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Abstract

Enhanced Diagnosis of Breast Cancer through Detection of Exosomes using ex-situ, in-situ, and

Solid State Dewetted Nanoplasmonic Platforms

Duraichelvan Raju, Ph.D.
Concordia University, 2024

Breast cancer is one of the leading causes of death and the second most common among
women in Canada. This thesis aims to develop sensing nanoplasmonic platforms for the early
diagnosis of breast cancer through the detection of exosomes. The adsorption of bio or organic
molecules on metallic nanoparticles leads to a plasmon band shift towards longer wavelengths; a
phenomenon central to Localized Surface Plasmon Resonance (LSPR). This study aims to develop
nano-structured arrays of plasmonic platforms for the high-performance detection of sub-micron
biological entities such as viruses, exosomes, and other extracellular vesicles (EVs) ranging from
30 - 1000 nm.

This thesis particularly focuses on developing and optimizing unique plasmonic platforms
for detecting EVs/exosomes derived from breast cancer cell lines. These EVs/exosomes are nano-
sized (30 - 100 nm), cargo-bearing vesicles secreted by almost all cell types, consisting of a lipid
bilayer encasing a semi-fluid core of cytoplasmic materials, including proteins, nucleic acids, and
exhibit significant heterogeneity, reflecting their cellular origin. Despite their potential as
biomarkers for diseases like cancer, their heterogeneity and overlapping physicochemical
properties with other vesicles pose challenges for effective detection, separation, and purification.

In the beginning, two different types of platforms, one fabricated by an ex-situ method and
the other by an in-situ method, were investigated to find out which was more convenient in terms
of sensitivity for detecting EVs/exosomes. Different fabrication conditions have been explored and
the sensitivity of the platforms has been measured. A sensing protocol involving several steps has
been developed and optimized for detecting EVs/exosomes. It has been found that the platform
prepared by an ex-situ method, that is, by convective assembly of gold colloidal particles, is more
sensitive than the silver (Ag)-PDMS and gold (Au)-PDMS nanocomposite platforms fabricated by
an in-situ method. In the case of gold (Au)-PDMS, gold is segregated under the surface of the

polymer, without direct contact with the environment, and thus not suitable for detection.
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Additionally, to improve the refractive index sensitivity, novel platforms have been
investigated. This thesis is further dedicated to developing and characterizing new plasmonic
platforms, based on nano-islands/particles, fabricated from thin gold films e-beam deposited on an
adhesion layer. The nano-islands/particles fabricated by the dewetting of the uniform gold films
deposited on Chromium (Cr) (Cr-Au) and Indium Tin Oxide (ITO) adhesion layers (ITO-Au),
respectively. Subsequently, based on the characterization results, the Cr-Au platform has been
1dentified for the detection of EVs/exosomes. In addition, a direct detection method as well was
developed without any surface chemistry modification of the plasmonic platform. The detection
results obtained by using this novel platform and method were compared with the results of the
ex-situ, and in-situ platforms studied earlier in this thesis work. It was found that, with the novel
platform and method, the sensitivity of detection improved around 1.5 times, and the time taken
for the detection was reduced by around one-fourth of the time of the earlier method.

This work also provided invaluable information, regarding the adhesion layers, and their
characteristics, especially stability, in association with very thin gold films. The phenomena of
interdiffusion and oxidation during the deposition and heat treatment and their effect on detection
have been studied as well.

Overall, this work contributes to the development of cost-effective, high-performance
nanoplasmonic platforms, for early diagnosis of breast cancer establishing a foundation for their

broader application in detecting and analyzing diverse biological and environmental samples.
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Chapter 1. Introduction

1.1. Background

The basic building blocks of any living entity are the cells. The human body contains
trillions of cells as shown in Figure 1-1 and each of them sheds smaller vesicles, in response to
internal and external stimuli. These smaller vesicles are collectively termed extracellular vesicles

(EVs) and they are released by both eukaryotic and prokaryotic cells' [1,2]
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Figure 1-1: Structure of cell [3].

EVs are of different sizes, mostly spherical particles, and are enclosed by a phospholipid
bilayer. The typical diameter of these vesicles ranges from 30 to 1000 nm [4-8], which is about
100-fold smaller than the smallest cell. The cells release these vesicles in their outer environment
and which is why body fluids like blood, urine, saliva, breast milk, amniotic fluid, seminal fluid
contain them. The vesicles are also released into culture media (called conditioned media) when
cells are grown in the laboratory. Thus both, body fluids and conditioned culture media (CM)

contain numerous cell-derived vesicles with varying concentrations [9—12].

! Cells with a true nucleus, or a nucleus enclosed in a membrane, are called eukaryotic cells. This is in contrast to

prokaryotic cells that do not have a membrane-bound nucleus.



Increasingly, EVs are linked to multiple fundamental physiological and cellular functions
and are found to play a major role in intercellular communications, coagulation, disease
initiation/progression, and waste management. In recent years, a growing interest and attention in
the clinical applications of EVs have been noticed because of their presence in the body fluids.
The blood-brain barrier is a highly selective permeability barrier that maintains the separation of
the circulating blood from the brain extracellular fluid. Thus, EVs are potentially useful for disease
prognosis, and biomarker identification including cancers of the central nervous system. Owing to

their small size and heterogeneity there is a challenge in their detection and classification [13,14].

EVs were first discovered in 1946 by Chargaff and West [15]. Two decades later in 1967,
Wolf et al. studied them by SEM and named them “platelet dust”. The platelets (thrombocytes)
are cells in the blood that possess coagulant properties. The size of this “platelet dust” is between

20 and 50 nm and the density was found to be 1.020 to 1.025 g/ml [16].

Henceforth, research on the diversified role of EVs in biology has gained momentum
during the last few years due to their usefulness as valuable source material for liquid biopsy [17].
Interestingly, the Nobel Prize awarded for Physiology/ Medicine in 2013 jointly to James E.
Rothman, Randy W. Schekman, and Thomas C. Siidhof for their discoveries of machinery
regulating vesicle traffic, a major transport system in our cells has further attracted many

researchers to work on these EVs in depth.
1.2. Breast cancer MCF 7 EVs/exosomes

Breast cancer is a cancer that develops from breast tissues and it is one of the leading causes
of death in Canada [18]. MCF-7 is a breast cancer cell line isolated in 1970 from a 69-year-old
white woman. The breast cancer cell line (MCF7) was purchased from the American Tissue and
Culture Collection (ATCC) and adapted for continuous long-term conditioned cell culture media
harvest in the two-compartment bioreactor at the Atlantic Cancer Research Institute. The
EVs/exosomes were derived from the cell culture media after a series of centrifuge and ultra-
centrifuge steps. In the next section potential techniques that could be adopted for the detection

and isolation of techniques.

2 MCF-7 is the acronym of Michigan Cancer Foundation-7, referring to the institute in Detroit where the cell line was
established in 1973
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1.3. Localized surface plasmon resonance (LSPR) technique for detection and

isolation of EVs/exosomes

In the past, for the detection of bovine growth hormone (bGH), also known as bovine
somatotropin (bST a polypeptide molecule having a chain of 191 amino acids [19]) the label-free
LSPR technique has been used, and proven to be effective. It is also noticeable from the sensitivity
plot as shown in Figure 1-2 that the LSPR technique is best suited, as the detection limit is in the
range of 1-5 ng/ml among the various LOC methods [20]. As the EVs/ exosomes are complex

vesicular cargo of proteins therefore for their detection and isolation the LSPR technique could be

used.
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Figure 1-2: Sensitivity of various LOC detection methods of bovine growth hormone [20].
1.4. Motivation

This research is focused on the development and improvement of unique plasmonic
platforms for biomolecular detection of sub-micron sized particulate entities to demonstrate the

validity of these new nanoplatforms to analyze nanoparticles like viruses, EVs/exosomes, cancer

derived exosomes, etc.



EVs hold immense potential as they can be used as promising biomarkers for early cancer
detection, prognosis, and therapy. For these reasons, developing a detection method that could be
used in clinical practice is important. For several years, our group has been developing detection
methods by utilizing LSPR methods. Different plasmonic platforms have been investigated, tested,
and evaluated in terms of accuracy and refractive index sensitivity. Despite some important
improvements, the platforms are still not sensitive enough, and the established sensing protocols
are longer and more expensive because of the special reagents used for different steps. This formed
the basic motivation for developing a new category of plasmonic platforms, namely those
fabricated by a physical deposition method, having a more uniform morphology, compared to films

prepared by chemical methods.
1.5. Thesis Objective and Scope

The overall objective of this thesis is to develop nanoplasmonic platforms for the detection
and isolation of EVs/exosomes derived from the MCF7 breast cancer cell line. The specific

objectives of this research are:

1) Evaluating the performance of the ex-sifu synthesized gold (Au) platform for the
detection of EVs/exosomes using the LSPR technique.

2) Evaluating the performance of in-situ synthesized silver (Ag) - Polydimethylsiloxane
(PDMS) nanocomposite platform for the detection of EVs/exosomes using the LSPR
technique.

3) Evaluating the performance of in-situ synthesized gold (Au) - Polydimethylsiloxane
(PDMS) nanocomposite platform for the detection of EVs/exosomes using the LSPR
technique.

4) Fabrication, characterization, and testing of novel plasmonic platforms to detect EVs
using the LSPR technique.

a) Fabrication of various plasmonic platforms, and their comparison. This
objective involves the e-beam deposition of gold and chromium adhesion layer
on the borosilicate substrate in the case of the first platform and the deposition
of the ITO adhesion layer on the substrate by sputtering for the second

platform.



b) The next objective consists of annealing the two platforms to different
temperatures and durations to form the nano-island film by dewetting the gold
films.

c) The next objective consists of the characterization of the nano-island films
through a plethora of methods and the evaluation of their refractive index
sensitivity.

d) The next objective consists of the selection of the most appropriate platform
and quantitative measurements of EVs/exosomes.

e) Comparison of the detection sensitivity of EVs/exosomes with the previously

developed method.
1.6. Thesis Contribution

The main contributions and novelties of this research work are:

1) Evaluating the performance of the ex-situ synthesized gold (Au), in-situ synthesized
silver (Ag), and gold (Au) - Polydimethylsiloxane (PDMS) nanocomposite platforms
for the detections of EVs/exosomes using LSPR technique that was used for the
detection of growth hormones in the past by our research group.

2) Fabrication, characterization, and testing of novel plasmonic platforms to detect EVs
using the LSPR technique.

3) Improvement in sensitivity of detection of EVs/exosomes as compared to the ex-sifu
and in-situ platforms.

4) Reduction in time and cost in the detection of EVs/exosomes
1.7. Thesis Layout

This thesis is prepared in manuscript-based style according to the “Student’s Guide to
Thesis Preparation, Examination Procedures and Regulations of School of Graduate Studies,
Concordia University, September 1, 2023 for Manuscript-based Thesis”. It includes nine chapters

and three appendixes.

Chapter 2: Microfluidic Platforms for the Isolation and Detection of Exosomes: A Brief
Review: This chapter is reproduced from the review paper, published in Micromachines, journal

(MDPI).



The first part of the paper discusses the main characteristics of different cell-derived
vesicles, EV functions, and their clinical applications. In the second part, various microfluidic
platforms suitable for the isolation and detection of exosomes are described, and their performance
in terms of yield, sensitivity, and time of analysis is discussed. It is concluded that microfluidic
isolation and detection methods represent clear progress compared to conventional strategies.
Nevertheless, first-generation devices are not yet ready to be translated into clinical analysis. The
main reason for this is the lack of standardization and validation of the microfluidic methods and

the relatively low processing capacity.

Chapter 3: Gold Nano-Islands Platforms for LSPR Sensing: This chapter is reproduced from

the review paper published in the journal Molecules.

