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Abstract

This thesis presents the development and application of advanced label-free and fluorescence-
based optical imaging techniques for high-contrast, quantitative, and super-resolved visual-
ization of biological and industrial samples. The work focuses on the design, implementation,
and validation of novel microscopy systems that address key challenges in optical imaging,
including low contrast, temporal instability for dynamic events, and diffraction-limited reso-

lution.

Firstly, a calcite-based common-path quantitative phase microscopy system for accurate
phase measurements and high-contrast imaging of semi-transparent biological samples has
been presented. The system demonstrated high temporal stability and robust performance
in monitoring dynamic cellular events, such as red blood cell membrane fluctuations and
mouse embryonic fibroblast cell dynamics, with ~20 mrad phase stability under ambient
conditions. Building on this, a partially spatially coherent light source-based single-shot
quantitative differential phase contrast microscopy system was developed to overcome the
limitations of conventional differential phase contrast and differential interference contrast
phase-shifting approaches. The use of a partially coherent source significantly reduced laser
coherence noise and speckle artifacts, improving image quality and contrast. The proposed
optical configuration, employing a calcite beam displacer, generated two laterally sheared,
parallel beams that produced high-density interference fringes, enabling single-shot gradient
phase imaging along the shear direction. For complete quantitative phase reconstruction,
two orthogonally sheared gradient phase images were acquired and numerically integrated
to obtain accurate and artifact-free quantitative phase maps. This approach allowed rapid,
high-contrast visualization of cellular morphology and refractive index variations, facilitat-
ing detailed analysis of disease-related biophysical properties. Furthermore, the system’s
geometry enables seamless integration with fluorescence, optical trapping, and microfluidic

modules, allowing for versatile multimodal imaging of biological processes.

Next, a novel coverslip-guided total internal reflection fluorescence (Cg-TIRF) microscopy
system was developed to provide a simple, cost-effective, and compact solution for surface-
selective fluorescence imaging. The system utilizes a conventional glass coverslip as a mul-
timode slab waveguide, where thousands of guided modes collectively produce a spatially

averaged evanescent field, ensuring uniform illumination over a large field of view without



the need for mechanical scanning. This innovative configuration eliminates the need for com-
plex optical components, making the system easily adaptable to standard microscopy setups.
Furthermore, by introducing temporal modulation of the laser diode, controlled intensity
fluctuations were generated electronically through current modulation, providing a straight-
forward and low-cost means of achieving fluorescence intensity variations. When combined
with the intensity fluctuation optical nanoscopy (IFON) algorithm, these modulations en-
abled artifact-free super-resolution imaging, demonstrating around threefold improvement
in resolution using polystyrene beads and fixed human bone osteosarcoma epithelial cells
(U208 cell line). This work establishes a simplified and accessible approach for achieving

both high-contrast and super-resolved fluorescence imaging using standard optical substrates.

The laser-based Cg-TIRF system enabled high-contrast, surface-selective fluorescence imag-
ing. When applied to FFPE tissue sections, however, coherent laser excitation enhanced
background signals from residual chemical compounds. To mitigate this, an LED-based
TIRF platform was developed. Its reduced temporal coherence minimized interference arti-
facts while preserving shallow evanescent excitation, thereby improving fluorescence image

quality in chemically processed tissues.

To expand surface-selective imaging beyond fluorescence labeling, a complementary label-
free near-field approach was implemented using the same Cg-TIRF configuration. Under 488
nm excitation, intrinsic photoluminescence of the glass coverslip served as a localized near-
field illumination source. In combination with the evanescent field, surface-proximal objects
scattered and modified the confined light, producing high-contrast, surface-selective images
without labels. Validation using calibrated microspheres and biological samples confirmed
accurate feature visualization compared to bright-field microscopy. Temporal modulation of

illumination further enabled intensity-fluctuation—based label-free super-resolution imaging.

