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Abstract

ABSTRACT

Conventional cancer screening methods are typically confined to large urban hospitals,
presenting challenges related to expense, time consumption, and limited accessibility.
Implementing fast and reliable screening tools like multi-modal optical imaging and
spectroscopic devices holds promise for mitigating healthcare costs and increasing sensitivity
and accuracy in the diagnosis of diseases. These non-contact or minimally invasive methods
operate within the near UV, visible, and near-infrared electromagnetic spectra, collectively
termed “optical biopsy”, offering real-time and precise cancer diagnosis. This thesis aims to
develop novel portable, multi-spectral, and multi-modal devices using optical techniques such
as auto-fluorescence (AF) imaging, fluorescence (FL) imaging and spectroscopy, and micro-
endoscopy-based point-of-care tools. AF and FL techniques exhibit high specificity and
sensitivity; being directly linked with the molecular levels of human tissue, they can be used
as a quantitative tool for cancer detection or diagnosis. These advancements stand to
revolutionize the screening, diagnosis, treatment, and prevention of oral and breast cancer,

presenting opportunities for quicker and more efficient healthcare interventions.

First, we propose the development of portable, cost-effective, and user-friendly FL-based
smartphone imaging and spectroscopic devices for detecting invasive ductal carcinoma (IDC)
within tumor margins during tumor removal. These multi-modal tools leverage molecular-level
FL sensitivity, exhibiting distinct behaviors in normal, cancerous, and marginal tissues.
Employing simultaneous FL imaging and spectroscopy during intra-operative breast cancer
procedures holds considerable advantages for identifying tumor margins and distinguishing
between tumor and healthy tissues. Our observations highlight notable spectral changes, such
as red-shift, variations in full-width half maximum (FWHM), and increased intensity,
progressing from normal tissue toward the tumor centre. Principle component analysis (PCA)
is used for the classification of invasive ductal carcinoma with an accuracy of 93 %, sensitivity
of 75%, and specificity of 92.8%. We obtained an average 6.17 = 1.66 nm red-shift for IDC
with respect to normal tissue. Following the development of FL-based smartphone imaging
and spectroscopic devices, these tools have also demonstrated the capability to diagnose early-
stage breast cancer fibroadenomas. The experiments were performed, and we analyzed and
classified fibroadenomas, IDC, and normal tissue. The sensitivity, specificity, positive
predictive value, negative predictive value, and overall diagnostic accuracy for IDC and

fibroadenoma compared to normal tissue (total efficiency) are 78.6 %, 90%, 91.6%, 75%, and
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95%, respectively. Additionally, we also observed a red shift for fibroadenoma from normal
tissue, which is 4.96+£2.61 nm. The study includes a total of 11 IDC and 10 fibroadenoma

patients.

Further, we report the development of multi-modal autofluorescence and fluorescence imaging
and spectroscopic (MAF-IS) smartphone-based systems for fast and real-time oral cancer
screening. MAF-IS system is indigenously developed and offers the advantages of being a low-
cost, handy, non-contact, non-invasive, and easily operable device that can be employed in
hospitals, including low-resource settings. In this study, we report the results of 43 individuals
with 28 OSCC and 15 oral potentially malignant disorders (OPMDs), i.e., epithelial dysplasia
and oral submucous fibrosis, using the developed devices. We observed a red shift in
fluorescence emission spectra in-vivo. We found red shift of 7.72+6nm, 3 +4.36nm, and
1.3340.47nm in the case of OSCC, epithelial dysplasia, and oral submucous fibrosis,
respectively, compared to normal. The results were compared with histopathology and found
to be consistent. Further, the MAF-IS system provides results in real-time with higher accuracy
and sensitivity compared to devices using a single modality. Our system can achieve an
accuracy of 97% with sensitivity and specificity of 100% and 94.7 %, respectively, even with
a smaller number of patients (28 patients of OSCC). The proposed MAF-IS device has great

potential for early screening and diagnosis of oral cancer in the future.

