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Abstract

ABSTRACT

Quantitative phase imaging (QPI) is the most widely used label-free optical imaging technique to
visualize the cellular and subcellular structures of a sample with high contrast and quantitative
information. In the past, advanced QPI techniques were developed to improve the contrast, acquisition
speed, resolution, sensitivity, and specificity. In addition, label-free spectroscopic techniques are
essential to investigate molecular fingerprint information about the sample. Therefore, label-free optical
imaging and spectroscopic techniques are introduced to extract the microscopic, nanoscopic, and
molecular fingerprint information about the sample and thus gained popularity in various applications.
The aim of the present work is to develop label-free optical imaging and spectroscopic techniques for

industrial and biological applications.

First, we present a single-shot phase-shifting interferometric technique for accurate phase measurement
using white light phase-shifting interference microscopy (WL-PSIM) and deep neural network (DNN).
WL-PSIM is a prominent technique for high-resolution QPI of industrial and biological samples.
However, multiple interferograms with accurate phase shifts are essentially required in WL-PSIM for
measuring the accurate phase of the object, which is time-consuming. Thus, we trained a DNN for the
generation of intermediate multiple equal phase-shifted interferograms that are finally used in a
traditional phase-shifting interferometry (PSI) algorithm for phase reconstruction. In a similar manner,
the network is further trained on the same dataset for the direct phase map from a single low fringe
density interferogram without any intermediate multiple phase-shifted interferograms in PSI. The
network was trained and validated on two different samples: the optical waveguide and MG63
osteosarcoma cells. The phase map comparison and structure similarity index measure (SSIM) value
between the experimental and network-generated data results validates the proposed approach for high-

resolution single-shot phase reconstruction in WL-PSIM.

In QPI, the phase (basically refractive index) of cells and tissues are wavelength-dependent properties
and accurate measurement with spectral dependence is required to increase the accuracy of diagnostic
applications. However, multispectral quantitative phase imaging (MS-QPI) is an imaging platform used
for the quantitative analysis of phase maps with spectral dependence. But, to perform MS-QPI, we
require a multiwavelength light source with multiple optical components to avoid dispersion and a
multi-chip camera or multiple single-chip camera, which makes the system bulky and slow. In addition,
the color cross-talk from a multichip camera detector is another limitation in MS-QPI. Therefore, we
aim to extract spectral-dependent quantitative phase information in a single shot using a deep learning
(DL)-based QPI system. The network was trained and validated on two different samples: the optical
waveguide and MG63 osteosarcoma cells. For the training of the DNN, we acquire a series of
multispectral datasets by scanning the multiwavelength light source and their corresponding phase

maps. After successful training, the trained DL-based model is used to generate multispectral

iv
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quantitative phase map generation corresponding to a single wavelength interferogram. The phase map
comparison and image quality assessment between the experimentally reconstructed and network-
generated MS-QPI images provide the validation for the proposed study. The proposed DL-based MS-
QPI system overcomes the limitations of traditional MS-QPI approaches and provides significant time,

performance, resources, and cost reduction management.

So far, we performed the study to ease the complexity of the QPI technique in less time. Now, we
showed the application of QPI for nanoscale motion tracing of moving samples. Filtration of male
semen samples and selection of healthy spermatozoa (sperm cells) is an important step in assisted
reproduction technologies. The motion of the spermatozoa indicates their motility and is therefore used
as a visual cue for selecting high-quality sperms during intracytoplasmic sperm injection and in-vitro
fertilization. For this, we combine an optical imaging platform with an intensity fluctuation-based
optical nanoscopy method (primarily used in a labelled technique for super-resolution) for the motion
trace analysis of the specimen. We used a multiple signal classification algorithm (MUSICAL) with
QPI sequences to perform nanoscale motion trace analysis; refer to this technique as MusiQ, where
‘Musi’ stands for MUSICAL, and ‘Q’ stands for QPI. For the proof of concept (POC) of the proposed
approach, a 1-um polystyrene bead particle is trapped and propelled in the evanescent field of the
waveguide and traced its motion using MusiQ with finer details, although the object was diffraction
limited in each frame. Further, we trace the motion of human sperm cells in a straight path with helical
motion trace with finer features. We achieved motion precision in the range of 340 nm using a 10x,
0.25 NA lens, whereas the diffraction-limited resolution at this setting was 1320 nm. Our technique
presents nanoscale motion features beyond the conventional features used for motility and progressive
motility analysis, allowing further distinction among the progressively motile sperms in terms of the

regularity of their motion patterns.

Further, the application of QPI is combined with multimodal imaging and spectroscopic techniques to
investigate the morphological and molecular fingerprints of the Penguin brain sample. The aim of the
current work is to study the Penguin brain and provide different parameters in order to ultimately create
a comparative digital brain atlas. Here, we used multiple label-free optical techniques, such as QPI,
autofluorescence spectroscopy, and Raman spectroscopy, along with cresyl violet (CV)-staining to
extract the optical parameters of the Penguin brain for their morphological and molecular study. All
these techniques provide the microscopic and molecular fingerprints of the Penguin brain, which can

be useful for understanding the anatomical, physiological, and social behaviour of the Penguins.