Collectively, these systems provide versatile platforms for label-free quantitative phase imag-
ing, surface-selective fluorescence, and super-resolution microscopy. The approaches devel-
oped in this thesis offer low-cost, compact, and multimodal solutions, opening new avenues
for live-cell analysis, histopathology, and high-resolution optical characterization of biological

and industrial samples.
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bar:20 pm. (a;-ay4) Zoomed area indicated in (a); scale bar: 10 um. (b, ¢, d,
& e) Intensity line profile of dashed line under (a;-a4). (f-h) represents the
line profile across the dashed lines f, g, and h drawn in image (a); these lines
illustrate the signal and background noise along the line in three parts of the
recorded image. . . . . . .. L
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Schematic of Total Internal Reflection (TIR) at the boundary between medium
m and ng (1 > 12). The incident wave undergoes TIR, resulting in an evanes-
cent wave in the lower-index medium. The decay of the field into medium 7,
is characterized by the exponential term e~"*, and the penetration depth d is
defined as the distance at which the field amplitude falls to 1/e of its value
at the interface. . . . . . . ..o
Schematic of total internal reflection (TIR) at the glass-sample interface.
Light introduced from flat-surface LEDs into the edges of a standard mi-
croscope glass slide (refractive index ;) is confined within the slide via TIR.
Each reflection generates an evanescent field extending a short distance into
the sample medium (7)), enabling surface-specific excitation within ~100-200
nm of the interface. This confined illumination suppresses background signal
and enables high-contrast imaging. . . . . . . . ... .. ... ... ... ..
The schematic of the conventional microscope consists of three modalities:
the BF module, epi-fluorescence, and the LED-TIRF module for biomedical
imaging. BF: Bright field, MO: Microscope objective. . . . . . . . . .. ...
(a) The LED-TIRF method allowed for higher contrast and resolution on the
FFPE lung section compared to the BF method. This enabled the better
visualization of basal cells, luminal cells, collagen fibers, and smooth muscles
under a common ROIs; the scale bar is 50 pm. (by, ¢1, dy, e1) are zoomed BF
images of some selected ROIs in image (a), and (b, o, do, €3) are correspond-
ing LED-TIRF images with a sharper visualization of subcellular features; the
scale bar is 10 pm. . . . . . ...
(a) Epifluorescence image of FFPE lung tissue acquired using laser illumina-
tion with a rotating diffuser to suppress speckle noise. Despite the smoother
illumination, bulk excitation causes reduced sharpness and lower contrast in
structural features. (b) Corresponding image of the same tissue region ac-
quired using the developed LED-based TIRF system, which restricts excita-
tion to a shallow region near the tissue surface. Scale bars are 50 pum for (a &
b). (a;—a3) and (b;—b3) are magnified views of selected regions (green dashed
boxes) highlighting cellular structures. The LED-TIRF images show enhanced
sharpness, membrane clarity, and reduced background due to evanescent field
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sessment. These results demonstrate the LED-TIRF system’s advantage in
providing high-contrast, surface-specific visualization of FFPE tissue samples;
the scale bars are 20 pm. . . . . . . . ..o
(a) LED-based TIRF image of an FFPE lung tissue section showing distinct
epithelial and connective tissue regions; the scale bar is 50 pm. (b) high-
lights epithelial cells, crypt structures, lumen, goblet cells, stromal cells, and
stroma with high contrast. Areas of disorganized cellular architecture suggest
potential cancerous abnormalities; scale bar is 20 gm. . . . . . . . ... . ..
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Simulated spectra demonstrating overlap in the LED-TIRF system. The blue
curve represents the LED excitation spectrum (centered at ~470 nm), the
green curve shows the fluorophore emission spectrum (peaking around 510
nm), and the black dashed line indicates a typical emission filter with a 500
nm long-pass cutoff. The red-shaded area highlights the overlap between the

LED emission and the detection window, representing undesired LED leakage. 166

Measured emission spectrum of the blue LED used for excitation, showing
photon counts (a.u.) as a function of wavelength. The spectrum exhibits a
dominant peak near ~480 nm with a low-intensity tail extending into longer
wavelengths. A small residual intensity (on the order of ~300-500 counts)
is observed within the fluorescence detection range, indicating limited spec-
tral leakage into the detection band. This observation is consistent with the
experimentally obtained high signal-to-background contrast in the imaging
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map from interferometry-based QPM [15]. . . . . .. .. ... ... ... ..
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the zoomed area under the dotted box in figs‘a’ and ‘b’) and the measured
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(a) Shows the averaged intensity image from the recorded conventional chip-
based incoherent image stack on the coverslip by laser scanning (or spatial
modulation) similar to pc-TIRF; scale bar is 10 pum, (b) is a zoomed image
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Comparison of label-free near-field imaging without (a) and with (b) emission
filtering. The unfiltered image (a) captures both intrinsic photoluminescence
(PL) and evanescent-field—assisted scattering, while the filtered image (b) iso-
lates the PL contribution by suppressing scattered excitation light. Although
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