Nano-islands are entities (droplets or other shapes) that are formed by spontaneous
dewetting (agglomeration, in the early literature) of thin and very thin metallic (especially gold)
films on a substrate, done by post-deposition heating or by using other sources of energy. In
addition to thermally generated nano-islands, more recently, nanoparticle films have also been
dewetted, to form nano-islands. The localized surface plasmon resonance (LSPR) band of gold
nano-islands was found to be sensitive to changes in the surrounding environment, making it a
suitable platform for sensing and biosensing applications. In this chapter, we revisit the
development of the concept of nano-island(s), the thermodynamics of dewetting of thin metal
films, and the effect of the substrate on the morphology and optical properties of nano-islands. A

special emphasis is made on nanoparticle films and their applications to biosensing.

Chapter 4: Nanostructured Gold-Based Plasmonic Platform Fabricated and Tested for
Detection of EVs: This chapter is reproduced from the article published in ECS Trans.

This chapter is aimed at the bio-sensing of exosomes by gold nano-island structures formed
by annealing of gold multilayers, deposited by the convective self-assembly method. The sensing
platforms developed by this method are tested for the detection of EVs exosomes based on their
interaction with biotin-PEG-Vn96. Vn96 is a peptide (27 amino acids) designed and validated to
capture exosomes. The method has to be still optimized to enhance the sensitivity toward exosomes

at low concentrations.



Chapter 5: Study of Detection and Capture of Exosomes by Using the Morphologies of Ex-
Situ and In-Situ Nanostructures: This chapter is reproduced from the article published in J.

Electrochem. Soc.

Looking for the most sensitive platform for the detection of EVs, other methods, called in-
situ, structures were fabricated and investigated as well. In this category, gold and silver
nanocomposites Ag-PDMS and Au-PDMS have been prepared by in-situ methods and tested for
the LSPR detection of EVs/exosomes.

In this chapter, Ag-PDMS has been prepared and studied as a plasmonic platform and the
results were compared to the nano-island-based platform. It is found that the refractive index
sensitivity of the ex-situ synthesized Au nano platform is considerably higher than that of the in-
situ synthesized Ag-PDMS nanocomposite and consequently, this platform is much more

performant for sensing exosomes.

Chapter 6: Effect of Cross-Linking and Thermal Budget on Plasmonic Sensing and Sub-
Surface Segregation of In-situ Synthesized Gold in PDMS: This chapter is reproduced from the

article published in the Journal of Nanoparticle Research.

This chapter focuses on the gold-PDMS nanocomposites that were prepared by the in-situ
synthesis of gold by using the gold precursor solution. After the synthesis, AuNPs diffuse into the
PDMS matrix through heat treatment. The interplay between the reduction of gold ions and the
continuous diffusion of the cross-linking agent toward the surface is also discussed in detail. The
effect of sub-surface segregation of AuNPs and their subsequent spatial distribution on the sensing

capability of the nanocomposite are presented.

Chapter 7: LSPR Detection of Extracellular Vesicles Using a Silver-PDMS Nano-composite
Platform Suitable for Sensor Networks: This chapter is reproduced from the article published

in the Journal Enterprise Information System.

This work is an attempt to bring a plasmonic biosensing method to a superior level, in line
with Industry 4.0’s requirements. A new method to detect exosomes in cell cultures has been
developed, first in a discontinuous manner and later on in a microfluidic environment that is

directly amenable to be integrated into a network of sensors. The preliminary results showed that



a label-free technique, based on the sensitivity of the Ag-LSPR band to the surrounding

environment, is promising for the detection of exosomes.

Chapter 8: Development of Gold Nano-island Platforms Prepared Through Dewetting of e-
beam Deposited Films for the Detection of Extracellular Vesicles (EVs): This part of the work

is yet to be submitted to a journal.

This chapter focuses on the fabrication and characterization of plasmonic platforms of very
thin gold films fabricated by e-beam deposition. To improve the adhesion of gold, a thin chromium
layer or an ITO layer is deposited as well. The morphology of the platforms annealed at
temperatures between 250 °C and 650 °C for different durations was investigated by SEM and
AFM and the size distribution of Au nano-islands (in the case of Cr adhesion layer) and
nanoparticles (in the case of ITO) have been studied. Importantly, the refractive index sensitivity
of the two platforms has been determined. Further, the EVs/exosomes detection experiments have
been performed and the direct detection method was evaluated and compared with the previously

developed immuno affinity method.
Chapter 9: Conclusion and Future Work

This chapter focuses on concluding the performance of the developed nanoplasmonic
platforms as part of the thesis work and provides potential ways to expand and enhance this

research work.

To comply with Concordia's thesis regulations, the numbering of figures, tables, and
equations may have been modified from the original submitted or published articles.
Consequently, the references for all articles have been consolidated and are presented at the end

of the thesis.
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Chapter 2. Microfluidic Platforms for the Isolation and Detection of

Exosomes

This chapter is reproduced from the article published in Micromachines 13, 730, 2022.
2.1. Outline

Extracellular Vesicles (EVs) are a group of communication organelles® enclosed by a
phospholipid bilayer, secreted by all types of cells. The size of these vesicles ranges from 30 to
1000 nm, and they contain a myriad of compounds such as RNA, DNA, proteins, and lipids from
their origin cells, offering a good source of biomarkers. Exosomes (30 to 100 nm) are a subset of
EVs, and their importance in future medicine is beyond any doubt. However, the lack of efficient
isolation and detection techniques hinders their practical applications as biomarkers. Versatile and
cutting-edge platforms are required to detect and isolate exosomes selectively for further clinical
analysis. This chapter focuses on the literature review on the biogenesis of extracellular vesicles
(EVs)/Exosomes and lab-on-chip devices for capturing, detecting, and isolating the
EVs/Exosomes. The first part of the chapter discusses the main characteristics of different cell-
derived vesicles, their functions, and their clinical applications. In the second part, various
microfluidic platforms suitable for the isolation and detection of exosomes are described, and their

performance in terms of yield, sensitivity, and time of analysis is discussed.
2.2. Introduction

EVs are spherical particles enclosed by a phospholipid bilayer released from eukaryotic
and prokaryotic cells. EVs are present in blood and body fluids such as urine, saliva, breast milk,
and cultured media [6,7,21-23]. The typical diameter of exosomes, a subset of EVs, is between 30

-100 nm, much smaller than red blood cells. It consists of DNA*, RNA’>, mRNA®, microRNA’,

3 Organelles are membrane-lined structures that compartmentalize subcellular biochemical functions.

4 Deoxyribonucleic acid (abbreviated DNA) is the molecule that carries genetic information for the development
and functioning of an organism.

> Ribosomal ribonucleic acid (rRNA) is a type of non-coding RNA that is the primary component of ribosomes,
essential to all cells.

® Messenger RNA (abbreviated mRNA) is a type of single-stranded RNA involved in protein synthesis.

7 MicroRNA (miRNA) are small, single-stranded, non-coding RNA molecules containing molecules involved in the
regulation of gene expression.
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proteins, nucleic acids, heat shock proteins (HSP70 and HSP90), the tetraspanins such as CD9,
CD63, and CD81, RAB proteins that regulate docking and membrane fusion of EVs with recipient
cells adhesion molecules (integrins and lactadherin). They facilitate intercellular communication
and regulate crucial cell processes such as coagulation, inflammation, and cellular homeostasis
[16,24-30]. There is a growing interest in the clinical applications of exosomes as biomarkers for
disease diagnosis, therapy, prognosis, and diagnosis. Despite the increasing scientific and clinical
interest, no standard procedures are available to isolate, detect, and characterize exosomes because

their size is below the reach of conventional detection methods.

Exosomes are released from the cell when multivesicular bodies fuse with the plasma
membrane, or directly from the plasma membrane. Exosomes may be released in two ways, as
shown in Figure 2-1 firstly the "classic pathway" that involves the formation of Intraluminal
Vesicles (ILVs) within the Multivesicular Endosomes (MVEs). They, in turn, fuse the membrane
of MVE with, either lysosome for cargo degradation or the plasma membrane, resulting in the
release of ILVs called exosomes. The second way is the direct budding of the plasma membrane
called the "direct pathway". The extent to which such exosomes are released from other cells or in
vivo (e.g., in biological fluids) is unknown. The other types of cell-derived vesicles are

microvesicles and apoptotic vesicles, as shown in Figure 2-2.
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Figure 2-1: Extracellular Vesicles Biogenesis.
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Many excellent review papers on microfluidic detection have been published in the last decade
[31-34]. However, they have not evaluated, critically the performance of various devices in terms
of the complexity of the devices and the results. This chapter aims to discuss in depth the principle

of the technique and its benefits for future clinical assays.

The immune properties *of different exosomes suggest that they may be helpful as vaccines for
infectious diseases [35]. Thus, exosomes may be potential sources of anticancer vaccines and may
eliminate infections [36]. Therefore, exosomes are considered for clinical applications in treating
ailments such as toxoplasmosis, diphtheria, tuberculosis, and typical severe acute respiratory
syndrome and autoimmune diseases. As exosomes play a vital role in drug delivery systems,

researchers are trying to find applications in treating autoimmune/inflammatory diseases [37].
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Figure 2-2: Comparison of the size of various types of extracellular vesicles with that of a cell (Modified from
Gyorgy B. et al. [6], Cell. Mol. Life Sci.).

2.3. Exosomes as reliable biomarkers for early diagnosis of cancer
As mentioned previously, extracellular vesicles are enclosed by a phospholipid bilayer and

are present in all biological fluids [4,5,8,38—41]. They play a crucial role in intercellular

communication by transporting and delivering cargo between their cells, promoting disease

8 Immune properties - A complex network of substances they make that helps the body fight infections and other
diseases.
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progression. Exosomes, circulating tumor cells (CTC), and circulating tumor DNA (ctDNA) have
attracted much attention in the past decades as biomarkers for the early diagnosis of cancer. The
major challenge in the isolation of CTCs and ctDNA is that the isolation and analysis of CTCs are
challenging as they are infrequent and heterogeneous [42]. At the same time, the ctDNA is not
stable in the blood or the other body fluids and may be highly fragmented [43,44]. Because of
these intrinsic limitations of CTCs and ctDNA, their definite isolation and precise detection remain
challenging even though there are many advancements in technology. Compared to CTCs and
ctDNA, exosomes have a lot of advantages in terms of stability, quantity, and accessibility.
Moreover, the exosome concentration increases tremendously (by many folds) between cancerous
and non-cancerous cells as the tumor progresses when compared to the other biomarkers such as
tumour antigen, CTC, and ctDNA. For example, in the case of a glioblastoma (GBM) patient's
plasma study, the concentration of exosomes is approximately 50 times higher than that of a
healthy patient [45].

Further, from Figure 2-3, it is noticeable that the expression level of exosomes is relatively
higher than that of CTCs and tumor antigens in stage I, which is the early stage of cancer [17].
Exosomes are highly stable and capable of protecting nucleic acids and proteins closely related to
cancer development. Many studies have shown that cancer cell-derived exosomes contain specific
nucleic acids and proteins that reflect the origin of cancer cells and the type of cancer [46,47].
Therefore, exosomes can be potentially utilized for therapy, prognosis, and promising biomarkers
for early cancer diagnosis.
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Figure 2-3: The circulating levels of Tumor antigens, CTCs, and exosomes in blood during cancer
progression (Modified from He M, Zeng Y [17], J Lab Autom. 2016).
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2.4. Isolation and Detection Techniques

The problem impeding the advancement of exosomes research is the standardization of
sample collection protocols such as sample collection, sample processing, and sample analysis for
translating exosomes to suitable clinical biomarkers. Exosomes are present in a wide range of body
fluids. Low-speed centrifugation is enough for removing cells and large vesicles, but for pelleting
exosomes, high-speed ultra-centrifugation is required [48]. Repeated ultracentrifugation steps can
damage the exosomes and thus reduce their yield, potentially impacting their content's proteomics
and RNA analysis [49]. Therefore, both the International Society for Thrombosis and Haemostasis
(ISTH) and the International Society for Extracellular Vesicles (ISEV) have described the
guidelines and recommendations regarding the standardization of sample collection and handling

protocols [50] as shown in Figure 2-4.

