopy’ is emerged in the last two decades. Al-
though all the super-resolution techniques are launched in order to serve a common
purpose, they are distinguished in their origin. Each of the techniques appears with
its unique working principle and their characteristics relative to each other are de-
scribed briefly. Next, the SIM is highlighted with a short discussion on its advantages
and disadvantages with respect to other techniques. Then, the details of SIM tech-
nique is described including the fundamental theory as well as the reconstruction

approach existing so far in the literature.

Chapter 2 presents tilt-mirror assisted transmission structured illumination mi-
croscopy. In the conventional linear SIM technique, a single objective lens is em-
ployed for illuminating the sample as well as for collecting the fluorescence signal.
Consequently, both the illumination and the detection optics are diffraction limited
by the same objective lens and the system is strictly restricted to offer < 2-fold reso-
lution improvement over the diffraction limit. However, in the race of achieving the
best possible resolution, very high numerical aperture objective lenses are utilized
in general for the SIM imaging. The super-resolution image in SIM employing the
high NA objective lens is obtained by compromising with the field of view (FOV).
This limitation appears because of the inherent trade-off between the resolution and
the FOV of the standard imaging system. So, the next level super-resolution tech-
niques deal with large FOV imaging while improving the resolution. Nonetheless,

this typical trade-off can be tricked if the illumination path is decoupled from the



collection path using a trans-illumination kind of optical configuration. Thus, mak-
ing the illumination optics free from the diffraction limit of the collection objective
lens facilitates the full flexibility to play with the illumination configuration. Herein,
we demonstrate the experimental proof-of-concept of the tilt-mirror assisted trans-
mission type SIM technique which possesses potential to exploit the high throughput
SIM utilizing the free space optics in a cost-effective way. This is also the first ex-
perimental proof that describes it is possible to design the illumination for large
FOV SIM without guiding the light through any condenser lens, waveguide chip or

advanced materials.

In chapter 3, the potential of transmission SIM approach is presented which can offer
multiple-fold improvement of the lateral resolution that requires sequential higher
frequency sinusoidal illumination patterns. Employing low-magnification/low-NA
objective lens in the detection system, the super-resolution imaging is performed
with a large FOV. In addition, employing sequential illumination patterns with
gradually increasing spatial frequencies in tSIM covers up the frequency spectra
without compromising with the FOV i.e. it delivers high space-bandwidth prod-
uct SIM imaging. However, the existing reconstruction algorithms delivers wrong
estimation of the pattern frequency when the illumination frequency lies very far
from the passband limit and fail to provide appropriate reconstruction. In this
chapter, a correlation based frequency estimation approach is described for sequen-
tial high frequency illumination patterns with different illumination frequencies in
gradually increasing orders; the results are shown for three different sets of illumi-
nations. Additionally, the effect of different noise-levels in the reconstruction is also
demonstrated; which reveals that noise affects image contrast as well as resolution.
However, the proposed reconstruction approach is capable to robustly estimate illu-
mination frequency under different noise-levels. It can be extended further for more
sets of illuminations and can be employed to obtain theoretically unlimited resolu-
tion. This technique is considered to be an efficient approach of SIM reconstruction
which can be implemented in variety of custom-designed systems where illumination
frequency lies far outside the passband limit (e.g. non-linear SIM, plasmonic SIM

and so on).



In chapter 4, the utility of optical lattice illumination is envisaged and a super-
resolution image reconstruction approach is presented without assuming the knowl-
edge of the illumination patterns. Sinusoidal and multi-periodic patterns are con-
sidered with three different orientations that are generated by the phase engineered
interference of coplanar beams. In both cases, the raw moiré frames are acquired us-
ing a test object with multiple phase-shifted lattice illuminations. The phase-shifting
is executed in consecutive steps such that the average of all the recorded frames over
the entire acquisition remains uniform. The change in the illumination patterns
results in the variation of fluorescence emission at a given point in the sample over
time. Therefore, methods that use temporal variations in fluorescence intensity are
the candidates for reconstruction algorithms. However, most of these methods are
based on the assumption that each fluorescent emitter behaves independent to other
emitters in terms of photo-emissions. This condition is violated in the case of optical
lattice illuminations since photo-emissions from different emitters are a function of
the spatial distribution of illumination patterns and are, therefore, not independent.
The raw frames over the entire acquisition in such cases are processed via multiple
signal classification algorithm generate a super-resolved image, where it exploits the
systematic variation in illumination distribution for super-resolution. In this work,
the reconstruction approach creates a bridge that connects temporal fluctuation and
spatial fluctuation based imaging, together. The use of a periodic pattern in this
blind reconstruction requires only as many raw images as needed for diffraction-
limited isotropic optical lattice microscopy images. This implies super-resolution
at no extra trade-off in temporal resolution, having a direct advantage against a
limited photon budget. It also implies that a special arrangement for speckle-like or
pseudo-random illumination can be excluded by the current approach of performing
SIM without the knowledge of the illumination patterns. The efficiency of recon-
struction approach is explained through the eigen-image analysis. Additionally, the
multi-periodic illumination pattern generated by the interference of four coplanar
beams containing both lateral as well as axial periodicity offers potential new ap-
proaches in three-dimensional super-resolution imaging and light-sheet microscopy

which can be used for the future explorations.

In chapter 5, a novel nonlinear SIM approach called the saturation absorption as-
sisted nonlinear structured illumination microscopy is presented by exploiting the

saturable absorption property of the absorbing material. The proposed method is



Contents

capable to provide resolution similar to the traditional nonlinear-SIM without the re-
quirement of a highly photo-stable fluorescence tagging molecules which work at high
power illumination. Moreover, depending upon the nature of the absorbing layer,
the intensity of the illumination pattern is scalable and an appropriate selection of
material can offer to configure the system suitable to operate in different wavelength
regime. The proposed nonlinear illumination scheme is designed for the transmis-
sion SIM architecture where the detection is decoupled from the illumination. Thus,
the incident sinusoidal pattern is converted into an effective illumination with non-
linear characteristics instigated by the multiple harmonics present in the pattern
after propagating through the SA medium. The effective nonlinear illumination
containing higher harmonics multiply folds the high frequency components within
the detection passband and hence offers more than 2-fold resolution improvement
over the diffraction limit. The theoretical background of the technique is presented
supported by the numerical results. The simulation is performed for both symmetric
as well as random samples where the raw moiré frames are processed through a blind
reconstruction approach developed for the nonlinear SIM. The results demonstrate

the super-resolution capability of the proposed technique.

Chapter 6 sums up the research works reported in the previous chapters in a common
thread and provides the important conclusions of the thesis. The studies performed
so far deals only with the 2D SIM cases, which can be extended towards 3D SIM.
Besides, multi-colour SIM, live-cell imaging, fluorescent dipole mapping, digital holo-
graphic microscopy, coherent imaging, expansion microscopy and so on might be the
possible future explorations into the tSIM architecture. Moreover, the implementa-
tions of the SIM technique in various other imaging modalities is described in order
to enhance their imaging performances with the augmented capabilities. Nonethe-
less, some future outlooks in the research area of SIM are mentioned which might

develop fruitfully and pave the way for new discoveries in the near future.
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