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ABSTRACT

Liquid biopsy (LB) emerged as a new diagnostic concept to address the challenges of cancer
diagnosis and therapeutics due to invasive tissue biopsies and clinical imaging. Detection of
tumour origin biomolecules such as extracellular vesicles (EVs) and circulating tumour-specific
nucleic acids in body fluid samples enables the identification of biomarkers for early cancer

diagnosis, prognosis, and theragnostic.

Exosome analysis is a keystone of emerging liquid biopsy techniques, which could serve as a
biomarker for early detection. However, the lack of reliable enrichment and detection methods
posed a challenge to its clinical utility. In this work, a rapid co-capture-based approach was
designed for targeted enrichment and detection of lung cancer-derived exosomes from human
plasma. The method involved forming a sandwich complex around the exosomes, which involved
magnetic nanoparticles (MNPs) coupled to CD151 to assist in the immunomagnetic selection of
lung-derived exosomes and a secondary detection antibody (CD81) coupled to horseradish
peroxidase (HRP) for signal amplification. The performance of the co-capture assay to detect
exosomes has been optimized with known exosome concentrations and exhibited good linearity
(10® — 10° exosomes mL™) with a detection limit of 60.4 exosomes puL™. This study further
investigated the potential of the developed assay to differentiate healthy and lung cancer patients

on clinical samples by quantifying the CD151"/ CD81" lung-derived exosomes.

The method developed for exosome enrichment was further utilized for isolating lung cancer cell-
derived exosomes for profiling and identifying the RNA species associated with exosomes to get
insights into the altered biology of the disease. Despite the efforts to correctly identify different
RNA species and their abundance in EVs, the abundance of RNA species in EVs remains
controversial; therefore, unbiased analysis of the exosomal whole transcriptome is necessary.
Enriching clinically relevant tissue-specific exosomes may assist in focusing on RNA molecules
packaged during cancer. Therefore, the total RNA purified from the enriched fraction of exosomes
from patient plasma was characterized using high throughput sequencing. Different RNA biotypes
and their differential expression in the exosomes were analysed, and functional enrichment
analysis with the list of identified differentially expressed genes (DEGs) found a total of 1383
MRNAs and 64 IncRNA as differentially expressed between patient plasma exosomes than healthy
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controls (fold change > 2, P < 0.05). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis revealed that the DEGs were mainly associated with cancer-related pathways, purine
metabolism, calcium, and cGMP-PKG (cyclic-guanosine 3', 5'monophosphate-protein kinase G)

signalling pathways.

Circulating Tumour DNA (ctDNA) is emerging as a platform for therapeutic and diagnostic
(theragnostic) Tumour monitoring. It provides a non-to-minimally invasive method that is
sensitive, specific, and cost-effective for monitoring Tumour growth, relapse, and response to
treatment. Therefore, in addition to exploring exosome-based liquid biopsy for early-stage NSCLC
screening, we also explored developing a rapid and cost-effective solid-phase extraction-based
microfluidic system for cfDNA extraction to deploy it for therapeutic decision guidance.

In conclusion, this study demonstrated a rapid co-capture-based strategy that offers simultaneous
isolation and detection of exosomes compatible with low sample volume for detecting lung cancer
patients. Further, the exosome enrichment method developed here provided adequate RNA quality
for high throughput sequencing. The total transcriptome analysis of lung cancer cell-derived
exosomes revealed that the majority of DEGs were involved in cancer-related pathways suggesting
that this method could be further utilized to identify disease-specific exosome biomarkers for
liquid biopsy-based diagnostic applications. In addition, the successful isolation of cfDNA using

the solid phase extraction strategy has been demonstrated for clinical application.
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Liquid biopsy overview. This picture depicts the promising
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Conventional methods for exosome characterization and
analysis.

Role of TEPs in assisting cancer spread.

A) Schematic of the sample processing of this study & B) The
bioinformatics pipeline that is followed for data analysis of
sequenced RNA.

The composition of pretreatment, binding, wash, and elution
buffers along with their pH condition utilized for the isolation of
cfDNA from plasma samples.

The Lab-on-chip system for the cfDNA extraction. A) Device for
automation of extraction process, B) Tabletop sample processing
instrument with the assembled cartridges, C) Cartridge design for
processing of the clinical samples.

The schematic shows the co-capture assay workflow. It
combined immunomagnetic capture with enzymatic signal
amplification to detect lung cancer-related exosomes from
human plasma. In the assay strategy, both MNP-CD151 and
HRP-CDS81 conjugates were mixed with clarified plasma to form
a sandwich-like structure, as depicted in the inset. It enabled
simultaneous capture and detection of immunomagnetically
captured lung cancer-associated exosomes based on fluorescence
signal generated by the horseradish peroxidase enzyme bound to
exosomes.

