DEVELOPMENT OF NANOPROBES AND 3D
IN VITRO MODELS FOR DISEASE-SPECIFIC
BIOMARKER DETECTION

SIMRAN KAUR RAINU

CENTRE FOR BIOMEDICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
JULY 2024



©lndian Institute of Technology, Delhi, 2024



Development of Nanoprobes and 3D In Vitro Models for
Disease-Specific Biomarker Detection

by

SIMRAN KAUR RAINU

Centre for Biomedical Engineering

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy
to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
JULY 2024



Dedicated to Mom and Dad



Certificate

This is to certify that the thesis entitled ‘Development of Nanoprobes and 3D In Vitro
Models for Disease-Specific Biomarker Detection’ being submitted by Ms. Simran
Kaur Rainu to the Indian Institute of Technology Delhi for the award of degree of Doctor
of Philosophy is a record of bonafide research work carried out by her. Ms. Simran Kaur
Rainu has worked under my guidance and supervision and has fulfilled the requirements

for the submission of this thesis, which to our knowledge has reached the requisite standard.

The results contained in this thesis are original and have not been submitted, in part or full,

to any other University or Institute for the award of any other degree or diploma.

Dr. Neetu Singh

Professor & Head

Centre for Biomedical Engineering
Indian Institute of Technology Delhi,
Hauz Khas, New Delhi-110016

India



Acknowledgement

I would like to express my deepest gratitude to my supervisor, Prof. Neetu Singh, for her
unwavering support, guidance, and encouragement during my PhD journey. Her expertise,
patience, and insightful feedback have been invaluable in shaping this thesis. | am grateful

to MHRD and DBT for providing financial support for this research.

| am also indebted to SRC members, Prof. Harpal Singh, Prof. Jayanta Bhattacharya and
Prof. Ritu Kulshrestha, whose expertise and advice have greatly enriched my work and
contributed to its development. Additionally, | appreciate the valuable inputs from Dr.
Subramanian Krishnakumar and Dr. Sowmya Parameswaran from Vision Research

Foundation, Chennai.

| extend my heartfelt appreciation to my colleagues, Namrata, Anju, Manleen, Rupall,
Somya, Remya, Dibyajyoti, Nandan and Ujjawal. | am especially grateful to Dr. Akshay
Joshi and Dr. Tejinder Kaur for their encouragement, moral support, and stimulating

discussions throughout my PhD.

Special thanks to my mom, my husband and my sister for their unconditional love,
understanding, support and encouragement. Their unwavering belief in me has been my

greatest source of motivation.

Simran Kaur Rainu



Abstract

Alteration in the physicochemical characteristics of the extracellular matrix (ECM) and
tissue environment are commonly observed in various pathological conditions such as
cancer, arthritis, cardiovascular diseases, inflammatory diseases, and liver diseases. These
changes drive initiation and progression of diseases by influencing cell-matrix interactions.
Dysregulated expression of matrix metalloproteinases (MMPs) and alterations in pH levels
are the two key factors commonly associated with cancer and fatty liver disease
progression. Early and accurate identification of these molecular and physical changes is
essential for timely diagnosis and intervention in these diseases, thereby improving patient
outcomes. Therefore, there is a critical need for probes capable of real-time monitoring and

distinguishing diseased tissue from healthy one.

Chapter 1 of the thesis provides an introductory overview, discussing the role of ECM in
disease progression. It introduces fluorescent nanoprobes and 3D in vitro platforms,
outlining their importance in the field. Additionally, it identifies gaps in current research,
laying the groundwork for further investigation in subsequent chapters. The goal of this
thesis is to develop fluorescent nanoprobes for detecting multiple disease-specific
parameters and to validate these nanoprobes in various 3D in vitro disease platforms that
closely mimic in vivo conditions. To achieve this goal, in Chapter 2, a dual-sensitive
nanoprobes using carbon nanoparticles as pH-sensing fluorescent components, decorated
with MMP-9 sensitive peptide sequence attached to a fluorophore-quencher pair, was
synthesised. To validate these nanoprobes, in Chapter 3, a classic cancer model was
developed wherein low pH and elevated MMP expression is observed. Stiffness-tuneable
dual-sensitive nanoprobe-laden 3D scaffolds were employed to understand the impact of
mechanical cues on MMP-9 expression in cancerous cells and to visualise changes in pH

in the tumor microenvironment. Additionally, a 3D core-shell model with stiff cancerous



core and soft non-cancerous shell, mimicking a tumor-margin condition was developed and
these regions were distinguished visually using dual-sensitive nanoprobes. Furthermore,
this platform was utilised to visually study the role of cytokines (TNF-a) secreted by

macrophages in upregulating MMP-9 expression in cancerous cells.

Subsequently, the potential of these nanoprobes in distinguishing stages of non-alcoholic
fatty liver disease (NAFLD) was explored. NAFLD is a heterogenous condition that
encompass various liver diseases from simple hepatic steatosis to cirrhosis, requiring
comprehensive analysis of the physicochemical and biological factors that drive its
progression. The earliest stage of NAFLD is hepatic steatosis which is marked by
triglyceride accumulation in the cytosol of hepatocytes. This fatty acid accumulation is
usually accompanied by hepatic inflammation leading to tissue acidification and
dysregulated protease expression. Moreover, this condition further progresses to fibrotic
stage, which is accompanied with extensive ECM remodelling characterised by substantial
deposition and crosslinking of ECM proteins particularly collagen, resulting in increased

tissue stiffness and altered MMP expression profile.

Therefore, taking cues from biological parameters of the disease and to validate
nanoprobes, in Chapter 4, a simplistic 3D in vitro liver disease model encapsulating triple-
marker sensitive fluorescent nanoprobes (pH, MMP-3, MMP-9) was developed for real-
time monitoring of these changes to better understand the disease condition and hence,
enabling the distinction between healthy and diseased liver tissue (steatotic) based on pH
changes and MMP expression. In the final chapter, Chapter 5, the utility of nanoprobe to
understand the intricate dynamics of matrix composition, elasticity and diseased cell
conditions in the progression of NAFLD was explored. 3D NAFLD models representing
healthy, steatotic, and fibrotic liver matrices were prepared to examine how changes in

MMP expression and collagen deposition drive the progression of NAFLD. A
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comprehensive investigation of the combined effects of mechanical cues, collagen
deposition, and fatty acid treatment from day 1 yielded valuable insights into the correlation
between MMP-9 and matrix properties. Real-time monitoring using nanoprobe facilitated
a critical understanding into the underlying mechanisms of liver disease, offering a
promising NAFLD platform for further research and therapeutic development. The

conclusion of the thesis is found in Chapter 6 with discussion on future prospects.

In summary, the development of fluorescent nanoprobes has provided a crucial tool for
real-time monitoring and understanding of disease progression, particularly in cancer and
non-alcoholic fatty liver disease (NAFLD). Through innovative 3D in vitro models, this
research offers insights into the interplay of biochemical and mechanical factors driving
disease, facilitating early diagnosis and targeted interventions for improved patient
outcomes. These findings lay the groundwork for further research and therapeutic

advancements in combating these complex diseases.
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