Although the QPI technique provides the morphological information of the thin biological samples with
high resolution and contrast, it still has limitations when we apply it to thick biological samples. In the
case of thick biological samples, the scattered light has the sample information from the multiple layers

or out-of-focus planes, which results in a noisy image. So, we introduced the concept of longitudinal
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spatial coherence (LSC) gated full-field optical coherence microscopy (FF-OCM) for the cellular and
subcellular imaging of thick multilayered biological samples. We synthesized a partially spatially
coherent (PSC) light from a monochromatic light source and utilized its LSC property for the high-
resolution sectioning of multilayered thick biological specimens. First, we determined the LSC length
of the light source and performed topography of a standard gauge block with a height difference of
20um. Further, we performed the tomography of a multilayered biological and an oral cancer tissue
sample. The PSC-FFOCM system provides £20 mrad spatial phase sensitivity and +2 mrad temporal

phase sensitivity with a high axial resolution of 6um - 8um.

The multimodal and multispectral techniques discussed in this thesis provide morphological and
molecular fingerprints of biological samples. The present thesis discusses motivation, challenges,
advantages, results, and opportunities associated with the methods utilized during various biological

studies.

Vi



R

HTATCH 0T SHISHT (RITIATS), SATIF T § FEAHTA b ST ATl oTet-Heh SHTTeeshal SHISHT qehr1eh © (ST STANT SF0et &
I gl TR ATATCH ST o BT AT 3T TR FarTel i fawa o forg foram S 21 a7efta #, 31 apdftens
ohTenT T foree sheTee, STTRmree i, Nsiteae, Heameiterar 3 farfimedt # gam o fo fomam 1T 21 56 S1atre, dea-ad
TFEIE! qeheTeh FIet o a H STk fhmfiie it Mfeis SRt i e i % g U Trawh 21 38fe, dad-1
Hifteaher IS 3R TAZIEhITT i JFIeT o F&H, IR T 3T AoTforeh ffife it Seprt freprer o fore et fopa o 2
59 TR Tl ST & SAoRTSierT Sfeet §81 I s T Ievd STt TR Sifae Sy o o - sifteswa

FUTSAT 3T T TehiTehl ohT forhfrd T 2

TEH TEA, T Aha TR SUT-ETHIaE0T farfertor ATgsh et (Sscua-HuasTTsu) 7R et =d Hedeh (SATH) &l ST
Tk W =T AT o6 TG The-iTe =0T-RITURT SeThUHige el S id ol Ssedual-HIuasTIsud Siefie 3R S
Tl o - RTiege™ RIS o ot Th 9@ deheish 21 Telieh, aq o Helsh =0T %l HIoH o foIY gocqual-tugansed 3
e =T SEeTd dTe 3 SSTRUITH oh Tfam ® & SATavgehal 2T 2, foras w &t 81 39fere, 3 Ush iuaud st gf¥nfera
fopan arfer ariufien =RoT-Rrf Setindt (frogens) Temiem % foTu qeed! uhiften qu =o-eiaia $ehimm i
iefie Seawfar oY ST weh, S Siaa: =Ror qAfAter 3 fore SuRinT 2N 3ot ave &, Jeaeh i diuees # foret mered! ueneen =
TN STHUTTH o o ekt S fShsT Sed SeThamme & Tter =wor /19 o fore T Sere w wfvfara fora smar 81 Jeash
3T STE-TeT T W i 3 A foRe o sifteshet Jamse ST UHSi63 SfAHRERHT FIRTEHT TR ST
e S ST aROTTHT 36 S =ROT /1T JOT 3R AT FHIAT Fshish AT (THUESTSTH) A SoedUal-1IuasTisud | 3od
TSI Tehal-RiTe =0T GHHATOT o FoT SeeTfera gisenToT shi #T= T 2

FY3TS T, FIRTRTST ST Herohi o =0T (T &9 & STTadieh Farehich) q0T 3ed ¢ et 7o 81 € i Sarfreh St ot weehan
TG o TG FUTEhHT T o |Ter WeTeh AT i STkl B ol BTl oh, Heeieuagel HIATCHe =0T SIS (THTH-RII3TS)
e SHIST et 2, foreenT Sueii aufsrwtar frfar o amer =wor AT o wrTenen forser o for foram st 81 1fer, wree-adteTs
1 A % ToTe, T SgfaforteT TehTeT B i SATearwrahar 2t & forem Semor & s o o 31e Hifteshet oo a1 & it ag-fom
AT AT RS e for ST T S Bl @, ST STt okt ST ST TR S STl ST ST 21 36 ST, sg-fo e fedae &
A H1E e THLE-FIIIATS § T S ET ) 6Ty, ST e S A (Siaer) e adiars Jureft 1 ST s
T JMTe H TIFA SIS HIATCHS ST 3h1 SRR [HeRTeTT & ek 3hi &1 STTT-STenT THAT T TIRITET 371 A=Y fofa i o
Hiftewar Jarmge 3R THsflo3 SHTEeAaraRmT HIfTehtd) SeAe & wfiremor % forg a7 sgfaferor JehmT Sia &1 @6 w3
3Tk HFEA =0T AT o WY U HEe Ao euaee STe JTH 3hd &1 Hhet JTRTeur o a1e, SiTfard Sua-ameanfa died s
ITANT e AT 32 SeTRUITH o ST A euaeet HIATcHe <RoT AT Gt SeqwT & o foTe forarm ST 81 sivTrenh &9 &
T 37 Feah ST THTE-ReTS Serw & e wRor AT qorT 3 ST o Yot S sTere o o e
& AT B ST Suet-STenfid uHeg-aRpies yomedt arftn uHe-apdtes gfyenr it Hwred et @ o o
el SERH, TR ST AT 3 T o Tefe o TS-ATe 31X Wec vl S herdt Ya ! 2l

