MULTISPECTRAL QUANTITATIVE PHASE AND
POLARIZATION MICROSCOPE IMAGING FOR
BIOMEDICAL APPLICATIONS

PRIYANKA MANN

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY DELHI, INDIA
JUNE 2024



©lIndian Institute of Technology Delhi (11TD), New Delhi, 2024



MULTISPECTRAL QUANTITATIVE PHASE AND
POLARIZATION MICROSCOPE IMAGING FOR
BIOMEDICAL APPLICATIONS

by

PRIYANKA MANN
DEPARTMENT OF PHYSICS

Submitted

in fulfilment of the requirement for the degree of Doctor of Philosophy
to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
JUNE 2024



Dedicated to,

My parents



Certificate

CERTIFICATE

This is to certify that the thesis entitled, “MULTISPECTRAL QUANTITATIVE PHASE AND
POLARIZATION MICROSCOPE IMAGING FOR BIOMEDICAL APPLICATIONS”
submitted by Ms. PRIYANKA MANN to the Department of Physics, Indian Institute of
Technology Delhi for the award of the degree DOCTOR OF PHILOSOPHY. This thesis is a
record of bonafide research work carried out by her. She has worked under my guidance and
supervision and has fulfilled the requirements, which to our knowledge have reached the requisite

standard for the submission of this thesis.

The results contained in this thesis have not been submitted in part or full to any other University

or Institute for the award of any degree or diploma.

Date:

Place: Delhi, India

Prof. Dalip Singh Mehta
Department of Physics

Indian Institute of Technology Delhi






Acknowledgements

ACKNOWLEDGEMENTS

| would like to extend my heartfelt gratitude to my supervisor, Prof. Dalip Singh Mehta, for his
constant support and guidance throughout the research towards the benefit of the society. He is an
incredibly dynamic and enthusiastic mentor who introduced me to the exciting field of Bio-
photonics and consistently encouraged me to face challenges and work independently during my
Ph.D. tenure. His expertise in optics, innovative research approach, and the freedom he provided
for exploring my own ideas have been invaluable. His belief that research should benefit society
motivated me in developing this thesis. | am deeply appreciative of his kindness and understanding
during my PhD journey. Whenever | encountered challenges, whether professional or personal, he
provided the right guidance to overcome them. His passion for work inspired me to develop an
interest in the field and discover my inner strengths. |1 am sincerely grateful for being part of his

research group and for the philosophical insights that shaped my positive outlook in life.

| express my gratitude to Prof. M.R. Shenoy for his unwavering support and insightful discussions
during the progress evaluations. I extend my thanks to all my committee members, including Prof.
M.R. Shenoy, Prof. Kedar Khare and Dr. Satish Dubey, for their suggestions and constructive
comments which significantly contributed to the improvement of my work. Their honest feedback
played a crucial role in refining this thesis. | am also appreciative of the dedicated teaching from
Prof. Senthilkumaran, Prof. Joby Joseph, and Prof. Bhaskar Kanseri, faculty of optics which helped

me in learning the basics of the optics and photonics.

| feel fortunate to be a part of Applied Optics and Biophotonics group. | would like to take the
opportunity to thank my lab mates for their support. A special acknowledgment goes to my seniors,
Dr. Vishesh Dubey, Dr. Veena Singh, Dr. Vanjula, Dr. Ankit Butola, and Dr. Shilpa Tayal, for
guiding me in the initial stages of my Ph.D. and helping me to develop a visionary approach
towards innovation. | extend my appreciation to Pramila, Sunil, Anand, Sathi, Himanshu, Anuj
and all other lab-mates for their supportive and cheerful environment. A heartfelt thanks to my
best friend, Diksha Garg, for her constant support over the past five years. | also proffer my
gratitude to the faculty of Center for Biomedical engineering, IIT Delhi Prof. Neetu Singh and



Acknowledgements

Department of Oral Pathology and Microbiology at the Centre for Dental Education & Research,
All India Institute of Medical Sciences (AIIMS), Delhi for collaborating with us. Dr. Deepika
Mishra (AIIMS), Dr. Vivek Nayyar (AlIMS), Dr. Tejinder Kaur (IIT DELHI) and Dr. Akshay
Kumar (IIT DELHI) are very kind and always helped by providing the required biological
specimens. They are also very enthusiastic in their work and always available for discussions

related to biology.