Sample Collection Sample Processing Sample Analysis

* Time of day * Serum/Plasma * Type (EV size &

* Puncture location | * Handling (time & temp) distribution, surface

= Needle size * Centrifugation (time & force) markers, RNA content)
* Anti-coagulation * Storage (temperature) * Analytical method

* Calibration (beads.
liposomes)

Figure 2-4: Critical standardization issues for exosomes analysis from blood samples (Modified with
permission from van der Meel et al. [S0], Copyright 2014 John Wiley and Sons).

Despite the increasing scientific and clinical interest, no standard procedures are available
to isolate, detect, and characterize exosomes because their size is below the reach of conventional
detection methods. Given the growing evidence that exosomes may be a clinically relevant
biomarker source, there is a great demand for their efficient and straightforward detection from
bio-fluids. Most affinity-based methods rely on antibodies directed against exosome surface
markers. Therefore, choosing the best protocol and customizing it based on the study seems

necessary.

2.4.1. Exosomes Isolation Methods Based on Their Physical Properties

The traditional methods are presented in Figure 2-5 for exosomes physical characterization
and molecular analysis. The technique used to study the morphology of the exosomes is scanning

electron microscopy (SEM) and atomic force microscopy (AFM). The size and concentration of
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exosomes can be determined by nanoparticle tracking analysis (NTA), dynamic light scattering
(DLS), tunable resistive pulse sensing (TRPS), or flow cytometry (FC). Nucleic acid quantification
and analysis of exosome proteins can be done by methods such as bicinchoninic acid (BCA) assay,
western blotting (WB), and enzyme-linked immunosorbent assay (ELISA), liquid
chromatography-tandem mass spectrometry (LC-MS/MS), nucleic acid extraction, polymerase
chain reaction (PCR).

Typically, the isolation methods can be classified into four types: density-based, size-
based, surface component-based, and precipitation methods, as shown in Figure 2-6 (a) Density-
based methods such as differential ultracentrifugation and density gradient centrifugation were
developed during early-stage research of exosomes. In differential ultracentrifugation, large cell
debris and cells were initially removed at a low speed of around 20000 x g. After this, the proteins
were removed by precipitating exosomes at higher speeds (higher than 100000 x g). At the same
time, in density gradient centrifugation, a series of solutions with different densities are preloaded
into a centrifugal tube before the addition of the sample. Exosomes can then be isolated via
ultracentrifugation due to differences in the densities once the balance is achieved between
centrifugal force and buoyancy. Expensive equipment and more significant time duration limit
ultracentrifugation in the clinical setup for isolating exosomes. In addition, these techniques
include multiple steps and take around 5 to 6 hours [51,52].

The isolation techniques based on size include membrane filtration, size exclusion
chromatography (SEC), and other isolation methods that may be carried out in microfluidic chips.
Filtration is a high-throughput and straightforward method in which the exosomes are isolated
based on the size differences of the particles in the sample. Size exclusion chromatography (SEC)
enables the separation of polymers or proteins based on their size or hydrodynamic volume. In this
method, a porous matrix is usually packaged into a column as a stationary phase, as shown in
Figure 2-6 (b). When a sample passes, the components smaller than the pore diameter can enter
the porous material and take a longer time to pass through the column, while the larger ones cannot
enter the pores.

Therefore, at different elution times, several components can be separated. Thus, this
method extensively isolates exosomes [53—55]. However, there is a high chance that exosomes or

contaminant aggregates will get trapped in the pores, possibly damaging them.
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The polymer precipitation method for the isolation of exosomes ensures a high yield by
simplifying the process and reducing the handling time. Companies have commercialized these
polymer-based precipitation methods as ExoQuick, Total exosomes isolation, and Exospin
because of their simple protocols and fast isolation [56]. In this method, polymers are dissolved in
the sample to reduce the solubility, because of which, low-speed centrifugation can precipitate
Exosomes for isolation. Polyethylene glycol (PEG) is used as a precipitation agent to isolate
exosomes [52,57]. Though this method is simple, fast, and high yield, exosomes lack purity as the
protein aggregates and other contaminants may be co-precipitated. Besides, it may change
exosome structure and surface characteristics [58]. These drawbacks can severely affect the further

analysis of exosomes.
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Figure 2-5: Traditional methods for the characterization of exosomes. Characterization techniques to
measure physical properties (morphology, size, and zeta potential) (Reproduced with permission from Wang
W et al. [52], Copyright 2018 John Wiley and Sons).

The presence of many proteins and the lipid bilayer on the surface of exosomes make the
immunoaffinity-based methods highly suitable for their isolation. The frequently used technique

for specific capture and isolating exosomes is affinity-based isolation. These methods are based

18



on binding antibodies or aptamers’ by a lipid probe, as shown in Figure 2-7. An antibody with
affinity to exosome proteins is usually modified on a solid surface such as magnetic beads or a
microfluidic channel to separate exosomes from a culture media or nonspecific vesicles and other
contaminants [59]. In addition to beads or microfluidic chips, nanoparticles or nanomaterials may
provide more suitable substrates to capture exosomes because of increased binding sites on their
surface. Similar to antibodies, polypeptides can also be used as affinity agents to isolate exosomes
[60].

Besides antibodies and peptides, the DNA aptamer can also separate exosomes, expressing
a specific protein. The aptamer is a screened nucleic acid fragment with a particular sequence.
Therefore, they can bind with a high affinity towards specific proteins. The usage of aptamers for

the isolation of exosomes has benefits such as low cost, high stability, and easy production [61].
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Figure 2-6: Schematics of the common exosomes isolation methods. (a) Ultracentrifugation and Density
gradient centrifugation. (b) Size-exclusion chromatography (SEC). (Modified from Chen J et al. [55], Front
Booing Biotechnol. 2022).

9 Aptamers are oligomers of artificial ssSDNA, RNA, XNA, or peptides that bind a specific target molecule or family
of target molecules.
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Though aptamers have advantages over antibodies, their rare availability with a specific
affinity to exosomes is their major drawback. To avoid the disadvantages of affinity-based
isolation methods, an alternative approach to isolate the exosomes is to bind them with the lipid
bilayer by designing a lipophilic isolation probe. Thus, capturing efficiency can be improved by
ensuring the designed lipid probes have a high affinity toward exosomes lipid membranes. Wan et
al. [62] reported using magnetic extraction to isolate exosomes in a short processing time of 15
min. The resulting exosomes purity is higher than that obtained by ultracentrifugation, and the
processing is faster. Further, the lipid probe isolation method can capture exosomes irrespective

of their size and surface antigen, consequently escaping the loss conveyed by the surface marker.

ﬁ« » Aptamer

Figure 2-7: Immunoaffinity-based isolation of exosomes (Reproduced with permission from Wang W et al.
[52], Copyright 2018 John Wiley & Sons Inc.).
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2.4.2. Lab-on-a-Chip (LOC)/Microfluidics for Isolation and Detection of Exosomes

For an improved treatment and control of the progression of the disease, a rapid and early
diagnosis is required. Common detection methods such as polymerase chain reaction (PCR) and
enzyme-linked immunosorbent assay (ELISA) depend heavily on expensive and sophisticated
equipment. Lab-on-a-chip (LOC) technology emerged during the last two decades and has drawn
significant interest in biomedical applications. A microfluidic device or a lab-on-a-chip (LOC)
may integrate conventional isolation methods by applying fluid dynamics principles. The
advantages of LOC include high throughput, low sample and reagent consumption, short assay

time, and multiplexed detection [63—65].
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Further, the large surface-area-to-volume ratios accelerate heat and mass transport within
the micro-channels and help rapid and controllable mixing, cooling, and manipulating variables
such as temperature, concentration gradient, and pressure. These merits are also crucial for various
applications. LOC technology has shown the potential to improve biomarker detection by offering
sensitive and wide-ranging measurements in a compact format.

Therefore, researchers have recently started integrating different methods based on the
physical properties of exosomes with the design of the microfluidic device. Thus, microfluidics-
based isolation techniques have developed and evolved over the years [66—84]. The following
sections will discuss some of the most interesting methods mostly based on the immunoaffinity
approaches. Some combined with nanoplasmonics detection and integrated with microfluidics to
capture and detect the exosomes.

Immunoaffinity capture methods use immunoaffinity interactions between antigens,
exosomes membrane proteins, and monoclonal antibodies. Exosomes specific proteins displayed
on exosome membranes are principally tetraspanins proteins, for example, CD9, CD81, CDS82,
CD87, and CD63, heat-shock proteins produced in response to stress, as well as other proteins
involved in cell adhesion and signaling. Immunomagnetic bead based exosome isolation is one of
the most common immunoaffinity based capture methods that results in high-purity exosomes. In
this case, the magnetic beads are coated with antibodies specific to the surface proteins of

€X0Somes.

2.4.2.1. Immunoaffinity Methods to Capture and Detect Exosomes

This approach has been frequently utilized to capture exosomes, and some suggested
devices are briefly described below.

Chen et al. [45] designed an easy and rapid microfluidic immunoaffinity-based method to
isolate microvesicles from small volumes of serum blood samples and conditioned medium from
cells in culture. As shown in Figure 2-8, they developed two different microfluidic device designs
with a straight flow channel for processing sample volumes of 400 puL and even smaller, with
herringbone groves on their ceiling. Their design achieved a 42-94% yield of exosomes with high
specificity and shot isolation time. To improve the capture yield of the chip, the authors considered
modifying parameters such as the dimensions of the microchannel, including structures inside the

microchannel, increasing the transverse flow and the coverage of active antibodies. The main
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advantage of this design is that the device can sort the microvesicles directly from the serum in a
single step.
microfluidic device

culture supernatantMuid
injected at 16 pl/min x 25 min

-
rinse with PBS
at 30 plmin x 5.6 min

exnQsomes

Figure 2-8: Experimental setup of microfluidic devices. (a) Photo of the device with a syringe pump. (b)
Procedure for the isolation of microvesicles from the microfluidic device. (Reproduced from Chen et al. [45],
Lab Chip. 2010).

A couple of years later, Wang et al. [85], designed and fabricated a microfluidic device
based on porous silicon nanowires on a micropillar structure as shown in Figure 2-9. With the help
of a prototype design, they could trap exosome-like lipid vesicles within 15 min while filtering out
proteins and cell debris. Besides, the trapped lipid vesicles can be recovered intact, with a yield of
67-60%, by dissolving the porous nanowires in a PBS buffer. But still, the recovery time is about

one day which is a critical concern.
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Figure 2-9: Schematic of the ciliated micropillar array. (a) representative porous silicon nanowire forest. (b)
micropillars. (c) representative ciliated micropillars. (Reproduced from Wang Z et al. [85], Lab Chip, 2013).
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Jorgensen et al. [86,87] using a non-contact printer printed 24 microarray spots, as shown
in Figure 2-10. The micro spots were printed with a cocktail of antibodies against the tetraspanins
CD?9, CD63, and CD81, selected to ensure that all exosomes were detected. With their approach,

the authors could detect the exosomes with a sensitivity of 5000 particles/pL.
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Figure 2-10: Extracellular vesicle detection using a customized protein microarray "EV Array." (a) A
microarray printed with spots of 21 different antibodies. (b) Workflow for capturing exosomes with
biotinylated antibodies followed by fluorescence-labelled streptavidin. (Modified from Jorgensen et al. [86], J
Extracell Vesicles, 2013).

He et al. [88] developed microfluidic devices with serpentine channels and integrated
specific immunoaffinity isolation of targeted proteins with immunomagnetic beads to isolate the
exosomes directly from the human plasma, as shown in Figure 2-11 With their techniques, the
isolation of a selective subpopulation of biomarkers from plasma samples (30 pL) was possible in
1.5 hours, with markedly improved detection sensitivity and a yield of 42-97.3 %. However, the

method is specific only to CA125, EpCAM, and CD24 proteins. Due to the simplicity of their

23



design, scaling up for the high-throughput

possible.
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Figure 2-11: Integrated microfluidic exosome analysis directly from human plasma. (a) The photo of the
prototype chip with the cascading microchannel for multi-stage exosome capture and analysis. (b) Schematic
of the chip with the workflow. 1-4 indicates the inlet for exosome capture beads, washing/lysis buffer, protein

capture beads, and ELISA reagents. (Reproduced from He M. et al. [88], Lab Chip, 2014).