vii



31t o, T W T H SIS TohTeh Sl SITETTAT bl M T oh o STearar Torarm| 7, B9 1T i sht Sereahet i o1
AT T o FoTq FpefiaTs T ST fomama 21 T a1 o T ot e ST Seer S0 ([0 hITRTeRTST) 1 <R e
TS SRR H U HeaqU e 2l Y[R 3h TIfd el TTrefierar i $PT st & 3R FAfTT 3HeRT ISTRT SgTaTseITiS e
STV SR ST $A-fogT Foorert o SR Soet TUrerT aTet SERIVSAT o =12 o foTe Ueh SIeTa ©ohd o &9 H fopalT STt 21 366
forg, & g o e g faredwor & forg ueh sffiesher SIS e i i fisrn o Sar-=era i sfftesher et fafer
(T & § et qohei1eh § G TR o6 ToTe ST foram STt &) o |1 SIS 8 SH Akt JIe o8 forsdwor i o forg
FIANATE STTFRHT oh BT HEeITe ot afTetoT TerTiNaH (RYfSTeheT) T STRINT fohalT, 3 Tobeiten oh FIefier] o &9 § Heid foram,
STt FgEt BT Heets Ffoehe €, I T HAeTs RIATS 8] STierd 3iehivn st STeemon (POC) 3 AT o fofu, weh 1-#18sh
TR ST 0T oh1 JaTTES o AT SRR H HHTAT ST 8 3R e foraror o @rer RIeer 1 SURINT T 38eh! T 1 ol
TRITE ST 2, BTetioh o Sedieh S o forard €ifira offl 3ok stemma, so wfteft ey 8 Sfershet i s ATa Sqho] hifRTeRTatt it
TTfer ShT AT SR frRINATSTT o |1 ST | B9 10, 0.25 THU IH T IURANT ek 340 FIHI 2T Wt 3 1ifer afigget 9me i €
Sraifer g @fén # foad i fseae™ 1320 et om gar qohier STeiicrr i sfoefierar frsdgwor & fog soem
ST ATt ToRATA RISt & oY ket i forvard sreqa st @, et srfrefier wfrfier Syshmopstt =t Seht i frarfiear
SR et o Taf 7 ST of forsroar & fire forar St ek 21

T AT, IS ARTSh F9 o TUTcHe IR ST RIS T STier o oI FdiaTTs o SIS i AeeHTSe SHIST TR
T EHI qeheA1eh o |1 SIS T 2| FAHT T ol IeTT WIS HIEASeh ohT ST AT S 37eTd: Th qorTcash (S fofeet aRkaeh
T T o T forfire Sfiet e T 21 78, SH 3o TTaTeHeh 3T ST eI o [oTT, WIS AR o SAlTehel
HITEET i fHehTer o fTg foRfieT amrere (Effelt)- &2 o |re-amer RieTs, S ied Tagieandl 31T T Targ Reahrdl STeft
%2 ATl qeh HA1eeeher debeieh 1 ST fofam| 3 weft qebefich Ut oh Wik o o1 # gam o stmorferes i sar skt &
ST U o T woTTensh, STRITER 371 ATHTISE e %h §Hg o foTq STl & |kl ol

AR, FRITSATS Toh1eh Tt Soreh AT oh! HLaMTeHe SRR Sodl TSR 3T HeTee o T T&M e &, ot oft 5t 5@
1 Stfereh AT o fersgeor ST foRa SiTan & o geeht €fTd 8 T Siferek T o wwet H, Wehivi g8 wehr & Hue it IR
TEHITRI Tl AT Hishd & & ST &, Foeeh TiuTeaed 3 aTeft S st 8] SAf, g Hie Sgeae Sfae T i dger
PR ST AT % forg sred Tonfosh QT (Tereae) e quf-a afifteshel GETd WTEshiehIdl (THUE- e
TR J31 Y| T T WIS IATE TohTeT B & i1 &9 & wonfies &0 & germa (froesh) wemen & @=3fvd frar siv
SRR HIE SHfersh TT 6 Soul-RSTTe2I Wi oh foTq saehl TeTaaelt Sufe shi STRINT fohaml Terl Tect, &0 JohTeT @i shi
TATEET e Ui T ST 20-ATgshIA T SHaTS ok ST oh AT W 7T seiieh hi TR FafRid il | $Heh ST, T Toh
g ek ST T Hfaeh SR sk % T b SRR A e - qhus-sie yomet +20 firefffea vt wwor

Hogefierar, 2 firefifeam shfereh =wor HagRiierdT 6-ATS5h - 8-HTgsh i o 3Taf ReieaR HeheuT JaH ! 2