Most importantly, I would like to thank my parents, sisters Monica and Anshu and brother Anuj
and my extended family members for their unbounded love and support throughout my journey.
They have consistently encouraged me to pursue my dreams and strive for excellence. My heartfelt
gratitude to my husband Rahul Gulia, for his unwavering support in both my personal and
professional life. This thesis is dedicated to my parents and husband for their timeless love and to

whom | am eternally indebted.

Finally, I would like to acknowledge University Grants Commission (UGC), New Delhi for
funding (UGC-SRF) the work carried out in this thesis.

Last but not least, | offer my profound thanks to God, the Supreme Soul, for guiding me and
showing me the path to true happiness and success. | wholeheartedly thank the real creator for this

journey.

Priyanka Mann



Abstract

ABSTRACT

The biomedical research is experiencing a rapid growth with increased demand in diagnostics and
advancements in the biomedicine industry. Most of the biological specimens, such as red blood
cells, HeLa cells, MG63, human mesenchymal stem cell lines, etc., are transparent under visible
light illumination. Although conventional optical microscopes are proficient in visualizing micron-
size specimens, but they often fail to provide high-contrast images of transparent specimens,
offering only the qualitative details. To overcome this limitation, various imaging techniques have
been developed to improve the visibility and provide both the qualitative and quantitative
information about the specimens. Quantitative phase microscopy (QPM) has emerged as a non-
contact, label-free optical technique capable of offering quantitative insights of the samples. Its
applications span diverse fields, such as, life sciences, material science, electronics, and photonics.
The underlying principle of quantitative phase imaging (QPI) involves wavefront distortion. When
plane wavefronts of incident light interacts with the sample, they undergo deformation due to the
refractive index variations across the specimen. This deformation, known as the phase delay, is
encoded in the resulting interferograms via the interference between the sample and the reference
beams which is recorded on the charged couple device (CCD) camera plane. QPM facilitates the
visualization of various biological cells and tissues and aids in determining essential biophysical
parameters like morphology, refractive index, cell dry mass, etc. Additionally, considering the
birefringent nature of the biological specimens, it becomes necessary to explore their optical
anisotropic properties. This can be accomplished through polarization microscopic imaging

integrated with a multispectral concept, enabling the extraction of diverse polarization parameters.

In the first part of the thesis, we proposed a Mirau-based white light phase shifting interferometer
designed as a whole slide scanner and phase profiler. This system aims to determine both the
qualitative and quantitative information over a large field of view. The lateral translation of the
sample slide was executed such that there exists a correlation between adjacent frames, and these
frames were stitched together using correlation functions. The final stitched image has a field-of-
view of 0.24*1.14 mm which can be extended further with high resolution ~ 0.8 um. Circular
Hough transform (CHT) algorithm was implemented for cell counting, and five-step phase-shifting

algorithm was employed to retrieve the phase profiles over a large field of view. This methodology
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was employed to investigate the difference between normal and anemic erythrocytes, revealing

significant changes in anemic cells compared to normal cells.

To address the wavelength-dependent refractive index variations in biological specimens, a
wavelength tunable light source utilizing a supercontinuum source and acousto-optic tunable filter
(AOTF) based multispectral digital holographic microscopy (DHM) system was developed. This
system was employed for multispectral quantitative phase imaging of biological cells across a wide
range of wavelengths. The refractive index was assessed at each wavelength, offering a
multispectral response of the cell lines in the visible range from 510 to 650 nm with a sampling
size of 10 nm. Since smoothly varying surfaces (biological specimens) will not suffer from phase
ambiguity as we can trace the deformation of fringes accordingly. However, when it comes to step

height measurements, they suffer from phase ambiguities.

To address these ambiguities and the bulkiness and expense of the aforementioned tunable light
source, in the next work a compact and cost-effective multispectral light-emitting diode (LED)
based tunable light source was developed for 3-D surface profilometry. This was achieved using
synthetic wavelength scanning interferometry with multiple-color LEDs with extended range of
height measurement. This system offers an extended range of height measurements, from sub-
wavelength to tens of wavelength orders (0.63 um up to 4.8 um). Notably, it eliminates the need
for expensive multiple-color filters or any wavelength scanning mechanism, along with a

broadband light source.