Immunomagnetic capture of a fixed number of A549 cells mL"!
with increasing volumes of MNP-Ab conjugates. A) Cells in a
randomly selected frame before immunomagnetic capture of
A549 cells. B -E) Cells after immunomagnetic capture using
different volumes (25, 50, 75, and 100uL) of MNP-Ab
conjugates, respectively. F) Cells after immunomagnetic capture
using 100 pL of MNP-Ab conjugates at 60X magnification.
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(Scale bar — 100 um, 10X magnification)

Optimization of immunomagnetic cell capture. A) microscopic
images of cells 1) before capture, ii) after capture (at 10X
magnification), and iii) immunomagnetically captured cells (at
60X magnification). B) change in CCE on varying the ratio of
MNP-CD151 conjugate volume to a fixed volume of cell
suspension. C) shows an increase in CCE with decreasing cell
concentration (107 to 10° cells mL™') on using the fixed sample
to MNP conjugate ratio (1:20), D) the change in CCE with
increasing antibody concentration coupled to MNPs. At higher
cell concentrations, the increased antibody amount conjugated to
MNPs improved the cell capture efficiency.

Nanoparticle tracking analysis. The difference in the size
distribution ~ of A)  magnetic  nanoparticles, B)
immunomagnetically captured cell culture media-derived
exosomes, and C) immunomagnetically captured plasma-derived
exosomes. An increase in size distribution was observed after the
immunomagnetic capture of exosomes.

Dynamic light scattering (DLS) based size assessment of
exosomes isolated using two different approaches from CCM
and human plasma. An increase in the hydrodynamic size of the
MNP-CD151-Exosomes complex is evident after the
immunomagnetic capture. Error Bars represent standard
deviation, n=14.

Nanoparticle tracking analysis (NTA) measures the size
distribution and concentration of the immunomagnetically
captured exosomes from cell culture media (CCM) and human
plasma.

The transmission electron microscopy (TEM) images of
exosomes extracted from A) cell culture media (CCM) using
precipitation method, B) cell culture media (CCM) through
immunomagnetic capture method, and C) plasma-derived
exosomes (PDE) by immunomagnetic capture. The exosomes
recovered from both methods were morphologically intact and
spherical in shape.

The total exosomal protein concentration obtained from plasma
using the precipitation method and immunomagnetic capture
approach was estimated and plotted for both methods. Error Bars
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represent standard deviation, n=7.

The schematic workflow for horseradish peroxidase (HRP)
based cell detection procedure.

Minimum incubation time required for binding of HRP-CD&81
with A549 cells. A selected cell concentration was incubated with
HRP-CDS8]1 at three different time intervals (15, 30, and 60) min.
Fifteen minutes of incubation with cells was sufficient to provide
a significant fluorescence signal increase.

Performance of HRP-CD81 conjugates for lung cancer cell
detection. A) Enzyme kinetics of HRP-bound lung cancer cells
(A549) at different cell concentrations. B) Based on the
fluorescence intensities, linearity (R>= 0.995 was obtained
between the detection range of 107 to 10 cells mL"!. Error bars:
standard deviation, n = 3.

MNP and HRP antibody conjugates-based co-capture assessment
on A549 cells. Microscopic image of A) A549 cells before
immunomagnetic co-capture & after performing co-capture of
A549 cells with MNP-CD151/HRP-CDS81 conjugates (10x
magnification).

Evaluation of co-capture system on A549 cells using MNP and
HRP antibody conjugates. An increase in fluorescence intensity
was observed compared to different negative controls
(background signal) due to the HRP catalysis from the co-
captured cells. Error Bars: standard deviation, n=3

MNP/HRP-based co-capture assay performance assessment. A)
Enzyme kinetics study of HRP bound to different concentrations
of co-captured cells. B) Change in fluorescence intensity
observed at different concentrations of immunomagnetically co-
captured cells. The calibration curve plotted between
fluorescence intensity, and the immunomagnetically co-captured
cells presented a good linear detection range between 10 to 10°
cells mL™'. Error bars: standard deviation, n = 3

The enzyme activity of HRP-CDS81 conjugates (without
exosomes) at different dilutions (1:240 to 1:3840). The increase
in fluorescence signal was directly proportional to the HRP
concentration in this range.

Xl

Page No.

91

92

93

93

94

95

95



Figure No.

4.16

4.17

4.18

4.19

4.20

4.21

4.22

Title

The increase in fluorescence signal after co-capture of a fixed
amount of exosomes using four different HRP-CDS81 conjugates
dilutions (1:1000 to 1:50).

Selection of the working substrate concentration for the exosome
co-capture assay. This graph shows the increase in fluorescence
signal observed after the co-capture of a fixed amount of
exosomes at varying substrate concentrations. The increase in the
signal was in proportion to the increasing substrate
concentration.

The calibration curve of the co-capture assay for exosome
quantification. This graph is plotted between different
concentrations of co-captured exosomes and their respective
fluorescence intensities, whereas the blue line signifies the
baseline fluorescence signal from the negative control, i.e.,
MNP-CD151/HRP-CD81 conjugates without exosomes. The
fluorescence signal increased linearly within 10° to 10® exosomes
mL™L. (Error bar: standard deviation, n = 4)

Exosomes co-captured from various cancer and non-cancer cell
lines were measured for their relative fluorescence intensity.
NIH/3T3 (fibroblast cell line), HT-29 (colorectal carcinoma),
LNCaP (prostate cancer), HELA (cervical cancer), A549 cells
(lung adenocarcinoma), and L132 (human embryonic lung) were
among the examined cell lines. (Error bars: standard deviation, n
=3)

Clinical validation of the co-capture assay for distinguishing lung
cancer patients from healthy controls. On performing Two
sample #-Test, a significantly increased fluorescence signal was
observed in the lung cancer population as opposed to non-cancer
controls (P =0.000332).