59 AT T == AT TS AedIHIed ST HE RUage deh1eh STToreh AHAT o STcHh 3T STTTareh RIS 1 Y& ! ol SHT
ofiftre fafir Siferer stemRt o SR STRIRT ot ST el fofert & STt SIeom, STt T, TRomT 37 steet o == it 2

viii



Table of contents

TABLE OF CONTENTS
Page
no.
CERTIFICATE i
ACKNOWLEDGEMENTS ii
ABSTRACT iv
TABLE OF CONTENTS iX
LIST OF FIGURES Xiv
LIST OF TABLES XXV
ABBREVIATION XXV
CHAPTER 1 INTRODUCTION 1-23
1.1 Background and motivation 1
1.2 Quantitative phase imaging 2
1.2.1 Phase-shifting interferometry 3
1.2.2 Off-axis interferometry 6
1.3 Optical coherence tomography 10
1.3.1 Principle of optical coherence tomography 11
1.3.2 Axial ranging in OCT 12
1.3.3 Mathematics of OCT 12
1.34 Types of optical coherence tomography 13
1.4 Autofluorescence spectroscopy 17
1.5 Raman spectroscopy 18
1.6 Advances in computational methods: Deep learning 18



Table of contents

1.7  Objectives
1.8 Organization of the thesis

CHAPTER 2 SINGLE-SHOT PHASE-SHIFTING INTERFEROMETRY FOR
QUANTITATIVE PHASE IMAGING OF BIOLOGICAL SAMPLES USING DEEP
LEARNING

2.1 Introduction

2.2 Experimental details

2.3 Theory
2.3.1 Five phase-shifting Algorithm
2.3.2 The architecture of Generative adversarial network (GAN)
2.3.3 MG 63 cell culturing process

2.4 Results and discussions

24.1 Simulation results
2.4.2 Experimental results
2.5 Summary

CHAPTER 3 SINGLE-SHOT MULTISPECTRAL QUANTITATIVE PHASE
IMAGING: A DEEP NEURAL NETWORK APPROACH IN BIOLOGICAL CELL
IMAGING

3.1 Introduction

3.2 Workflow of the framework: Data acquisition, network training, and testing
3.3 MG63 osteosarcoma cell culturing process

3.4 Experimental details

3.5  The architecture of generative adversarial network (GAN)

3.6 Results and discussions

36.1 Optical waveguide dataset

20

20

24-37

24

26

27

27

28

30

31

31

32

36

38-55

38

40

44

44

46

47

48



Table of contents

3.6.2 MG 63 osteosarcoma cell dataset
3.6.3 Image quality assessment for optical waveguide dataset
3.6.4 Image quality assessment for biological cell dataset

3.7 Summary

CHAPTER 4 QUANTITATIVE PHASE MICROSCOPY OF WAVEGUIDE
TRAPPED MICROPARTICLES FOR MOTION TRACE ANALYSIS

4.1 Introduction
4.2 Methodology
421 Sample preparation and workflow of MusiQ
4.2.2 Optimization of waveguide parameter and trapping mechanism
4.2.3 Principle of waveguide trapping
4.2.4 Principle of MUSICAL for super-resolution
4.3  Experimental details
4.4  Results and discussions
44.1 Principle of MusiQ
4.4.2 Quantitative phase imaging
4.4.3 Motion analysis of the trapped particle using MusiQ
4.5 Summary

CHAPTER 5 NANOSCALE MOTION TRACE ANALYSIS OF HUMAN
SPERMATOZOA CELLS USING QUANTITATIVE PHASE IMAGING WITH
NANOSCOPIC COMPUTATIONAL ALGORITHM

5.1 Introduction
5.2 Materials and methods
521 Sample preparation and workflow of MusiQ

5.2.2 Quantitative phase imaging

Xi

50

51

52

54

56-70

56

58

58

59

59

61

64

65

65

66

67

69

71-89

71

73

73

74



Table of contents

5.3 Results and discussions

531 Nanoscale motion reconstruction

5.3.2 Nanoscale motion trace of spermatozoa using IFON methods

5.3.3 Fourier domain resolution analysis

5.34 Determination of straight-line velocity

5.35 Nanoscale details contribute to the speed of spermatozoa cells

5.3.6 Variations in nanoscale patterns give insight into motion consistency and

sperm quality

5.3.7 Analysis of motion traces in fertility patients with normal and abnormal

sperm cell conditions
5.3.8 Motion trace analysis of sperm cell heads with a large field-of-view

5.4 Summary

CHAPTER 6 LABEL-FREE MULTIMODAL IMAGING AND SPECTROSCOPIC

TECHNIQUES TO INVESTIGATE THE MORPHOLOGICAL
MOLECULAR FINGERPRINTS OF PENGUIN BRAIN

6.1 Introduction
6.2 Materials and methods
6.2.1 Principle of quantitative phase imaging
6.2.2 Principle of autofluorescence and Raman spectroscopy
6.2.3 Sample preparation
6.3  Experimental details
6.3.1 Experimental setup for quantitative phase imaging
6.3.2 Experimental details for Autofluorescence and Raman spectroscopy
6.4  Results and discussions

6.4.1 Microscopic investigation of Penguin brain

Xii

AND

78

78

80

82

83

84

85

87

88

89

90-110

90

92

92

93

94

97

97

97

98

98



Table of contents

6.4.2 Autofluorescence spectroscopy of Penguin brain tissue
6.4.3 Raman spectroscopy for extracting molecular fingerprints of Penguin brain
6.5 Summary