Kanwar et al. [89] designed and fabricated a simple, low-cost microfluidic-based device to

isolate cirEVs enriched in exosomes directly from blood serum to simultaneously capture and

quantify the exosomes within a single device. The schematic and the fluorescence detection

scheme of the device are shown in Figure 2-12. The microfluidic device was fabricated using

polydimethylsiloxane (PDMS) and then functionalized with antibodies against CD63, an antigen

commonly overexpressed in exosomes. Subsequently, it was stained with a fluorescent

carbocyanine dye (DiO) that labels the exosomes. The exosomes were quantified using a standard

plate reader. The authors achieved a yield of 15-18 pg of total proteins, and the scaling of their

device is relatively easy.
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Figure 2-12:Experimental strategy for exosomes immobilization and characterization using ExoChip (a)
Schematic of exosomes capture and analysis used in ExoChip. (b) Schematic for CirEVs fluorescence
detection in micro-plate readers. (Reproduced from Kanwar S. S et al. [89], Lab Chip, 2014).

Using a different approach, Lee et al. [90] incorporated an acoustic nano filter system in
their design that separates EVs continuously, as shown in Figure 2-13. They used the separation
of ultrasound standing waves to apply differential acoustic forces on MVs according to their size
and density. By optimizing the design of the ultrasound transducers and the underlying electronics,
they could achieve >90% separation yield and permitted in situ control of size cutoff. To expand
the functionality of their design, they suggested that several aspects of the system can be further
developed, such as having different transducer designs to control the acoustic force and improve
the sample throughput. Additionally, to realize a portable lab-on-chip for MV analyses integrating
analytical components such as sensors and polymerase chain reaction into the same platform will

assist clinical applications.
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Figure 2-13: Acoustic nanofilter for label-separation of microvesicles (MVs). (a) Device schematic. (b) Filter
operation indicates MVs transported to the acoustic pressure region (inset). (c) SEM image of the prototype
device (Adapted with permission from Lee K et al. [90]. Copyright 2015 American Chemical Society).

Zhao et al. [91] developed a microfluidic ExoSearch chip that is easy to operate to detect
the three exosomal tumor markers (CA-125, EpCAM, CD24), as shown in Figure 2-14. With their
design, the authors were able to detect the exosomes with a limit of 750 particles/puL, which is

1000 times more sensitive than conventional methods such as Western blotting.

Mixing

Isolation_ Multi-marker Probing

{ ) Exosome

Y Antibody

Immuno
3 magnetic
Beads

Continuous flow

Figure 2-14: The setup and workflow of the ExoSearch chip for continuous mixing, isolation, and in situ,
multiplexed detection of circulating exosomes. (Reproduced from Zhao Z et al. [91], Lab Chip, 2016).

A microfluidic device (nano-IMEX) with a single channel, as shown in Figure 2-15, was
developed by Zhang et al. [92]. The nano-IMEX chip contains Y-shaped microposts functionalized
with graphene oxide (GO), and the induced nanostructured polydopamine (PDA) film by the

microfluidic layer-by-layer deposition, thus permitting simple covalent protein conjugation
26



through the PDA chemistry. Through their technique, the authors have demonstrated that the
nanostructured GO/PDA interface can significantly improve the efficiency of exosome immuno-
capture, suppressing the nonspecific exosome adsorption. Based on this nano-interface, they could

achieve a detection limit of ~50 exosomes/puL, substantially better than the existing methods.
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Figure 2-15: Nano-interfaced microfluidic exosome platform (nano-IMEX). (a) Schematic of a single-channel
PDMS/glass device, with the exploded view highlighting the coated PDMS chip containing an array of Y-
shaped micro posts. (b) Schematic showing the surface of the channel and micro posts coated with graphene
oxide (GO) and polydopamine (PDA). (¢) The protocol involved the surface functionalization of the
microfluidic chips. (Reproduced from Zhang P et al. [92], Lab Chip, 2016).

A microfluidic device for the immunocapture of circulating exosomes from both cell
culture medium and patient plasma from a low sample volume was developed by Fang et al. [93]
as shown in Figure 2-16. For capturing the exosomes, CD63 antibodies conjugated with magnetic

nanoparticles (Mag-CD63) were used. Their study found that the amount of the exosomal tumor
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marker EpCAM was much higher in the plasma of breast cancer patients than in healthy controls.
The authors concluded that the microfluidics device might become a valuable tool for breast cancer
diagnosis due to advantages such as better purity, intact yield, simplicity of operation, less time,

and low cost.
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Figure 2-16: Chip design and principle for exosome capture and detection. (a) The microfluidic chip
schematic representation. (b) Photo of the chip. The scale bar represents 1 cm. (¢) Workflow for the
immunomagnetic capture and detection of exosomes. (Reproduced from Fang S et al. [93], PLoS ONE, 2017).

More recently, our group [94] has developed a magnetic particle-based liquid biopsy chip
to isolate EVs by using a synthetic peptide, Vn96, which specifically binds to heat shock proteins
(HSP). In this design, a 3D mixer is integrated within the chip, as shown in Figure 2-17, improves
capture efficiency and a sedimentation unit that allows the EV-captured magnetic particles to settle
based on gravity. The significant advantages of the label-free technique implemented using the
streptavidin coated magnetic particles include faster isolation of EVs from CCM (around 20 min)
and easy removal of magnetic particles using a magnet after elution. The maximum isolation
efficiency obtained was about 90% with 8.0 - 9.9 pm streptavidin-coated magnetic particles when

0.2 ml CCM was used.

28



1= I W=

Yot bound
magnetic - Q—

particles « ﬂ —ﬂ-

EVs captured
magnetic particles in
sedimentation unit

MCFT culture, 'gau
media 'ﬂ'.bn'

Figure 2-17: Isolation of EVs from the MCF7 CCM A) Schematic of the EV-isolation from the CCM in the
microfluidic device. (Reproduced with permission from Bathini S et al. [94]. Copyright 2021 Elsevier Science).

2.4.2.2. Immunoaffinity Methods with Nanoplasmonic Detection of Exosomes

Im et al. [95] developed for the first time a nanoplasmonic exosome (nPLEX) assay based
on the surface plasmon resonance principle. As shown in Figure 2-18, periodic nanohole arrays
are the exosomes detection sites. They detected the exosomes derived from ovarian cancer cells,
expressing CD24 and EpCAM. Therefore, the nanohole arrays were functionalized with antibodies
against CD63. The detection sensitivity of the nPLEX assay was determined to be 1000
particles/uL, 10 # times higher than the Western blotting and 10 * times higher than the ELISA
method.

A multiplexed microfluidic device based on tunable alternating current
electrohydrodynamic (acEHD, nano shearing) was developed by Vaidyanathan et al. [96], as
shown in Figure 2-19. Using their device, they detected exosomes derived from cells expressing
the human epidermal growth factor receptor 2 (HER?2), prostate-specific antigen (PSA), and CD9.
Through their method, the detection sensitivity of 2760 exosomes/puL. was achieved, which means

a 3-fold enhancement, compared to the hydrodynamic flow-based assays (8300 exosomes/puL).
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Figure 2-18: Label-free detection of exosomes with the nPLEX sensor. (a) A scanning electron Image of the
periodic nanoholes in the nPLEX sensor. (b) A prototype of the nPLEX imaging system. (¢) Schematic to
represent the changes in transmission spectra to show the exosome detection with the nPLEX device. d)
Scanning electron microscopy image showing the exosome capture near the nanoholes array. (Reproduced
from Im H et al. [95], Nat Biotechnol., 2014).

Zhu et al. [97] presented a real-time, label-free method to detect and characterize tumor-
derived exosomes in CCS without enrichment or purification, as shown in Figure 2-20. They used
surface plasmon resonance imaging (SPRi) with antibody microarrays specific to exosome
transmembrane proteins such as CD9, CD63, and CD81. Thus, with this approach, they could
achieve a detection sensitivity of 4.87 x 10* particles/uL.

Our group, Bathini et al. [98,99] developed a simple microfluidic device to detect MCF-7
exosomes using an immune-affinity approach, Vn96 polypeptide, and LSPR detection. The
schematic of the device and the sensing protocol are shown in Figure 2-21. The results indicate
that the label-free technique, based on the sensitivity of the Au-LSPR band to the surrounding
environment, is a promising approach. The Au nano-island platform can capture a high number of
extracellular vesicles present in the MCF7, providing a detection range covering early stages to
advanced stages of cancer. However, the authors did not mention the sensitivity of the detection

of their method.

30



(b)
1. Functionalization
AuBiclin-B5A AuiBiotin-BSa SuuBeobn-BSA ¢
Steplavidin SireptavidinBiotin Ab

2. Exosome
Captura

Figure 2-19: Tunable alternating current electro hydrodynamic nano shearing device for the detection of
exosomes. (a) Schematic representation of ac-EHD induced device (appear as white spherical particles). (b)
Schematic representation of the functionalization protocol. (Reproduced with permission from Vaidyanathan
R et al. [96], Copyright 2014 American Chemical Society).
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Figure 2-20: Label-free SPRi method for the detection and characterization of tumor-derived exosomes.
Schematic view of SPRi combined with antibody microarray and measurement setup. (Reproduced from Zhu
L et al. [97], Anal Chem., 2014).
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Figure 2-21: Label-free LSPR microfluidic device to detect MCF-7 exosomes. (a) Schematic of the
microfluidic device with nano-island structures. (b) The biosensing protocol used to detect MCF-7 exosomes
(Reproduced from Bathini S et al. [86], The European J Extracellular Vesicles, 2020).

Raghu et al. [100] developed a nanosensing array, combining the nano and
microfabrication techniques for single exosome detection. As shown in Figure 2-22, plasmonic
nanopillars were fabricated to accommodate at most one exosome. Therefore, to target the
tetraspanins CD63 membrane-bound proteins in exosomes secreted by MCF7 breast
adenocarcinoma cells, the plasmonic nanopillars were functionalized with anti-CD63 antibodies.
Using this approach, the authors could achieve three orders of magnitude sensitivity improvement
over previously reported real-time, multiplexed platforms.

A plasmonic platform based on gold nano-ellipsoids with an integrated microfluidic device
was developed by Xiaoqing Lv et al. [101]. The nano-ellipsoids were fabricated using an anodic
aluminum template as a shadow mask. Then, the nano-ellipsoids' surface was functionalized with
the anti-CD63, specific to exosome transmembrane proteins. Figure 2-23 shows the schematics of
the sensing protocol. The authors claim that the uniform adsorption of exosomes on the

functionalized nano-ellipsoids enhanced the detection sensitivity of their design.
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Figure 2-22: Nanoplasmonic pillars engineered for single exosome detection (a) Picture of the 25.4 mm
diameter LSPRi sensor chip. (b) Scanning electron microscope image of the device for a 20 x 20 array, with a
pitch size of 600 nm scale bar: 1 pm. (¢) Image of sixteen arrays, each consisting of 400 plasmonic nanopillars

in a 20 x 20 square lattice and 500 nm pitch, scale bar: 10 pm. (d) False coloured SEM image of a 10 x 10
nanopillar array, scale bar: 1 pm. (e) High-magnification false-coloured SEM image showing a detailed view
of individual nanopillars, scale bar: 200 nm. (f) Picture illustrating the size matching of individual nanopillars
diameter (d = 90 nm) to that of exosomes (~50 nm < d <200 nm). (Reproduced from Raghu D et al. [100],
PLoS ONE, 2018).