Following the development of smartphone-based imaging and spectroscopic tools for breast
and oral cancer, a necessity arises to observe real-time cellular changes in cancer progression
at the microscopic level within living tissues and in in-vivo mode. While existing micro-
endoscopes serve this purpose, their complexity and bulkiness limit their functionality to
imaging alone. Addressing these, we developed a compact and user-friendly micro-spectro-
endoscope (MSE) operating in both imaging and spectroscopic modalities. The MSE employs
a graded index (GRIN) rod-lens for micro-endoscopy and utilizes oblique illumination to
eliminate specular reflections. Notably, the MSE achieves a spatial resolution of 4.38 um and
a spectral resolution of 0.5nm, encompassing a field of view measuring 1.44 x 2.55 mm?.
Employing AF and FL techniques, our MSE screens OSCC, oral dysplasia, and normal tissues.
Analysis reveals distinguishable FL contrast among all the cases alongside significant spectrum

parameter shifts, particularly observed in OSCC and oral dysplasia scenarios.

Following the application of the MSE in FL mode, we proceeded to integrate AF into the
developed MSE. This integration enabled us to investigate lupus nephritis (LN), an

Vi
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autoimmune disease characterized significantly by proteinuria. We employed AF spectroscopy
utilizing kidney tissues from the Murphy Roth large (MRL) strain across three stages: young,
antibody-positive, and proteinuria-afflicted. Our findings revealed distinct changes among
these three cases, aligning notably with histopathological observations. The MSE, with its dual-
modality, imaging, and spectroscopy in AF and FL modes, has effectively probed oral cancer

and proteinuria-afflicted kidney samples, showcasing its versatile diagnostic potential.

Finally, we conducted a comprehensive examination involving the tagging of fluorescein
sodium salt (FSS) with oral cancer tissues, previously utilized for the FL technique in our
earlier research. This study encompassed both ex-vivo and in-vivo investigations of oral cancer
with FSS, expanding our understanding of its application and behaviour within the context of

oral cancer detection and analysis.

vii
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at periphery of fibre tip. (c) Fibre tip, showing a central fibre for
collecting emitted FL and six periphery fibres for excitation of FL.
Smart phone-based FL imaging device. (a) Developed imaging
device with different optical elements. (b) Schematic diagram for
intra-operative procedure of imaging device. (c) Back view and

front view of the developed device
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Imaging System. (a) Whole imaging system indicating switch,
intensity regulator, adapter and phone holder. (b) Close-up of DC
input to the device. (c) LED array in the imaging system showing
the pattern of 470 nm and 405 nm LED:s.

[llumination from imaging device. (a) Estimated illuminating circle
at 15 cm with 470 nm LEDs. (b) Estimated illuminating circle at 15
cm from imaging device using 405 nm LEDs. (c) Imaging device
shows illumination at 15 cm.

Photograph of breast tissue. (a) Resected human breast tissue. (b)
FL image of the same resected human breast tissue. (c) Intensity
variation image of the tissue.

Resected breast cancer tissue. (a) Photograph of resected breast
tissue along with the scale which shows the size of the resected
tissue. (b) FL image of the same tissue with marked sites. ()
Intensity variation image of (b) indicating high intensity near centre
of tumor. (d) FL spectra of the breast cancer tissue corresponding to
marked sites in FL image (b).

Images and spectra of patient 1 recorded from the developed
devices. (a) Brightfield image of the resected tumor. (b) FL image
of (a). (c) Intensity variation image of (b) indicating FL contrast
within the tumor. (d) 200 X magnification histopathological image
of the same patient of IDC. (e¢) FL spectrum of normal and
cancerous tissue giving maximum intensity for cancerous tissue. (f)
Normalised FL spectrum shows a red shift for cancerous tissue.
Box plot for various parameters. (a) Variation of A peak in the case
of cancer and normal breast tissue. (a) Red shift obtained between
cancerous and normal breast tissue. (c) Intensity variation in case of
cancer and normal tissue. The central line indicates the median, and
top and bottom of box indicate 25th and 75th percentiles,
respectively. Extended black lines in upward and backward
direction from the box specify extreme data points.