CHAPTER 7 PARTIALLY SPATIALLY COHERENT LIGHT-BASED FULL-
FIELD OPTICAL COHERENCE MICROSCOPY OF BIOLOGICAL SAMPLES

7.1 Introduction

7.2 Methodology
7.2.1 Experimental details
7.2.2 Sample preparation

7.3 Results and discussions

7.3.1 Characterization of system parameters
7.3.2 PSC light-based optical coherence topography and tomography
7.4 Summary

CHAPTER 8 CONCLUSION AND SCOPE FOR FUTURE WORK

8.1 Contributions

8.2 Future directions

BIBLIOGRAPHY

LIST OF PUBLICATIONS

AUTHOR’S BIOGRAPHY

Xiii

101

103

109

111-125

111

113

114

115

116

116

120

125

126-129

126

128

130-143

144-146

147-148



List of figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

No.

11

1.2

13

14

15

1.6

1.7

Fig.2.1

Fig.

2.2

LIST OF FIGURES

Description

Schematic diagram of white light phase-shifting interference microscopy. Li-
3. lenses, A-stop: aperture stop, F-stop: field stop, BS: beam splitter, PZT:
piezoelectric ~ transducer, CMOS: complementary  metal-oxide-

semiconductor

Schematic diagram of Linnik interferometer, an off-axis interferometric
configuration. Li-s: lenses, MO4.3: microscope objectives, BS: beam splitter,
RM: reference mirror, CCD: charge-coupled device.

Schematic diagram of time domain optical coherence tomography based on

the low coherence interferometry principle.

Processing of 1D interference signal captured by the time domain optical

coherence tomography

Schematic diagram of time-domain(TD-) and frequency-domain (FD-)
optical coherence tomography (OCT) having a scanning probe on the
reference arm and a detector arm. Based on the source and detector, system
is uased as a TD or FD-OCT.

Schematic diagram of Linnik type full-field optical coherence microscopy
(FF-OCM) system.

Schematic diagram of autofluorescence spectroscopy having a source, a
spectrometer, Y-coupler fiber with illumination and collection fibers for
autofluorescence signal recording, filter assembly to filter out the excitation

light, and a system to record and process.

The illustration shows the schematic diagram of filtered white light phase-
shifting interferometry (F-WL-PSIM). GF: green filter, Li.4: lenses, A-stop:
aperture-stop, F-stop: field-stop, BS: beam splitter, PZT: piezo-electric

transducer, RM: reference mirror, CCD: charge-coupled device.

A block diagram illustrating the workflow of the generative adversarial

network (GAN) for single-shot phase-shifting interferometry.

Xiv

Page
No.

11

13

14

16

17

26

28



List of figures

Fig. 2.3

Fig. 2.4

Fig. 2.5

Fig. 2.6

Fig. 2.7

Illustrating the generative adversarial network (GAN) architecture for

single-shot quantitative phase imaging using phase-shifting interferometry.

Comparison between the simulated and network-generated five phase-
shifted interferograms. (a) Simulated five phase-shifted interferograms. (b)
and (c) are their corresponding 2D, and 3D reconstructed phase-maps using
five-step phase-shifting algorithm, respectively. (d) Network generated
equally four phase-shifted interferograms for the same input interferogram
l1. (¢) and (f) are their corresponding 2D, and 3D reconstructed phase maps,
respectively.

The experimental and network-generated five phase-shifted interferograms
and their corresponding phase-maps on waveguide structure. (a), (d) are the
experimentally captured and network-generated five phase-shifted
interferograms, respectively. (b), (c) and (e), (f) are the 2D and 3D
reconstructed phase-maps corresponding to experimentally captured and
network-generated interferograms, respectively. (g) line profile comparison
plot of five phase-shifted interferograms for experimentally captured (in
green) and network-generated (in red). (h) represents the structured
similarity index measure (SSIM) between (b) and (e). The SSIM index for

our waveguide sample is 0.80.

Illustration showing experimental and network-generated five phase-shifted
interferograms and corresponding reconstructed phase map on MG63
osteosarcoma cell. (a) experimentally captured phase-shifted
interferograms. (b) and (c) corresponding 2D and 3D reconstructed phase-
map. (d) network-generated phase-shifted interferograms. (e¢) and (f)
corresponding 2D, and 3D reconstructed phase-map. (G) structured
similarity index measure (SSIM) between the experimental (ground truth)

and network predicted phase.

Illustration showing ground truth and network predicted phase image
on MG63 osteosarcoma cell and optical waveguide dataset. (a), (d)
are the experimentally captured MG 63 cell and waveguide dataset
interferogram, respectively. (b), (¢) are the corresponding 2D
reconstructed phase-map using a five-step phase-shifting algorithm,
respectively (c) and (f) are the network-generated phase map from a
single input interferogram of MG 63 cell and waveguide dataset,
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Fig. 3.1

Fig 3.2

Fig. 3.3

Fig. 3.4

Fig. 3.5

Fig. 3.6

respectively. (g) SSIM between ground truth (b) and network
predicted phase (c) of MG 63 cell data. (h) SSIM between ground truth

(e) and the waveguide dataset's network predicted phase (f).