Based on the markers used for detection, the yield sensitivity, the yield capability,
advantages, disadvantages, and the year the work was published, some of the most interesting
immunoaffinity and nanoplasmonic approaches integrated with microfluidics-based techniques are
summarized and tabulated in Table 2.1 and Table 2.2. The tables show that the microfluidic/LOC
technology developments have enhanced exosome capture and detection in terms of their

efficiency, compared to previous complicated and time-consuming methods.
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Figure 2-23: Schematic of the LSPR-based biosensor for the detection of the exosomes. (a) Fabricated gold
nano-ellipsoid arrays on the quartz substrate. (b) Functionalization of the gold nano-ellipsoids with the Au—S
bond. (c¢) Functionalization of anti-CD63 antibody (d) Exosomes injected into the microchannel and captured

on the sensor substrate. (¢) LSPR detecting platform (Reproduced with permission from Xiaoqing Lv et al.

[101]. Copyright 2019 American Chemical Society).
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Table 2.1: Immunoaffinity approach integrated with microfluidics technique to capture and detect exosomes

Techniques/Approaches | Markers Sample Detection | Yield Throughput | Advantages Disadvantages Year of
used for used and Sensitivity of Isolation Publication
Detection | its volume | (LOD) [nL/min]
Anti-CD63 CD63 Serum of NA 42 -94% | 13.1 High specificity, Specific only for 2010
functionalized surface 100 — 400 Isolation CD63
with herringbone groves uL time(~1h)
[45]
An array of porous silicon | Liposomes | Liposomes | NA 45 -60% | 10 Trapping is | Recovery time (~1 | 2013
nanowire-on-micropillar | (83, 120 | of 30 uL relatively fast | day), Not validated
[85] nm) (~10min),  High | with clinical samples
purity recovery of | and no analysis of
liposomes cargo protein
Microarray spots (non- CD9, Plasma of | 2.5 x 10* | NA NA Multiplexed - 24 | Isolation time (~ 3| 2013
contact printing) - EV CD63, 1-10uL exosomes analytes per array, | days), The study
array [86] CDS81 per highly  sensitive | carried out only on
sensing and high- | healthy donors
spot throughput
Microarray spots (contact | 60 markers | Plasma of | NA NA NA Multiplexed - >60 | Isolation time (~ 3 | 2015
printing) - EV array [87] | simultaneo | 1-10uL analytes per array, | days), The study
usly Higher sensitivity | carried out only on
due to the contact | healthy donors
printing
Online mixing in a | EpCAM, a- | Plasma of | 0.28 - 0.38 | 42— 2 High specificity, | Specific for CA 125, | 2014
serpentine channel with | IGF-1R, 30uL pg/ml 97.3% Isolation time | EpCAM, and CD24
immunomagnetic beads | CA125, (~1.5h)
[88] CD9,
CDS81, and
CD63
An array of surface- | CD63 and | 400 uL | 0.5 pM 15 -18 |4 Easy scale-up, On- | Low capture capacity, | 2014
functionalized  circular | extract total | serum ug of chip quantification | No Multiplexity
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microchambers ExoChip | RNA total
[89] proteins
Acoustic nanofilter chip | Exosome 10 uL Cell | NA 80-90% | ~0.24 90% separation | Specific only for the | 2015
[90] markers: culture yield, In-situ | Microvesicles

CD63, media & control of size

Flotillin-1, | Packed

HSP90, RBC

HSP70,

Microvesicl

es marker:

B1-integrin
Multiplexed continuous | CA 125, | Plasma of | 750 90% 0.8 Isolation time ~ | Specific for CA 125, | 2016
mixing in a serpentine | EpCAM, 10 pL- | exosomes/ 40 min EpCAM, and CD24
channel with | and CD24 | 10mL uL
immunomagnetic beads
(ExoSearch) [91]
Nano-IMEX microfluidic | CD9, Plasma of 2 | ~50exoso | NA 0.05 Enhanced NA 2016
chip with  Y-shaped | CD63, pL mes/pL efficiency,
microposts coated with | CD81, Scalability
(GO/PDA) [92] EpCAM
Microfluidic device | EpCAM, ~1000 puL | NA NA 2 Higher purity and | NA 2017
integrated with | HER2 Cell culture Intact yield
Immunomagnetic capture medium and
[93] Patient

plasma

Microfluidic chip | HSP 0.2 ml of | NA 90% NA High yield, Faster | Specific only for HSP | 2021
integrated with a MCF 7 isolation time,
3D mixer and CCM EVs Isolation time ~
streptavidin coated 20 min

magnetic particles [94]
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Table 2.2: Immunoaffinity approach integrated with microfluidics technique and nanoplasmonic detections to capture and detect exosomes

Techniques/Approaches Markers Sample used | Detection | Yield | Throughput | Advantages Disadvantages | Year of
Detected and its Sensitivity of Isolation publication
volume (LOD) [uL/min]
Periodic Au nanohole CD45, CD63, | Ascites of 150 | ~3000 NA 8.3 Isolation time NA 2014
arrays (nPLEX ) chip CA125, pL exosomes (~30min)
[95] CA19-9, D2—-
40, EpCAM,
EGFR, HER2,
CLDN3, and
MUCI18
Microfluidic device with | HER2, CD?9, Serum of 500 | ~2760 NA 4.2 Multiplexed sensing, | NA 2014
AC-EHD-induced [96] PSA uL exosomes/ 3-fold enrichment in
uL detection sensitivity
compared to a normal
hydrodynamic flow
Printed antibody CD9, CD41, Cell culture ~4.87 x NA NA Real-time, label-free, | No multiplexity | 2014
microarray on an Au CD63, CD82, | supernatant 107 and quantitative
coated surface (SPRi) EpCAM, and | (CCS) method
. exosomes/
[97] E-cadherin exosomes )
cm
Au nano-island HSP 100 pL of NA NA NA Label-free technique | Specific for HSP | 2018
microfluidic device using MCEF7 Cell
LSPR [98,99] culture media
(CCM)
exosomes
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Au nanoplasmonic array | CD 63 MCF7 3 folds NA NA Multiplexed NA 2018
for LSPR based secreted measurements, one
digitalized detection exosomes (1% exosome can be
(LSPRi) [100] 10° detected and

exosomes/ml) individually imaged in

real-time

Nano-ellipsoid arrays CD63 Lyophilized I ng/mL NA NA Low-cost, time- NA 2019
integrated with a exosomes saving, and applicable

microfluidic chip using
LSPR [101]

to large areas
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It is not easy to compare the methods discussed in section 2.3.2 and summarized in Table
2.1 and Table 2.2 because of their complexity and diversity. Several of them can detect exosomes
in a reasonable timeframe, with high sensitivity and a good yield, but their design is generally not
straightforward. Many published methods involve complex structures such as micro posts, micro,
nanopillars, nano-ellipsoids, etc., requiring complex microfabrication methods. Some of the
techniques are using printed arrays that can be fabricated easily. The results in terms of sensibility
are very promising. Good results, especially, regarding exosomes isolation, have also been

obtained using functionalized magnetic particles.

2.5. Outlook

Microfluidic isolation and detection methods represent clear progress compared to
conventional strategies. Nevertheless, first-generation devices like those described in this chapter
are not yet ready to be translated into clinical analysis. The main reason for this is the lack of
standardization and validation of the microfluidic methods and the relatively low processing
capacity. Additionally, because of the complexity of all the biological samples, the overlap of size
between exosomes and other EVs, and the heterogeneity of exosomes, the purity of the isolated
exosomes is lower. For this reason and other considerations, conventional methods like
ultracentrifugation still account for 56% of all exosome isolation techniques employed in exosome
research. However, despite the large sample capacity and high yield, the equipment is expensive,
the run-time is long, and it cannot be used at the point of care. In addition, during the
ultracentrifugation, the exosomes might get damaged. The main advantage of microfluidic
separation is the possibility of integration on the chip of downstream analysis to detect all the
components of exosomes directly. Microfluidic immunoaffinity methods have resulted in highly
purified exosomes but work only with cell-free samples, and therefore the cost might be high,
primarily because of the cost of antibodies. Microfluidic devices are highly portable and easily
integrated with micromixers and other parts. The success of the isolation depends on the quality
of pre-enriched exosomes.

We believe, as stated above, that the conventional methods will not be replaced by
microfluidic devices or maybe only for specific applications like point-of-care where portability is
necessary. It has to be stressed that lab-on-a-chip devices will evolve, and new functionalities will

improve the quality and yield of microfluidic isolation. Magnetic immunocapture is an especially
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valuable method. Thus, some of them have already been commercialized as exosome isolation
kits. Most important for the future of microfluidic research is the standardization and validation of
methods that will allow accurate comparison between different laboratories.

In conclusion, researchers interested in working in this field should be aware of the existing

challenges and be ready to use their skills and creativity.

2.6. Conclusions

In this chapter, EVs/ exosomes and their importance as potential biomarkers for cancer
diagnosis have been briefly discussed. EVs/exosomes are incredibly complex biological species,
carrying information from the cancer cells that released them as very early signals. Their isolation
and subsequent detection methods are complicated and not satisfactory for the time being.
However, they are evolving and enriched by discoveries in nanoscience, microfluidics,
plasmonics, etc. Significantly, the new microfluidic techniques such as 3D and 4D printing will
simplify the microfabrication techniques used to produce devices. At the same time, the exosomes
isolation and detection sensitivity could be enhanced by integrating several new designs of
nanostructures with microstructures. The crucial importance of EVs/exosomes in cancer research
is a powerful impetus for fast advances in their detection and isolation detection techniques.

Therefore, in the next chapter (Chapter 3) a comprehensive review of the available
methods, techniques, and fabrication processes that could be potentially used to detect and isolate

the EVs/exosomes as a biomolecule will be discussed.
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Chapter 3. Gold Nano-Island Platforms for Localized Surface

Plasmon Resonance Sensing

This chapter is reproduced from the article published in Molecules, 25, 20, 4661, 2020.

3.1. Outline

Nano-islands are entities (droplets or other shapes) that are formed by spontaneous
dewetting, (agglomeration, in the early literature) of thin, and very thin metallic, especially, gold
films on a substrate, by post-deposition heating or by using other sources of energy. In addition
to thermally generated nano-islands, more recently, nanoparticle films have also been dewetted,
to form nano-islands. The Localized Surface Plasmon Resonance (LSPR) band of gold nano-
islands was found to be sensitive to changes in the surrounding environment, making them
suitable platforms for sensing and biosensing applications. In this chapter, we revisit the
development of the concept of nano-island(s), the thermodynamics and mechanism of dewetting
of thin metallic films, and the effect of the substrate on the morphology and optical properties of
nano-islands. A special emphasis is made on nanoparticle films and their applications to

biosensing, with ample examples from the authors' work.
3.2. Introduction

This chapter covers the most significant achievements that occurred in recent years, but
also, revisits early discoveries in the field of nano-islands, their fabrication, optical properties,
and later, their application as plasmonic sensing platforms. Historically, nano-islands, as entities,
emerged from thin metal film studies. They were generated by the annealing of thin films
deposited by physical methods and their formation, driven mostly by the minimization of surface
energy. As-deposited thin and very thin metal films are not stable thermodynamically, and by
dewetting, will coalesce into small, droplets, called nano-islands [102—105]. Dewetting of metal
thin films, showing the evolution of solid structures, is considered an important structure-
directing mechanism. Thermally-generated nano-islands are random, their size distribution is
quite wide and their adhesion to glass substrates is not strong enough for sensing purposes. The
adhesion has been improved by using various under- or overlayers, or by partially embedding

them in the glass substrate. Detailed investigations have demonstrated the high sensitivity of
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nano-island’s plasmon bands to changes in the surrounding environment, thus, making them
suitable for sensing purposes. Historically, they were the first to be investigated as plasmonic
sensors for LSPR (Localized Surface Plasmon Resonance) and Surface-Enhanced Raman
Spectroscopy (SERS) applications. Further, many attempts have been made to improve the size
and size distribution of nano-islands, especially, for LSPR sensing, for example, multiple
dewetting, alternating with annealing, or the fabrication of micro-patterned arrays of Au and Ag

nano-islands through template confined deposition.