Further, to investigate the interaction of polarized light with biological specimens, we presented a
Stokes imaging-based multispectral polarization based polarimetric imaging of oral tissue
samples. This was accomplished using a polarization microscope system with a broadband light
source and polarization-based parameters, such as the degree of polarization, angle of the fast axis,
retardation, and birefringence has been retrieved. The polarimetric properties of oral tissue at
different stages of cancer were analysed, revealing significant changes from normal to pre-
cancerous lesions to cancerous stages in birefringence quantification as (1.74+0.1) X103, (2.540.2)
x102%and (3.3+0.2) x10° respectively.

Vi
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Finally, we proposed a polarization sensitive non-interferometric based quantitative phase
microscope system to achieve birefringence mapping of oral tissue. The birefringence
measurement system is employed by integrating a polarization microscope with a phase retrieval
algorithm based on the transport of intensity equation. In this context, polarization-sensitive phase
retrieval was performed for different stages of oral tissue samples, with potential applications in

classification problems.

The present thesis will discuss improvements, advantages, challenges, and developments in label-
free multispectral quantitative phase and polarization imaging techniques and their applications

majorly for biological specimens and industrial samples as well for the betterment of the field.
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(a)-(b)-(c) are the stokes mapping of human oral squamous cell carcinoma
tissue corresponding to red, green and blue wavelengths from top to bottom

respectively.

(a)-(b) are the stokes mapping of cancerous (CAN) and normal (NOR) oral

tissue corresponding to red wavelength respectively.

(a) is the polarization image of oral squamous cell carcinoma tissue (b)-(c)-
(d) are the degree of polarization imaging of human oral squamous cell
carcinoma tissue corresponding to red, green, and blue wavelengths

respectively.

Degree of Depolarization of normal and cancer tissue samples; blue dots

represent the cancerous and orange dots the normal tissue samples.

(a)-(b)-(c) are the retardance imaging of human oral squamous cell
carcinoma tissue corresponding to red, green, and blue wavelengths

respectively.

(a)-(b)-(c) are the wrapped retardance imaging of human oral squamous
cell carcinoma tissue corresponding to red, green, and blue wavelengths

respectively.
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Fig. 6.5

(a)-(b)-(c) are the birefringence, fast axis orientation and the histopathology
H&E imaging of normal, oral epithelial dysplasia (pre-cancerous) and oral
squamous cell carcinoma tissues (cancerous) from top to bottom

respectively.

Box plot of the birefringence distribution of normal, pre-cancerous and
cancerous (oral squamous cell carcinoma) oral tissue from top to bottom

respectively

Block diagram of TIE phase retrieval.

Schematic diagram of experimental setup for white light-based polarization
microscope. (L1: collector lens, L,: condenser lens, Ls. tube lens, achromatic
polarizer, and analyzer; QWP: achromatic quarter wave plate and a CCD

camera). The sample is placed on a microscopic glass slide.

Polarization-dependent phase distribution of normal oral tissue (a) shows
the set of 3 polarization sensitive intensity measurements (focused (z), over-
focused (+2z) and under-focused (-z)) (b) phase distributions of normal oral

issue.

(a)-(c) and (b)-(d) are the histopathological images and phase distributions

of normal and cancerous oral tissue samples respectively.

The polarization-sensitive intensity image when the polarization orientation
of the polarizer and analyzer are in the same plane; (b) the polarization-
dependent image when the polarization orientation of the polarizer and
analyzer are orthogonal, (c) and (d) are the corresponding phase
distributions of normal oral tissue (e) the phase difference between them,

and (f) birefringence distribution of normal oral tissue.

XXii

95

96

101

104

105

106

107



List of figures

Fig. 6.6
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Fig. 6.9

(a) The polarization-sensitive image when the polarization angle of the
polarizer and analyzer are in the same plane; (b) the polarization-dependent
image when the polarization angle of the polarizer and analyzer are
orthogonal, (c) and (d) are the corresponding phase distributions of OSCC
tissue (e) phase difference, and (f) birefringence distribution of OSCC tissue.

Phase histograms of normal and cancerous tissues; orange curve represents

the cancerous and blue for the normal tissue.

Birefringence distribution of normal and cancerous tissues; blue dots

represent the normal and orange dots the cancerous tissue samples.

Box plot of the birefringence distribution of normal and cancerous (oral

squamous cell carcinoma) oral tissue respectively.
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