Workflow of the MS-QPI+DNN framework: (a) Data acquisition process
where lg, Ig, Inir, and Pg, Pr, Pnir are the three wavelength interferograms
and their corresponding phase maps for A = 532nm (green), A = 633nm
(red), and 1 = 808nm (NIR), respectively, using MS-QPI system. (b) A block
diagram depicting the DNN training process. (c) A network testing block

diagram for the generation of multispectral phase maps.

Example of training data preparation for optical waveguide and MG63
osteosarcoma datasets. (a), (b) are the training dataset for optical
waveguides that only correspond to green and red wavelengths. (c), (d) and
(e) are training datasets for the MG63 osteosarcoma dataset. Images are in

grayscale value.

A schematic representation of the multispectral quantitative phase imaging
(MS-QPI) system is shown. Three different LASERS were used (green DPSS
(A =532 nm), He-Ne (A = 633 nm), and near-infrared (A = 808 nm).BS1, BS;
and BSs: beam splitter; MO: microscopic objectives (10X, 0.25 NA); RD:
rotating diffuser; MMFB: multi multimode fibre bundle; L, L, and Ls:
lenses; RM: reference mirror; CCD: charge-coupled device (INFINITY2,
Lumenera). (a) Speckled interferogram caused by direct laser illumination's
high spatial coherence. (b) Speckle-free interferogram using a partially
spatially coherent light source. Blue rectangular box showing the PSC light

source mechanism.

The architecture of generator (G) in a generative adversarial network
(GAN).

The architecture of discriminator (D) in a generative adversarial network
(GAN).

A comparison of numerically (FT+ TIE algorithm-based) and
network-generated multispectral phase map data generated from a
single input hologram on an optical waveguide. The experimentally

recorded input red wavelength interferogram is shown in (a), and the
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Fig. 3.7

numerically reconstructed 2D and 3D phase maps for the
experimentally recorded green and red wavelength interferograms
are shown in (b), (c). (d), (e) is the 2D and 3D phase maps generated
by the network for the green and red wavelengths, respectively. Image
quality assessment between numerically (FT+ TIE algorithm-based)
reconstructed and network-generated multispectral phase maps is
performed to support the network's robustness for multispectral phase
map data generated from a single hologram. The image quality
assessment is performed between two images (the numerically
reconstructed and network predicted) to quantify the network's
effectiveness for multi-spectral data generation. It is listed in tabular
form in Fig. 3.6 for each dataset. The Structure Similarity Index
Measure (SSIM) and Structural Dissimilarity (DSSIM) are run on the
foreground waveguide structure with the assumption of the same

background.

Comparison of numerically (FT+ TIE algorithm based) reconstructed
and network-generated multispectral phase map data from a single
input interferogram on MG63 osteosarcoma cells. (a) is the
experimentally recorded input red wavelength interferogram. (b), (c)
and (d) are the numerically reconstructed phase maps for
experimentally recorded green, red, and NIR wavelength
interferograms, respectively. (e), (f) and (g) are the network-
generated multispectral phase maps corresponding to green, red, and
NIR wavelengths, respectively. Image quality assessment is performed
between numerically (FT+ TIE algorithm-based) reconstructed and
network-generated multispectral phase maps to support the network's
robustness for multispectral phase map data generated from a single
hologram. The SSIM, DSSIM, FSIM, MSE, RMSE, SNR, and PSNR
values of two images (numerically reconstructed and network
predicted) corresponding to each wavelength are listed in Tabular
form in Fig. 3.7. The SSIM and DSSIM are applied to the foreground

cell structure with an identical background.
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Fig. 3.8

Fig. 3.9

Fig. 4.1

Fig. 4.2

Histogram of MSE/SSIM/PSNR on complete optical waveguide test
datasets corresponding to different wavelengths. Histograms
demonstrate the network's robustness for generating multispectral
quantitative phase map data from a single hologram. The SSIM is
performed on the foreground waveguide structure considering

identical backgrounds.

MSE/SSIM/PSNR histograms on complete test datasets of MG 63
osteosarcoma cells corresponding to different wavelengths. Other
than MSE and PSNR, SSIM or FSIM gives better results since it is
normalized between [0 1], so it is more understandable than absolute
errors like in MSE or PSNR [144]. MSE histogram representing
minimum error for a maximum number of datasets for all three
wavelengths, indicating network trained for MS-QPI generation with
minimum error on a large population. The higher the value of SSIM
in the histogram, the more similar the structure of the population is,
and the higher the PSNR value, the better the quality assessment
through the network. The SSIM is applied to the foreground cell

structure while keeping the background identical.

The workflow of the MusiQ approach for motion analysis. Waveguide chip
cleaning for the sample preparation. Interferometric data acquisition. Data
processing using the FT algorithm for the final time-lapsed phase
reconstruction. Sliding soft window in MUSICAL, where window size
depends on PSF. Observation and analysis of the final traced motion of the

samples.

Mechanism showing trapping of bead particle in an evanescent field over
the top of the waveguide (a) showing the radiation pressure force, i.e., the
scattering force acting on a bead particle placed in front of a highly intense
focused beam. (b) schematic showing scattering forces mechanism acting on
a bead particle for propulsion in an evanescent field of the waveguide. (c)
schematic showing gradient and scattering forces acting on a bead particle
for trapping and propulsion in an evanescent field of the waveguide. x and

y are unit vectors along the direction of the gradient force. z shows the unit
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Fig. 4.3

Fig. 4.4

Fig. 4.5

Fig. 4.6

Fig. 5.1

vector along which the scattering force works to propel the particle in the

direction of the propagation.