Only in the last decade, after the complete development of synthesis methods of
nanoparticles, nano-islands started to be prepared from nanoparticle films using wet methods.
There are only a few publications on the fabrication and characterization of these nano-islands;
however, they have been used successfully for analytical purposes. Extremely important, under
the present circumstances, is the application of plasmonic photothermal biosensors, based on gold

nano-islands, for the fast and accurate detection of SARS-CoV-2 [106].

This chapter is structured as follows: Section 3.3.1 is dedicated to nano-islands fabricated
from thin films and plasmonic sensing based on thermally generated nano-islands. Section 3.4
introduces and briefly discusses the main plasmonic technologies, with an emphasis on Localized
Surface Plasmon Resonance (LSPR), the core technology used in this work. Section 3.5 describes
the nano-island platforms from nanoparticle films, together with their more recent LSPR sensing
applications. This section also discusses the work of the authors’ group in the field of plasmonic
detection of biomolecules and biological entities, such as bovine growth hormone and exosomes,
respectively, and the integration of the sensing methods in a microfluidic environment. We also
briefly discuss the most relevant examples of the use of plasmonic biosensors for real
bioanalytical and clinical applications. In this context, the applications of plasmonic biosensors

on a chip for point-of-care (POC) are discussed in a separate section.

At the end of this chapter, our knowledge of nano-islands and their applications are
summarized, and future work in the field of nanoplasmonics that may bring new ideas is

emphasized.

42



3.3. Solid-State Dewetting of Thin Metal Films: Principle and Driving Force

3.3.1. Nano-island Platforms from Thin Metal Films

Most thin metal films deposited by physical methods such as thermal evaporation,
sputtering, etc. are not stable structures because they are formed far from equilibrium [102—104].
When applying an external energy, for example, heating at temperatures below the melting point
of the metal, the metal thin film will transform, spontaneously into nano-islands. Other methods
to initiate this transformation, are ion bombardment, mechanical stress, and laser irradiation (CW
or pulsed). The process is called solid-state dewetting or, agglomeration, and is driven by

minimization of surface energy as well as of the free energy associated with interfaces.

Figure 3-1: Dewetting of a thin gold film with the formation of nano-islands.

Abbott et al. [104] defined solid-state dewetting as the process by which thin solid films
will coalesce into small particles as seen in Figure 3-1, at temperatures far below the melting
point, driven by surface energy minimization. Dewetting of metal thin films, showing the
evolution of solid structures, is considered an important structure-directing mechanism. Work

on this topic started to be published in the 1970s, and since then, many studies on the
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phenomenology of dewetting contributed to the understanding of its mechanism and pointed to

ways toward various applications.

A fundamental study on the thermodynamics and kinetics of film agglomeration was
published by Srolovitz and Goldiner in 1995 [107]. They defined agglomeration as the process
by which an initially flat continuous film “dewets”, or uncovers a substrate. They analyzed in
detail the forces that could contribute to the destabilization of a continuous film, such as surface
tension principally but also stresses (especially tensile) within a film. The authors demonstrated
that agglomeration (dewetting) is largely a hole nucleation and growth phenomenon. They
thought that the main mechanism is the heterogeneous nucleation of holes at defects, such as
grain boundaries, or even holes left through the deposition and processing of the film. As the hole

grows, it pushes material out of its way, piling it up along the periphery of the hole.

The process may begin at edges or preexisting holes in as-deposited films, exposing the
substrate. If holes or other defects, such as, for example, contaminants or capping layers in the
case of nanoparticle films, do not already exist, they can be formed by ruptures in the film, and
the holes will grow when the temperature increases and the growing holes will impinge upon

each other.

Three different mechanisms have been proposed to explain dewetting: heterogeneous,
initiated from a defect at the film surface; homogeneous, due to a small thermal density
fluctuation; and spinoid dewetting, which is typical of liquid films [103,108]. Dewetting leads to
the formation, not only of separate objects like droplets but also of stripes and pillars. Depending
on the temperature, the substrate of the metal film (especially in the case of very thin films), and
the time of annealing, dewetting may be incomplete, in which case no islands are formed.
However, the structures formed in this way may be useful - for example, as electrodes in

microstructures [109].

The principal parameters that affect the dewetting of thin metal films are the thickness of
the film, the temperature of annealing, and the substrate [110]. It has been recently demonstrated
that the temperatures at which nano-islands form vary for different substrate materials [111]. The
grain size, in the case of polycrystalline films, may also affect the dewetting phenomenon. The
diameter of the nano-islands formed by dewetting depends on the thickness of the film as shown
in equation 3.1. The following relationship was proposed by Trice et al. [112]:
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where f(0) is the geometric factor, based on the particle contact angle 0; y is the surface
tension of the metal; and A is the Hamaker constant. This relation was observed in several
experimental studies and is valid only at the temperature at which the nano-islands appear, as

seen in SEM (Scanning Electron Microscopy) images.

The tendency to dewet depends largely on the surface diffusivity of the metal [104]. Gold
has a very high surface diffusivity; therefore, thin gold films will dewet easily, resulting in the
formation of nano-islands. However, for some applications, this high tendency to dewet may be

a drawback that can be reduced by alloying with metals like Pt or Ti [113].

Both continuous gold films and gold films of thicknesses below the percolated threshold
(typically 5-10 nm nominal (mass) thickness) have been dewetted [114]. It has to be mentioned
that in the literature there is no consensus regarding the definition of “thin”, “very thin”, and
“ultrathin” films. For the sake of further discussion, films having 1-3 nm thickness will be
considered very thin with a well-defined plasmon band, while 4-10 nm will define thin (semi-

continuous) films.

It can be seen in Figure 3-2 that very thin films (2 and 3 nm) show a well-defined plasmon
band around 567 nm and 578 nm respectively, corresponding to discrete nanostructures, while
the 5 and 10 nm films that are (semi-) continuous show a large plateau toward the NIR (Near

Infrared) region of the spectrum.

The authors investigated the transformation from percolated film to islands by in situ
transmission spectroscopy, using a temperature-controlled tube furnace and doing measurements

all along the annealing process.

Nano-islands have been prepared not only from Au films, but from Ag, Pt, Pd, and Cu as
well [115,116]. Large area nano-islands with nanogap spacing have been prepared by multiple
dewetting. It has to be mentioned that dewetting the same metal film on different substrates will

result in nano-islands with different sizes, showing the important role of interfacial energy [117].
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Figure 3-2:Visible spectra of e-beam evaporated gold films annealed at 500 °C for 2 hrs with different
nominative film thicknesses of Gold (Au) with 2nm of Chromium (Cr) underlayer.

For example, nano-islands deposited on single-layer graphene by physical vapor deposition
or in-situ, solution-phase chemical synthesis exhibit completely novel properties. For this reason,
it has been called a composite film, which can be regarded as a metamaterial [118]. The optical
and electronic properties of this material, controlled by the morphology of nano-island films, can
be modulated in ways reminiscent of semiconductors. B. C. Marin et al. emphasized that the role
of graphene in this material is not only of support but principally, graphene is the active
component that determines the optical and electronic properties of the composite. The surface
energy of the substrate supports that graphene influenced the morphology of the nano-island
films, and thus, a wide range of morphologies could be produced, from isolated islands to
percolated networks. These graphene nano-island composite films exhibit tunable morphologies
and small gaps between adjacent nano-islands and could be transferred to flexible substrates

[119].

The most important applications of metal nano-islands on graphene, especially in sensing,

will be discussed in Section 3.5. The nano-island graphene composite films contain gaps between
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the nano-islands, which, when functionalized with benzene thiolate, behave as hot spots for
surface-enhanced Raman scattering (SERS). The authors have shown that the mechanical strain
in the film increases the sizes of the gaps; this attenuates the electric field, and thus, the SERS
signal. This “piezo-plasmonic” effect can be quantified, and the sensor is among the most

sensitive mechanical sensors of any type.

A simple sputtering, annealing, re-sputtering, and re-annealing process was proposed to

tune the structural and optical characteristics of Au nano-islands on a glass substrate [120].

It was found that the size and inter-particle distance of nano-islands depend on the
annealing time and temperature. High temperature annealing tends to increase the size and inter-
islands distance of Au nano-islands. Re-sputtering and reannealing under different conditions
made possible again the tuning of the size and inter-particle distance. Investigations of the optical
characteristics of Au nano-islands demonstrated that the surface plasmon resonance peak of
islands was tunable from 510 nm to 620 nm. The authors found that the best results in terms of
refractive index sensitivity were obtained when the re-annealing temperature was 500 °C for 5 h.
These results suggest that the scheme “sputtering, annealing, re-sputtering, and re-annealing” is
an effective method to tune the structure and increase the refractive index sensitivity of sputtered

Au islands.

Different kinds of adhesion layers have been investigated to increase the adhesive strength
between the gold film and the glass surfaces, without damping the LSPR in gold nano-islands
[121,122]. Improvement of the adhesion is commonly achieved by evaporating 5-10 nm Cr, Ni,
or Tiunderlayers. The metal underlayer is light absorbing and thus interferes with the absorption
signal. Pre-coating the glass substrate with a self-assembled layer of mercapto- or amino-
functionalized silane has been shown to improve metal adhesion. To overcome the disrupting
effect of the adhesion layer, dielectric materials are of interest, due to their low absorption of
electromagnetic energy. MPTMS (3-mercaptopropyl-trimethoxysilane) is an alkoxysilane
molecule with a thiol functional group. It can be grafted to a glass silicate substrate through a

reaction, establishing strong chemical bonds with gold nanoparticles. [123].

A mild annealing (200 °C, 20 h) has allowed the optimization of the optical response

[121,122]. Post-coating with an ultrathin, sol-gel-derived silica film was also proposed by
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Rubinstein’s group as an alternative, to stabilize gold nanostructures formed on silanized glass

[124,125].

The authors investigated the optical properties of Au island films prepared by direct
thermal evaporation onto indium tin oxide (ITO) substrates, without the need for pre- or post-
coating stabilization of the surface. The effect of mild thermal annealing (150 °C, 12 h) or short,
high-temperature annealing (500 °C, 1 min) on the morphology of the gold nanostructures was
investigated [125]. Because of the poor stability of gold and silver islands in water and various
solvents, adhesion layers of Cr and sometimes Ni and Ti are used, especially in sensing
experiments [104,125]. The drawback of these materials is their potential diffusion into the Au
film during the annealing process [126]. In addition, their possible alloying with gold may result
in damping of optical properties [104,127].

Au/Ag alloyed nano-islands with the desired composition have been prepared by thermal
dewetting of thin metal films that are thermally evaporated. The complete miscibility of alloyed
nano-islands results in the possibility of tuning the plasmon resonance wavelength in the visible
range, opening up a new direction for plasmonic enhancement in surface-enhanced Raman
scattering or plasmon-enhanced fluorescence. The performance of bimetallic nanostructures may
even surpass individual properties and display new properties, often explained by synergistic

effects.

Alloyed nano-islands with well-defined sizes and shapes can be obtained by using
successive thermal evaporation of thin Au and Ag films, as well as low-temperature thermal
dewetting [128]. Successive thin film evaporation and thermal dewetting enable the large-area
nanofabrication of Au/Ag alloyed nano-islands with well-defined sizes and shapes. The complete
miscibility of Au and Ag leads to the tailoring of plasmon resonance over the wavelength region

by simply changing the film thickness ratio.

Another method for stabilizing the nano-islands was proposed by the Rubinstein group
[129] and involves high temperature annealing that results in a partial embedding of the nano-

islands in the glass substrate, as shown in Figure 3-3.
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High temperature annealing

AuNP dissolution

Figure 3-3: Schematic showing the traces of nano-islands in glass, after their removal by dissolution.

After dissolving the gold, the authors could see the traces of the nano-islands in the AFM
(Atomic Force Microscopy) and SEM images. If the nano-islands are not stabilized, immersion
in the solvents and drying during the sensing process could result in changes in their morphology,
and implicitly, in their optical properties. Previous authors have explained the poor adhesion of
gold and silver to glass and other oxide substrates by their weak chemical interaction with
substrates such as glass. To obtain better adhering nano-islands, dielectric layers of mercapto

silane have been used as well [121,130].