ROC curve for testing data set of IDC tissues using PCA.
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Spectrum obtained for surgical margins. (@) FL spectrum of
different margins moving away from the tumor for patient 1. (b) FL
spectrum obtained for the specific case of patient 11 for minimum
negative margin of 1 mm.

FL spectra obtained from IDC patients’ margins. (a) FL spectra of
tumor, normal and two margins of a patient. (b) FL spectra of tumor,
normal and two free margins of other patient.

Pictorial model of tissue micro-environment. (a) Normal breast
tissue indicating well defined ducts in basement membrane with
normal cells and less heterogeneity. (b) Cancer breast tissue
indicating deformed ducts with invading cancer cells as well as
increased heterogeneity

(a) Fluorescence spectroscopic system for early-stage breast cancer
detection. (b) Schematic diagram of fluorescence imaging device
with smart phone

(@) Fluorescence normalized spectra of fibroadenoma and
fibroadenoma surface, indicating a red-shift of 4.66 nm. (b)
Fluorescence spectra of same patient indicating change in
fluorescence intensity counts of fibroadenoma and fibroadenoma
surface. (c) Normal photograph of resected Fibroadenoma tissue.
(d) Fluorescence image of same resected fibroadenoma tissue with
higher fluorescence intensity in encircled area other than the
surface.

Fluorescence spectra of fibroadenoma tissues. (al) Fluorescence
spectra of patient 15 showing maximum peak wavelength of
fibroadenoma surface (considered as normal) and centre of
fibroadenoma tissue. (a2) Normalized fluorescence spectra of (al).
(b1) Fluorescence spectra of patient 19 with fibroadenoma and (b2)
is normalized fluorescence spectra of (b1)

(@) Fluorescence image of resected invasive ductal carcinoma
tissue. (b) Normalized fluorescence spectra of same as (a) IDC

tissue and normal tissue indicating red-shift about 9.04 nm. (c)
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Fluorescence spectra of same patient indicating increased
fluorescence intensity in case of IDC tissue.

(@) Box plot of peak emission wavelength in IDC, normal,
fibroadenoma and fibroadenoma surface tissues. (b) Box plot of
maximum fluorescence intensity in IDC, normal, fibroadenoma and
fibroadenoma surface tissues.

Confusion Matrix for predicting IDC, fibroadenoma and normal
tissues. ‘0’ represents normal class, ‘1’ represents IDC and 2’
represents fibroadenoma class.

ROC for IDC, fibroadenoma and normal breast tissues.

Flow chart of procedure including AF and FL imaging and
spectroscopy.

Box plots for age and gender for OSCC and OPMDs (epithelial
dysplasia and oral submucous fibrosis).

Image filtration from AF and FL image and Spectra parameters
extraction from AF and FL spectrum

Experimental setup for AF and FI imaging. (a) Detailed description
of different components in the imaging device. (b) Ray diagram for
the imaging device. (c) Diagram showing real-time data collection
from the mouth of the oral patient.

Experimental setup for AF and FI spectroscopy (a) Block diagram
of the spectroscopic purpose. (b) Collection and excitation end of
the Y-coupler used for spectroscopy. (b) Complete spectroscopic
system for AF and FL spectroscopy with optical components.