Block diagram representing the workflow of multiple signal classification
algorithms (MUSICAL).

The schematic diagram of temporally high and spatially low coherent light-
based DHM+WT system for the QPI of waveguide trapped polystyrene bead
particle for the label-free motion tracing application. MO1.4: microscope
objective lenses; RD: rotating diffuser; MFB: multimode fiber bundle; Li.s:
lenses; BS: beam splitter; M: mirror; sCMOS: scientific complementary

metal oxide semiconductor.

llustrating the time-lapsed interferometric and corresponding
reconstructed phase images of the propelled polystyrene bead particle. (a)
time-lapsed interferometric images. (b) reconstructed time-lapsed phase
images. (C)MUSICAL was applied to the time-lapsed amplitude images for
motion trajectory. (d) MUSICAL was applied to the time-lapsed phase
images for the motion trajectory.

llustrating the time-lapsed interferometric and corresponding FT+TIE
reconstructed phase images of the two propelled polystyrene bead particles
encircled in red in the evanescent field of the waveguide. The MUSICAL
image shows the motion trajectory of the trapped and propelled bead
particles. Here, we showed the raw time-lapsed interferometric and
reconstructed phase images so that small bead particles inside the
waveguide would be visible. MUSICAL for motion tracing is applied only on
the cropped ROI (yellow rectangular box). Blue arrows show the transition
of trapped bead particles from the upper margin of a waveguide strip to the
lower margin shown in the interferometric, phase map, and the phase map

+ MUSICAL image. Here, phase images are shown in grayscale.

The workflow of the MusiQ approach for the motion analysis of sperm cells.
Silicon wafer chip cleaning for the sample preparation of sperm cells.
Interferometric data acquisition. Data processing using FT and TIE
algorithm for the final phase reconstruction. Sliding soft window in
MUSICAL, where window size depends on PSF. Observation and analysis

of the final traced motion of the samples.
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Fig.5.2

Fig.5.3

Fig. 5.4

Fig. 5.5

Fig. 5.6

Fig. 5.7

The schematic diagram of a high spatially sensitive digital holography
system for the quantitative phase imaging of human sperm cells. (a)
interferogram using direct coherent laser, (b) interferogram using partially
coherent illumination, and (c) spatial phase sensitivity of our system. The
color bar represents the phase in radian. MO:.4: microscope objective
lenses; RD: rotating diffuser; MF: multimode fiber; Lis: lenses; BS: beam
splitter; M: mirror; sCMOS: scientific complementary metal oxide

semiconductor.

Different approaches for tracing sperm motion. (a) Proposed MusiQ shows
3x fine motion tracing of the cells compared to the maximum projection (b)
of the phase images. On the other hand, motion tracing with bright field
images is unbale to show the fine motion features. In our analysis, green
arrows represent normal sperm cells (progressive cells), tracing the helical
path in a straight line. Yellow arrows show non-progressive sperm cells
moving in a close vicinity. Red arrows represent immotile (dead) cells with
very low phase and amplitude contrast. (¢) and (d) provide a comparison to
commonly used bright field imaging, which provides a more straightforward

interpretation but does not support motion tracing interpretation.

Motion tracing of sperm cells using different IFON methods. The contrast of
the images was improved by clipping the histogram until the structure is

visible enough while hiding the background.

DFT was applied to the MUSICAL, SOFI, and maximum projection of raw
data results. The spectrum was padded to match in size and normalized by
the maximum value of each. We use the log-scale of the magnitude of the

normalized spectrum in this case. Here e6 = 10°.

The nanoscale motion tracing of sperm cells provides sub-diffraction
features: (a) Various boxes depict variations in the radius and period of the
sperm's helical motion. Period + standard deviation and radius + standard
deviation of these segments is shown in the table. (b:4): these features are

plotted against the linear velocity of the cells.

Scatter plot between the standard deviation of the periods and the standard

deviation of the radii of individual sperms. The motion traces of five sperms
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Fig. 5.8

Fig. 5.9

Fig. 6.1

Fig. 6.2

Fig. 6.3

Fig. 6.4

Fig. 6.5

that meet the criteria for progressive motility (i.e., speed >25 um/sec) are

shown here.

Motion trace of different normal and abnormal cells based on the proposed
label-free MusiQ. The scale bar is 10 um.

Motion trace analysis of sperm cell heads in two different FOVs. (a), (b):
Motion trace of sperm cell head with different motility in a large FOV. (c),
(d): bar plots of motility classes with corresponding color coding

represented in (a) and (b), respectively.

Block diagram showing the sample preparation and illustrating different
stages of the Penguin brain. (a) Penguin head (b) Penguin brain after

dissection (c) embedded head in a medium for sectioning.

Schematic illustration of (a) nano dendrites preparation (b)surface plasmon
resonance due to the distortion of electron cloud from its main position, i.e.,

oscillating, when an external electric field is applied.