Other adhering layers, such as the highly transparent and conductive ITO (indium tin
oxide) [125] and FTO (fluorine-doped tin oxide) [131] have also been suggested. Ghorbanpour
and Falamaki [132] have replaced the Cr and Ti intermediate layers with silver, followed by an

annealing treatment.

Post-coating with a very thin silica film was also used to stabilize the gold structure [124].
In another work [125], the authors prepared Au nano-island films by thermal evaporation onto

ITO and studied the effect of mild annealing (150 °C, 12 h) or short, high-temperature annealing
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(500 °C, 1 min) on the morphology of Au nanostructures. They investigated the mechanical,
chemical, and optical stability of interfaces. To stabilize the islands, SiOx overlayers were also
deposited on them. The results have shown that 4 and 6 nm films formed connected the gold
structures by dewetting, while 2 nm films formed almost spherical Au nanostructures and small
nano-islands. The highest sensitivity was found for the 2 nm film. The authors demonstrated the
possibility of real-time sensing by monitoring the absorption of biotin—-BSA (Bovine Serum

Albumine) and the interaction with avidin.

An interesting technique has been developed by De Almeida et al. [133] and others [134]
to grow thin metallic layers on the top of optical fiber surfaces and dewet them thermally to form
nano-islands. These configurations, as seen in Figure 3-4, were used for LSPR and SERS

applications and will be discussed more in detail in the following sections of this chapter.
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Figure 3-4: Fiber-optic plasmonic probe for surface-enhanced Raman scattering (SERS) with nanogap-rich
Au nano-islands on the top surface of the fiber (modified from Kwak [134], free to read and use under the
Creative Commons License).
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3.4. Surface Plasmon Resonance (SPR) and Localized Surface Plasmon

Resonance (LSPR) as Core Sensing Technologies

Optical biosensors, particularly those utilizing plasmonic technology as illustrated in
Figure 3-5, have recently gained attention as a potential solution for disease diagnostics at the
point-of-care (POC) level. There is a growing need for cost-effective, affordable, and robust POC
platforms for diagnosing infectious and chronic diseases. These platforms should require minimal
sample volumes and be capable of delivering real-time responses with high sensitivity. A

biosensor platform incorporating small integrated devices could facilitate rapid, label-free assays.

Surface plasmons can be excited using a coupling prism and a thin gold layer, as shown in
Figure 3-6 (a). They propagate parallel to the metal surface at the metal/dielectric interface. The
confinement and enhancement of light result in a significant increase in the scattering signal of
molecules adsorbed on the thin metal film, thereby enabling surface-enhanced assays such as
surface-enhanced Raman spectroscopy (SERS). Additionally, the resonance between the incident
light field in the visible/near-infrared wavelength range and the electron clouds of a nanoscopic
metal structure can occur. Plasmonic materials comprise metallic (primarily gold and silver)

nanostructures that support surface plasmon polaritons.

Figure 3-5: Plasmonic technologies [135].
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Localized Surface Plasmon Resonance (LSPR) occurs when the diameter of a nanoparticle
is significantly smaller than the wavelength of the incident light, as illustrated schematically in
Figure 3-6 (b). This phenomenon involves the confinement of light and the coupling between the
coherent oscillation of the conduction electrons in nanostructured noble metals and the incident
light. This interaction leads to a shift in the position of the plasmon band and an enhancement in
the intensity of the extinction. Both of these effects are utilized for sensing purposes by

immobilizing the analyte on the surface of the metal layer or nanostructure.

LSPR induces a strong enhancement of the electromagnetic field around a nanoparticle.
The position of the LSPR band wavelength maximum, Amax, 1s sensitive to the dielectric properties
of the surrounding environment, and since the dielectric constant is proportional to the refractive
index, LSPR sensing is generally referred to as refractometric sensing. The dependence of the
plasmon band shift on changes in the dielectric properties of the environment is described by the

following relationship, shown in equation 3.2.

Adpax = mAn[1 —exp (—2d/1y)]

3.2

where ‘m’ is the refractive sensitivity of the nanostructure, ‘An’ is the change in the
refractive index upon the adsorption of the analyte!?, ‘d’ is the distance of the analyte from the
surface (the adsorbate layer thickness), and ‘lq is the decay length of the electromagnetic field
(EM). The sensitivity factor, m, can be optimized by choosing an adequate shape and size of the
nanoparticle. Because the refractive index increases as a result of the adsorption of an analyte,
the shift of the plasmon band is expected to be toward longer wavelengths (i.e., a red shift). Even
if the bulk sensitivity of the SPR sensors outperforms LSPR it has been demonstrated that the
surface sensitivity of LSPR is considerably higher, especially in the case of low concentrations,
because this kind of sensor is more sensitive to the changes near the surface. For SPR, the bulk
sensitivity is much higher, because the decay of the EM field is larger, typically hundreds of

nanometers, compared to only a few nanometers for an LSPR configuration.

10A nalyte- a chemical or biomolecular substance that is being found and measured.
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Figure 3-6: Diagram illustrating (a) the Kretschmann configuration for excitation of propagating surface
plasmons. (b) the resonance between the conduction electron clouds of the metal nanostructure and the

incident light [135].

It is well established that the decay length of the electromagnetic field for LSPR sensors

depends on the size, shape, and composition of nanoparticle or nanostructure and, in any case, is

not more than 5-15 nm, permitting the detection of very thin layers of adsorbate molecules. The

interest in LSPR-based biosensors relies on their unique properties, allowing label-free and real-
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time biomolecular analysis with possible detection of biomolecular interactions (antigen-
antibody interaction, DNA hybridization, etc.) at low concentrations. It has to be stressed that any
plasmonic detection process is possible only if the analyte molecules can be strongly tethered to

the sensor surface, usually through a linker molecule.
3.5. Plasmonic sensing based on thermally generated nano-islands
The different sensing applications of nano-islands are illustrated schematically in Figure

3-7.
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Figure 3-7: Localized surface plasmon resonance (LSPR) and SERS sensing applications of nano-islands.

As shown in Figure 3-2, very thin films of gold with discrete nanostructures display a well-
defined plasmon band in the UV-visible spectrum. After annealing, the random nano-islands
formed by dewetting will show a much better defined, narrow LSPR band, situated around 520—
530 nm or even at higher wavelengths. It has been found that this Au plasmon band is highly
sensitive to the medium surrounding the nano-islands. The plasmon band shifts toward longer

wavelengths when the refractive index of the environment increases. The following equation 3.3
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describes the dependence of the spectral intensity change of the nano-island sensor on the

refractive index sensitivity [136]:

R = mAn[1 — exp(—d/D)]

3.3

where ‘R’ is the sensor response (shift of the plasmon band or/and change in the
absorbance); ‘m’ is the refractive index sensitivity (RIS) that is, spectral intensity change per
refractive index unit (RIU) change; ‘An’ is the change in the refractive index of the surrounding
medium due to the binding of the adsorbate, ‘d’ is the thickness of the adsorbate(dielectric) layer,
and ‘I’ is the plasmon effective decay length. This rather empirical relationship shown in equation
3.3 can be useful for sensing applications, even though it does not distinguish between absorption

and scattering [136,137].

The sensing performance of plasmonic structures can be characterized by the figure of
merit (FoM) = Spu/AX, where A is the resonance width and Spui is the bulk sensitivity, defined
as Spuik = OMOn - that is, the shift of the resonance wavelength upon a change of the refractive

index of the surrounding medium n.

The application of thermally-generated nano-islands to sensing was pioneered by
Rubinstein’s group [122,136,138-140], and subsequently, many other groups have investigated
the optical properties and the sensitivity of various platforms for sensing applications [137,141—

143]
3.6. Nano-island platforms from nanoparticle films

Our group principally investigated the analytical performance of nano-islands, prepared by
the dewetting of gold nanoparticle films [98,137,144-147]. The principal motivation for this
work was the need for a simple and rapid method of detection of growth hormone levels in milk
and milk products. A simple method for the preparation of multilayers of gold nanoparticles on
glass substrates was developed by our group by modifying Prevo et al.’s method [148]. The
nanostructure obtained from the angled deposition, as shown in Figure 3-8, has chain-shaped

structures with a broad UV-visible absorbance spectrum.

55



Evaporation
S . .
! I

Glass Substrate

— Gold
multilayers

Figure 3-8: Schematic of the deposition of AuNP (Nanoparticle) multilayers by a thermal convection method
(modified from Bathini [98]).

The morphology of the non-annealed structures was modified by dewetting to a nano-
island like structure as shown in Figure 3-9, by annealing at various temperatures. The sensitivity
of both non-annealed and annealed platforms was investigated by using solvents with known
refractive indices. The sensing results showed a higher sensitivity for the annealed samples that
is, for the nano-island structure. The annealed platform was used for the sensing of bovine
somatotropin (bST), using an immunoassay format. The proposed sensing platform showed a
detection limit as low as 5 ng/mL of bST. Further, the sensing platform was integrated into a
microfluidic device, and sensing experiments were carried out. The results demonstrated the
suitability of nano-island structures integrated into a lab-on-a-chip device to detect bovine

somatotropin with good sensitivity.
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Figure 3-9: SEM images of three-dimensional (3-D) gold nanostructures. (a) as-deposited and (b) after
annealing at 550 °C for 1 h (reproduced from [144], open access paper).

Figure 3-9 (a) clearly shows the presence of linear aggregates of gold in the sample
deposited by thermal convection. After high-temperature annealing, random nano-islands are
formed with quite a wide size distribution as shown in Figure 3-9 (b). The mechanism of
dewetting of nanoparticle films is thought to be similar to that of thin metal films, but, in this
case, dewetting is initiated by defects that originate from capping layers or contaminants. As in

the case of metal films, the driving force is the minimization of the energy.
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Figure 3-10: (a) Glass substrate with gold nano-islands. (b) scanning electron micrograph of gold nano-
islands, and (c) size distribution of nano-islands (reproduced with permission from [145], copyright 2015
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The lighter and darker alternating strips seen in Figure 3-10 (a) originate from the

mechanism of the deposition of gold nanoparticles in the case of thermal convection. Because of
the various interactions between the nanoparticles and NP—glass substrate, capillarity, etc., the

deposition is not continuous. The consequence of this strip-like morphology is the necessity of
multiple measurements for at least 4 —5 different heights in the beam of the incoming light, and
protocol.

of averaging the positions and absorbances of the gold plasmon band at each step of the sensing
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The schematic of the immune-sensing protocol for detection of growth hormone is shown
in Figure 3-11. The protocol is similar to the plasmonic detection of other biomolecules and

biological entities.

2| || e | Y | o | @

Au nanoislands on | Linker| Cross-Linker | Anti-rbST | Blocker | ybST
glass substrate

Figure 3-11: Immunoassay protocol for the detection of recombinant bST (rbST). (1) Sample with gold nano-
islands, (2) gold nano-islands with the linker. (3) sample after adding cross-linker. (4) sample after adding
anti-bST. (5) sample after adding a blocker, and (6) sample after adding rbST (reproduced with permission
from [145], copyright 2015, American Dairy Science Association).

The nano-island structure has proved to be adequate for the detection of bovine growth
hormone, by using an immunoassay method based on the localized surface plasmon resonance
band of gold. The nano-island structures were integrated into a microfluidic device, as shown in
Figure 3-12, and the spectral measurements were carried out by introducing the device directly
in the light beam of an ultraviolet-visible spectrophotometer. A portable assay system using

disposable lab-on-chip devices was built as well.

The gold nanoparticles are prepared and deposited on a glass substrate by the thermal
convection method, and the gold nano-island structures are formed by annealing the deposited
multilayers of gold nanoparticles [149]. Polydimethylsiloxane (PDMS), the polymer commonly

used for microfabrication, is prepared in the ratio of 10:1 by weight with their base and curing
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agent. PDMS was cast onto a silanized mold to make the microchannel layer. The PDMS layer
containing microchannels is bonded with the glass substrate containing the gold nano-islands
using oxygen plasma. This microfluidic platform was tested for the isolation and detection of
extracellular vesicles (EVs) based on their interaction with Vn96 [60]. Vn96 is a peptide
specifically designed to capture EVs by binding to the heat shock proteins present on their

surface.