The receiver operator curve (ROC) plotted between clinical
sensitivity and specificity to determine the diagnostic power of
the exosome co-capture assay for lung cancer detection (n= 22).

Characterization of immunomagnetically enriched exosomes and
exosomal RNA A) HR-TEM micrograph of exosomes after
magnetic capture at 100 nm resolution & the vesicles obtained
after capture was morphologically spherical, B) The yield and
quality of exosomal RNA obtained from both the exosome
isolation methods were compared through qRT-PCR for two
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431

4.32

Title

mRNA and miRNA targets, (Error Bar = Standard deviation,
n=3) C) the total protein concentration of TEI isolated and
immunomagnetically captured exosomes was measured & the
protein concentration obtained from both methods is shown in
the graph for comparison.

The total number of genes detected in each sample after
sequence alignment.

Protein coding RNA detected in lung cancer cell-derived
exosomes: Venn plot showing the total number of protein-coding
RNA identified in different categories (control, patients, and
common).

Top 50 abundantly packaged exosomal protein-coding RNA in
the plasma-derived exosomes based on their FPKM counts.

The overall differentially expressed protein-coding RNA
identified based on log2 fold change between control and patient-
derived exosomes are represented with its statistical significance.

Top 50 DEGs identified between the NSCLC patients and
healthy controls using DESeq 2 analysis.

Immunomagnetically enriched exosomal IncRNA profile: Venn
diagram represents the total number of IncRNAs detected in
different categories (control, patients, and common between both
categories).

The box plot depicts the top 20 abundant IncRNAs (based on
FPKM counts) packaged in immunomagnetically enriched
exosomes derived from clinical samples.

The volcano plot shows the overall DELs (based on log2 fold
change) identified between patients and healthy controls with its
statistical significance.

Immunomagnetically enriched exosomal IncRNA profile. Heat
map of top 50 DELs found between patients and healthy controls.

GO enrichment analysis of differentially expressed genes
identified in plasma-derived exosomal RNA from lung cancer
patients and healthy individuals. The top 10 significant GO terms
found between the two groups are represented as A) based on
biological processes, B) Based on cellular components, C) based
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4.35

4.36

Title
on molecular function & D) The most enriched KEGG pathways.

Preparation of calibration plot for assessment of cfDNA
recovery. A) Different DNA concentrations (as mentioned above
the wells) were loaded directly into each well and run on the 2%
agarose gel to generate a calibration plot, B) A calibration graph
was plotted between raw integrated density and different DNA
concentrations, n=3. n=3.

Evaluation of ¢cfDNA extraction performance using the agarose
gel A) The gel image depicting the spiked DNA recovered after
extraction through the membrane (the DNA concentrations
mentioned above each well are the expected theoretical yield of
the recovered DNA loaded in the particular well), B) shows the %
recovery after extraction at 100, 500, and 1000 ng spiked DNA
concentrations. Error Bars represent the standard deviation, n=3.

Plasma sample pre-processing and liquid operations in the
cfDNA cartridge. A) Patient plasma pre-treatment using
proteinase K and pre-treatment buffer followed by the addition
of binding buffer. B) Liquid operations in cartridge 1) Pre-treated
plasma is loaded into sample channel (C1) of the cartridge, 2)
Wash buffer 1 is added to Channel 2, and 3) Wash buffer 2 is
loaded from Channel 3, 4) Channel 4 was used to load the elution
buffer. After completion of all the liquid operations and
membrane drying the cfDNA is eluted from the elution chamber.

Detection of GAPDH in cfDNA isolated directly from plasma
samples. A) The calibration plot generated between ct values and
GAPDH DNA concentrations in the range 5 to 0.00005 ng/uL,
B) The nucleic acid binding affinity of two membranes, GF/F and
GF/B, was evaluated, and while there was no significant
difference in performance, GF/F was further used in cartridge
assembly for circulating DNA extraction from plasma. C) The
performance of in-house buffer for direct cfDNA extraction from
clinical samples using in-house assembled column and cartridge
was compared and demonstrated. Error Bars represent standard
deviation, n=3.
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mL Millilitre

GO Gene ontology

KEGG Kyoto Encyclopaedia of Genes and
Genomes

BSA Bovine serum albumin

PBS Phosphate buffer saline

Mg Microgram

pL Microlitre

DLS Dynamic light scattering

HR-TEM High-resolution transmission
electron microscopy

NTA Nanoparticle tracking analysis

AFM Atomic force microscopy
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LDCT Low-dose Computed Tomography
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DAVID Database for Annotation,
Visualization, and Integrated
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BB Binding buffer

DELs Differentially expressed IncRNA
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miRNA microRNA
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LncRNA Long noncoding RNA
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EDTA Ethylene diamine tetra acetic acid
Fig. Figure
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