AF and FL images and spectra of OSCC patients were recorded at
365 nm (for AF images), 405 nm (for AF spectra), and 488 nm (for
FL images and spectra). (al)-(a3) AF images of OSCC tissue in the
red, green, and blue regions, respectively. Green and red ROl in (al)
is for normal and cancer regions. (b1)-(b3) shows FL images of the
same patient under the 472 nm filtered image indicating dye tagging
in tissue region and intensity variation of tagged dye, respectively.
(c) FL spectra of the patient and (d) AF spectra of the same patient.
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AF and FL images and spectra of oral submucus fibrosis patients
were recorded at 365 nm (for AF images), 405 nm (for AF spectra),
and 488 nm (for FL images and spectra). (al)-(a3) AF images of
oral submucus fibrosis tissue in the red, green, and blue regions,
respectively. (b1)-(b3) shows FL images of the same patient under
the 472 nm filtered image indicating dye tagging in tissue region
and intensity variation of tagged dye, respectively. (c) FL spectra of
the same patient and (d) AF spectra of the patient.

AF and FL images and spectra of oral epithelial dysplasia patients
were recorded at 365 nm (for AF images), 405 nm (for AF spectra),
and 488 nm (for FL images and spectra). (al)-(a3) AF images of
oral epithelial dysplasia tissue in the red, green, and blue regions,
respectively. (b1)-(b3) shows FL images of the same patient under
the 472 nm filtered image indicating dye tagging in tissue region
and intensity variation of tagged dye, respectively. (c) AF spectra
of the same patient and (d) FL spectra of the patient.
Autofluorescence, fluorescence images and spectroscopy. (al-a4)
are raw autofluorescence image, autofluorescence spectra,
fluorescence raw image and spectra of OSCC patient respectively.
(b1-b4) are raw autofluorescence image, autofluorescence spectra,
fluorescence raw image and spectra of oral submucus fibrosis
patient respectively. (cl-c4) are raw autofluorescence image,
autofluorescence spectra, fluorescence raw image and spectra of
oral epithelial dysplasia patient respectively.

Autofluorescence and Fluorescence spectra for the oral submucous
fibrosis and oral epithelial dysplastic tissue. (a) Autofluorescence
spectrum of oral submucous fibrosis, (b) is the fluorescence
spectrum of the same patient. (c) The autofluorescence spectrum of
oral epithelial dysplastic tissue, and (d) the fluorescence spectrum
of the same patient.

Box plots for AF image parameters. (a-c) Mean values of AF

intensity histograms in red, green, and blue frames, respectively.
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Box plots for AF image parameters. (a-c) Mean values of AF
intensity histograms in red, green, and blue frames, respectively.
Box plots for AF image parameters. (a-c) Energy values of the
intensity histograms of AF images in red, green, and blue frames,
respectively.

Box plots for FL images and AF redox ratio. (al-a4) FL image
parameters box plots of the intensity histograms' mean, standard
deviation, skewness, and energy values. (a5) FL spectrum emission
wavelength box plot. (b) Box plot for AF image redox ratio value
of OSCC and normal areas.

Receiver Operating Curve ROC curve for testing data set of OSCC
patients.

Schematic diagram of oral tissue. (a) Autofluorescence in oral
tissue and black dotted lines shows the excitation wavelength to the
tissue, and blue, green, and red dotted lines show AF from the oral
tissue. (b) Schematic of oral tissue after FSS dye application on it.
The Blue dotted line shows the excitation light to the tissue and the
green dotted line shows fluorescence emission [163].

Experimental setup for a multi-modal micro-endoscopic system
containing 488nm laser (3V DC, 5 mW, Sky Blue Dot Laser Diode
Module Industrial Grade TY Laser), illumination optical fibres,
GRIN lens(GT-ERLS-200-020-100-NC, diameter 2mm, working
distance 5mm), a 3D printed mount M, tube lens L1 and L2 (5cm
focal length), beam-splitter BS, bandpass filters GF1 and GF2
(510nm-560nm), a CCD camera and a spectrometer (Avantes, 200-
1100 nm range, 0.06-20 nm resolution), inset is showing 3D printed
assembly for GRIN rod lens and illumination optical fibres

A ray diagram of the setup for the emission geometry and an inset
ray diagram of the GRIN rod lens is shown.