Bright-field and phase contrast microscopy of Penguin brain sample. (a-c)
are the BF images of the brain sample with low contrast and no quantitative
information. (d) is the PC image showing the zoomed region of interest
(ROI), which visualize the high-contrast image of different cellular
structure. Red arrows may correspond to different RBC-type cells, and

yellow arrows represent nuclei contained cellular structures.

Photomicrographs of CV-stained cerebrum (a-c) and cerebellum (d-f) in
Penguin brain showing blood vessels (BV) lined by endothelial cells
containing numerous nucleated blood cells (a, b). Multipolar neurons (Ne)
and glial cells (GC) can also be seen (b, c, f). The cerebellar cortex consists
of a molecular layer (ML) (d, e), a single layer of large-size, well-preserved
Purkinje neurons (Ne) (e, f), and a granular layer (GL) (d, e). The cerebellar
medulla (CM), which consists of white matter, is surrounded by folds of the
cerebellar cortex. Also seen are artifacts of freezing (irregular, linear
spaces) (*). NS Nissl substance. Scale bar. a=100 pm, b and ¢= 50 pm,
d=1000 pm, e=100 pm, and f= 50 pm.

Partially spatially coherent light-based quantitative phase imaging of
Penguin brain tissue to quantify the phase information. (a) interferometric

image of the Penguin brain tissue. (al) cropped image of region of interest
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Fig. 6.6

Fig. 6.7

Fig. 6.8

Fig. 7.1

Fig. 7.2

Fig. 7.3

(ROI), specified in a yellow rectangular box in (a). (b) reconstructed phase
map of recorded interferometric imaging using FT+TIE algorithm. (bl)
cropped image of ROI, specified in a yellow rectangular box in (b), showing
the phase map of cells inside the tissue.

Autofluorescence spectroscopy of Penguin brain at excitation wavelength
405nm. (a) 405nm source excitation spectra. (b) AF emission spectrum
corresponds to excitation wavelength 405nm.

(a) Normal Raman spectra of the Penguin brain tissue under NIR (785 nm)
excitation wavelength, (b) UV-Vis absorption spectrum, and (c), (d) FESEM
image of chemically synthesized multi-branched silver nanodendrites
(AgNDs).

The collected average SERS spectra of Penguin brain by (a) direct
depositing the tissue specimens over plasmonic silver nano dendrites
(Average plot of 5 plots) and (b) reversely drop-coating the colloidal AgNDs
solution on the top of the tissue specimens (Average plot of 15 plots), under
NIR (785 nm) excitation wavelength

Schematic diagram of FF-OCM using a partially spatially coherent light
source. MO: microscope objective, RD: rotating diffuser, MMFB: multi
multimode fiber bundle, A: aperture, L: Lenses, BS: beam splitter, RM:

reference mirror, CMOS: complementary metal oxide semiconductor.

Noise comparison between the coherent and PSC light sources. (a, b) bright
field and interferometric image with speckles, respectively. (c, d) bright field
and interferometric images without speckles, respectively. The images are

taken with a 20X/0.40 NA microscope objective.

Phase noise comparison between the coherent (direct laser) and PSC light
sources. (a) bright field image with speckles, (b) line profile along the dotted
line in (a), showing non-uniform intensity distribution. (c, d) are the phase
map noise and height map noise for coherent, respectively. (e) bright field
image without speckles for the PSC light source, (f) line profile along the
dotted line in (e), showing uniform intensity distribution. (g, h) are the phase
map noise and height map noise for PSC light, respectively. The images are

taken with a 20X/0.40 NA microscope objective.
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Fig. 7.4

Fig. 7.5

Fig. 7.6

Fig.7.7

Fig.7.8

Fig.7.9

Measurement of the spatial and temporal phase sensitivity of linnik setup on
the standard mirror (a) interferogram obtained while using a standard flat
mirror as an object (b) spatial phase noise (+15 mrad) of the experimental
setup and (c) temporal phase noise (+2 mrad) of the experimental setup.

Longitudinal spatial coherence length determination. (a) interferometric
arm showing the scanning of the sample stage for the data acquisition from
-z to +z. (b) stack of the recorded interferograms obtained by translating the
mirror as a sample along the vertical z-direction (c) is visibility plot w.r.t. z-

scan.

PSC light-based optical coherence topography of gauge block. (a)
Photographic image of the gauge block, (b) direct laser beam image with
SMF (c) and (d) are the interference fringes on the left and right side of the

gauge block, respectively.

3D cross-sectional imaging of overlapped multilayer human RBC and onion
slice using LSC property. (a) multilayered sample preparation over a silicon
warfer on which onion slice and RBC smear are separated using a 0.17 mm
cover slip. (b) and (d) are the interferometric images of human RBC and
Onion slices, respectively. (c) and (e) are their corresponding phase map of

the upper and lower layers of two crossed human RBC and onion slices.

Block diagram showing the workflow for the data acquisition and processing
in the FF-OCM system.

llustrating the LSC-based FF-OCM of oral cancer tissue. (a)stacking of
reconstructed amplitude images from -z to +z with separation of 5 null
matrices to show the stacking. (b) stacked amplitude image of oral cancer
tissue corresponding to the interferogram from -z to +z, representing the
volumetric image. (c) en-face image of the stack of oral cancer tissue. (d)
high contrast interferogram of oral cancer tissue. (e) FT reconstructed

phase of oral cancer tissue.
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