Diagram of the developed MSE with the real picture and front-end

tip in the insets
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Figure 6.1

(@) 1951 USAF Resolution chart image (b) zoomed image of
Resolution chart (c) shows fluorescent polystyrene beads of 7.32
pm

(a) Excitation source spectrum. (b) FSS spectrum.

(@) Onion epithelial layers tagged with FSS. (b) FL spectrum of the

onion epithelial layer. (c) and (d) is the FL microscopic image and
FL spectrum of chicken breast tissue.
FL images of (a) normal oral tissue and (b) FL spectrum from the
same area of normal oral tissue; (c) is the FL microscopic image of
the cancerous oral tissue, and (d) is the FL spectrum of the
cancerous oral tissue from the same area; (e) is the FL microscopic
image of FSS injected tissue and (f) is the FL spectrum of the FSS
injected tissue from the same area

(@) FL micro-endoscopic image of OSCC tissue of a patient
showing cancerous islands. (b) zoomed image of (a) indicating
leveling of FSS dye within the cancerous cells. (c) FL image of
another OSCC patient indicating different cancerous islands labeled
with FSS. (d) FL image of normal oral tissue showing no specific
leveling of the FSS dye. (e) H&E tagged image of the patient (a)
with 20x microscope objective lens.

FL spectra. (a) FL spectra of normal oral tissue. (b) FL spectra of
OSCC tissue.

FL microscopic images of OSCC, OD, and normal tissue. (al-a4)
are OSCC, (b1-b4) are OD, and (c1-c4) are normal tissue images,
respectively.

(@) and (c) FL image of OSCC tissue. (b) and (d) intensity variation
of (a) and (c) respectively. The black dotted lines in (b) and (d) give
the increased FSS labeling within tissue and cells, respectively.

(@), (c), and (e) are the FSS-labeled intensity variation images of
OSCC, normal, and OD tissues with their histopathological images.
Experimental Setup to record the fluorescence spectra of five

different concentrations.
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Experimental setup to study the effect of FSS concentration in oral
cancer tissue. (a) Ex-vivo experimental Setup for the concentration-
based study of oral cancer. (b) The schematic diagram for in-vivo
fluorescence imaging and spectroscopy.

Five different concentrations with readily available FSS showing
the molarity.

(a) Fluorescence spectra of FSS with different concentrations. (b)
Normalized fluorescence spectra of FSS with different
concentrations. (c) pH values of different concentrations of FSS.
Fluorescence images and spectra. (al-el) are the fluorescence
micro-endoscopic images of onion epithelial layers with different
concentrations. (a2-e2) are the intensity variation images of (al-el).
(a4-e4) are fluorescence spectra of the onion epithelial layers.
Fluorescence images and spectra. (al-el) are the fluorescence
micro-endoscopic images of OSCC tissues with different
concentrations. (a2-e2) are the intensity variation images of (al-el).
(a3-e3) are the histogram of the intensity variation corresponding to
the (al-el). (a4-e4) are fluorescence spectra of the OSCC tissues in
ex-vivo mode.

Variation of normalized statistical parameters extracted from OSCC

images in ex-vivo mode with five different concentrations. (a-b)
Mean and energy of the intensity distribution for various
concentrations. (c-d) Skewness and kurtosis of the images for
multiple concentrations. (e-f) Entropy and standard deviation of the
images for different concentrations in ex-vivo mode.

In-vivo results from oral cancer patients. (al and bl) Bright-field
image of the OSCC patients without any FSS labeling. (a2 and b2)
FSS labeled OSCC patients. (a3 and b3) Histopathological images
of the OSCC patients.

In-vivo results for different concentrations. (al and b1) Bright field
image of the OSCC patients without any FSS labelling. (a2) FSS
labeled OSCC patient with 1:75 concentration. (a3) Intensity

variation image of the (a2). (a4) Fluorescence spectra of normal and
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OSCC patients with 1:75 concentration. (b2) FSS labeled OSCC
patient with 1:100 concentration. (b3) Intensity variation image of
the (b2). (b3) Fluorescence spectra of normal and OSCC patients
with 1:100 concentration.

Fluorescence spectra of the OSCC patient with 1:75 and 1:100
concentrations.

Development of the disease on MRL strains: Young case is for
development of 4 weeks, antibody positive is for development of 20
weeks, and Proteinuric is for development of 21 weeks.
Experimental Setup for AF Imaging and Spectroscopy containing
two LEDs of 365 and 405 nm, a GRIN rod-lens, lenses (L1 and L2),
beam splitter (BS), filters (F1 and F2), spectrometer and a camera.
Experimental Setup for FL imaging and spectroscopy. The inset
shows the ray diagram within the GRIN-rod lens. The red
rectangular box shows the arrangement of fibres with the centric
GRIN-rod lens

AF images of the renal tissues. (a) AF image of protein uric tissue
showing low AF intensity. (b) AF image of antibody-positive tissue
showing highest AF. (c) AF image of young tissue showing AF
intensity. Scale bar = 200 pm.

AF image of antibody positive with corresponding
histopathological image. (a) Histopathological image taken at 4X.
(b) AF image of antibody-positive tissue with the glomerular
regions in the circular areas showing high AF compared to the
background.

AF images excited by 365 nm. (al-c1) Medulla region of the kidney
sample of protein uria, antibody-positive, and young tissues,
respectively. (a2-c2) Tissue region between the medulla and cortex
protein uria, antibody-positive, and young tissues, respectively. (a3-
c3) Cortex region of the kidney samples of protein uria, antibody-
positive, and young tissues.

AF images of protein uria, antibody positive and young renal

tissues. (al-cl) Digitally filtered blue frame AF images of protein
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uria, antibody positive and young tissues, respectively. (a2-c2)
Digitally filtered green frame AF images of protein uria, antibody
positive, and young tissues, respectively. (a3-c3) Digitally filtered
red frame AF images of protein uria, antibody positive, and young
tissues, respectively.

Statistical comparison of mean intensity of red, green, and blue
frame of protein uria (P), antibody positive (A), and young ()
tissues.

AF images of renal tissues after the excitation of 405 nm. (al-a3)
AF images of young tissue in blue, green, and red filter,
respectively. (b1-b3) AF images of antibody-positive tissue in blue,
green and red filter, respectively. (c1-c3) AF images of protein uric
tissue in blue, green and red filter, respectively.

AF spectra of young, antibody positive and protein uria, by 405 nm
excitation showing peak maximum at 536 nm, 480 nm and 493 nm
respectively.

AF spectra of protein uria, antibody positive and young renal tissue
excited by 405 nm.

AF spectra of two antibody positive cases excited by 405 nm. (al-
a3) AF spectra of a particular case of antibody positive showing
same type of trend. (b1-b3) AF spectra of another particular case of
antibody positive showing same type of trend.

FSS tagged FL images of protein uric, antibody-positive, and young
tissues and, inset shows the zoomed images.

FL imaging and spectra of the protein uric and young kidney
samples. The bar value is 200 pm

Developed MSE with front tip image

(@) Intensity image of the fish skin showing a water bubble on the
top from one fibre illumination and (b) is the same sample with
diametrically opposite fibre illumination. (c) Absorption image, and
(d) is the phase contrast image of the same sample. The bar value is
100 im
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Experimental setup for simultaneous Raman spectroscopy with
microscopy containing Raman spectrometer, Raman probe, lenses
L1and L2, abeam splitter (BS), microscopic objective (MO), Laser
1 and Laser 2, emission filter and a CCD camera

Block diagram illustrating the convergence of multimodal
multispectral technologies and the implementation plan along with
artificial intelligence and machine learning for real-time optical

biopsy.
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