A biosensing protocol has been designed and optimized for the isolation of EVs, where
various biochemical entities are infused into the fabricated device to functionalize the gold nano-
islands to bind Vn96 and capture EVs [150]. Specifically, the first step in any experiment is to
measure the absorption spectrum of the gold nano-islands in the collection chamber of the
microfluidic channel. Then, a NanoThinks11 solution is infused into the device at a flow rate of
10 pL/min continuously for 10 min, and the spectrum is measured after an incubation of 30 min
to observe the shift (AL) in the LSPR peak. A positive shift in the spectrum confirms the molecular
binding with the gold nano-islands. Then, an EDC + NHS mixture is passed at the same flow
rate, and the spectrum is measured after incubation. The same procedure is repeated with the
streptavidin, biotin—PEG (Polyethylene Glycol) ~Vn96. and then EVs. With the adopted protocol,
a shift in the peak of the Au LSPR in each spectrum is observed at every stage, confirming the

molecular binding of each compound.
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Figure 3-12: Schematic of the microfluidic device with nano-island structures (reproduced with permission
from Int. J. Biomed. Biol. Eng. [150]).

Nano-islands were prepared by Feng et al. [151] from a gold colloidal solution mixed with
an aqueous solution of polyvinyl alcohol and drop-casted on glass and ITO substrates,
respectively. After drying, the samples were annealed at high temperatures for long durations.
During the annealing process, the polymer decomposed, and all the organic components were

removed, leaving on the substrate only the gold nano-islands, without any contaminant.

As seen in Figure 3-13, the size of the nano-islands was found to increase with the
increasing annealing time, temperature, or volume of PVA (Polyvinyl alcohol) —~AuNPs solution.
At the same time, the LSPR peak of AuNPs was also gradually red-shifted with the increase in
the size of nano-islands, and some hexagonal islands were observed for long annealing times. In
addition, the type of substrate surface (ITO or bare glass) also influenced the characteristics of
gold nanostructures. The proposed method seems to be a simple and efficient method for the
deposition of AuNPs upon bare glass and ITO, as well as the fabrication of the corresponding

nano-islands.
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Figure 3-13: SEM images of AuNPs deposited on ITO glass after annealing at 600 °C for 0.5 (a), 2 (b), 4 (¢)
and 10 h (d). Inset: size distribution (reproduced with permission from Feng et al. [151]).

It was found that higher annealing temperatures (600 °C) and shorter annealing times (0.5
h) lead to higher LSPR refractive index sensitivities, which are strongly connected to the
increased island sizes and smaller gap distances. Based on the findings of the plasmonic
sensitivity and surface enhancement of thermally generated gold nano-islands, the authors
suggested using thicker initial layers and decreasing the inter-particle separation between the

particles with shorter annealing times.
3.7. Integrated Biosensors for Medical and Clinical Diagnostics

Next-generation healthcare equipment and devices are in great demand for point-of-care
(POC), given their applications in rapid disease diagnosis, personalized medicine, portable or
mobile health care, etc. Localized surface plasmon resonance (LSPR) biosensors, based on noble-

metal nanostructures that may provide fast, real-time biochemical detections, have become one
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of the leading candidates for POC. The advances in nanofabrication, molecular biotechnology,
and optoelectronics integration technology have promoted LSPR biosensing to low-cost, easy-

to-use, and on-site POC.

The main step in building a device appropriate for clinical diagnosis consists of combining
a nanostructure-based LSPR biosensor with a microfluidic device in the most convenient way.
As aresult, because of the inherent advantages of microfluidics, the performance of the integrated
biosensors is significantly improved. Indeed, a microfluidic device significantly reduces the
required sample/reagent volume, and the speed of reactions can be accelerated because of the
enhanced diffusive mixing. The chip may have several channels or chambers to process the
multiplex detection of analytes of interest, and several separation operations can also be
implemented. In addition, miniaturized channel footprints may result in accelerated antigen-

antibody interactions and a fast response.

As shown already, three-dimensional gold nanostructures (nano-islands), fabricated
through the convective assembly method, were treated thermally to obtain a nano-island
morphology. The nano-island structures were integrated into a microfluidic device, and the
spectral measurements were carried out by introducing the device directly into the light beam of
an ultraviolet-visible spectrophotometer. A portable device enabling the detection of rbST
hormone in milk had been built up. The device can be inserted into a POC device for biosensing,
and it could also be used in the future for anti-doping control. A comparison of the sensitivities
of the different devices developed in our laboratory shows that the nano-islands-integrated LOC

shows the highest sensitivity, that is, the lowest limit of detection.

However, the POC applications of nano-island platforms can be considered in their
infancy, probably because they are subject to less control on the size and distribution of plasmonic
enhancement hot spots, chip-to-chip variation, and therefore, low reproducibility for quantitative
measurements and continuous monitoring. Many other platforms, such as arrays of nanoparticles
with various shapes, nanohole arrays, etc., are today successfully used for POC purposes. The
interested reader may see several comprehensive review papers on this topic, including our papers
[152—-155]. Medical applications are rapidly coming to the forefront by combining
communications and sensor output to deliver new functions. Devices can gather and share

information with the cloud so that data can be collected and analyzed accurately. In the future,
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the global system of medical devices will be comprised of a multitude of devices and applications,
using sensors, actuators, microcontrollers, and mobile communication devices, and healthcare
will be delivered more effectively and at lower cost. It will include not only the collection of
patient data for preventive care but also diagnostics and treatment results. Automation and real-
time aspects will reduce errors and improve quality and efficiency. Today, wireless sensor-based
systems gather medical data that have never before been accessible and deliver care directly to
patients. Healthcare will be based on a network of devices that connect directly with one another
to capture and share data through a server in the cloud, and then to caregivers. Data captured via
sensors will be analyzed, and medical professionals will wirelessly access the information and
make treatment recommendations. Remote monitoring means that more patients will have access
to adequate healthcare. Progress in sensor technology will, in this way, change the role of
hospitals, outpatient sites, and homes. Over the last few years, continuous efforts have been made
by researchers to develop integrated point-of-care (POC) biosensor networks, capable of
automatically delivering results. Biosensor networks are generally a multidisciplinary
technological work, based on biological micro-electro-mechanical systems (MEMS). The
medical needs of the future can be met by using a combination of wireless MEMS and biosensor

networks.
3.8. Conclusions and Outlook

The concept of nano-island(s), as it first emerged from early thin film studies, has been
described and explained here using the dewetting phenomenon and its mechanism. The literature
regarding the fabrication of nano-islands and their optical properties was revisited, with an
emphasis on thermally generated islands. Being historically the first, these islands served as
models for developing a dewetting mechanism of thin and very thin films under various
conditions. Once their enhanced refractive index sensitivity was discovered, it was logical to
envisage nano-islands as “building blocks” of the future plasmonic platforms. The first SPR and
LSPR sensing platforms were created based on thermally generated nano-islands. Only after the
development of the methodology of nanoparticle synthesis did nanoparticle films become the
starting point for designing a novel category of nano-islands. Despite their lack of uniformity in

terms of size (diameter and height), these platforms proved, nevertheless, to be highly sensitive,
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and thus suitable for sensing and biosensing applications. Advanced methods, based on nano-

islands integrated into a microfluidic environment, have been described as well.

Among the emerging plasmonic platforms are the composite materials, based on metal
nano-islands on graphene that have extremely attractive electrical, optical, and mechanical
properties and a wide range of applications. Novel materials, prepared by transferring the nano-
islands to flexible substrates, such as PDMS, are becoming important, especially for point-of-
care medical diagnostics. As a general tendency, the morphology and properties of nano-islands

on a variety of substrates are now studied for nanophotonic applications.

Some of the novel applications of nano-islands that enter the current research landscape
are oriented toward the enhancement of light absorption in solar cells’ photoactive layers by using
ananoparticle spraying method and the generation of nano-islands by heat treatment [156]. Nano-
islands are used more and more to improve the catalytic properties of metals like Pt. The
irradiation of the high intensity of light on the Pt film causes the surface energy-driven diffusion
of Pt atoms and forms an array of nano-islands on CNT (Carbon Nanotubes) through a

photothermal dewetting process [157].

An example of the new, reliable approaches for the fabrication of large-area, periodic
metallic structures, including nano-island arrays, are the nano-patterning methods by different

template lithography-based techniques [158].

Special gold nanostructures on gold metal films that show a highly sensitive refractive
index response, due to the high local field enhancement in their inter-particle junction, have been
recently reported [159]. It is interesting to mention the use of phase-change materials in tailoring

efficient and tunable plasmonic devices [160].

So, in the next chapter (Chapter 4) we will look at the fabrication of ex-sifu synthesis-based
gold nanostructured plasmonic platforms, and evaluate it for the detection of Extracellular
vesicles (EVs) as in the past this platform was used for the detection of bovine somatotropin

(bST) growth hormone.
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Chapter 4. Nanostructured gold-based plasmonic ex-situ platforms,

fabricated and tested for detection of EVs

This chapter is reproduced from the article published in ECS Trans. 75,17 11-17, 2016: This

chapter covers objective 1 of the “Thesis Objective and Scope” in Section 1.5.
4.1. Outline

As discussed in detail in Chapter 3, gold and silver are the two most important metals
displaying plasmonic properties that can be used for analytical purposes. The plasmon band, a
strong extinction band in the visible range of the spectrum is sensitive to the environment
surrounding the gold (silver) nanoparticles and shifts to longer wavelengths when biomolecules
get absorbed on their surface. Because the shift of the plasmon band is proportional to the
concentration of biomolecules, plasmonics can be used, successfully, for quantitative work. Our
group earlier, utilized this property to develop a novel plasmonic method to detect bovine
somatotropin (bST), the bovine growth hormone by utilizing gold nano-islands and an
immunoassay format. Later, the method was transferred to a microfluidic environment, where an
improvement in the performance of the method was obtained, with a detection limit of bST of 5

ng/mL. [144].

The knowledge and expertise acquired during this work have proven to be invaluable for
carrying out further analytical work in the field of the detection of biological nanoparticles called
extracellular vesicles (EVs) /exosomes. As mentioned in Chapter 1, EVs/exosomes, a class of
extracellular (EV) vesicles, are unique nano-sized cargo-bearing biological vesicles, secreted by
almost all normal and cancer cells into the extracellular space. Exosomes are the smallest of the
extracellular vesicles with their size in the range of 30 -100 nm, they are highly heterogeneous and
are present in all body fluids. It must be mentioned that, because of the heterogeneity of exosomes
and the overlap of physicochemical properties of different extracellular vesicles, the separation

and purification of exosomes are still difficult.

Exosomes contain disease biomarkers for cancer and other pathological conditions. They
are groups of nano-scale extracellular communication organelles that dynamically transport

cargoes of molecules and genetic materials between cells. Exosomes circulating in our body fluids
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provide a snapshot in real-time for virtually all aspects of our physiology. Isolation detection and
quantification methods of exosomes from various bio-fluids are challenging for clinical
applications, like liquid biopsy. This chapter presents a simple label-free technique to capture and
detect exosomes integrating an exosome-capturing synthetic polypeptide (called Vn96). This
exosome capture can efficiently quantify exosomes present in a fluid and will be used for

subsequent molecular analysis (protein and nucleic acid) to facilitate liquid biopsy.
4.2. Introduction

Exosomes are another type of cell-derived vesicles that are present in all biological fluids,
including urine, blood, ascites, and cerebrospinal fluid fractions of body fluids such as serum and
plasma, and cultured medium of cells [161]. They are formed through the endocytic pathway. In
the latter case, the plasma membrane buds into multivesicular bodies (MVBs) in the cytosol,
leading to the formation of intraluminal vesicles (ILVs) within MVBs. Further, MVBs fuse with
the plasma membranes resulting in the release of ILVs, which are then secreted as exosomes into
the extracellular space. They are usually smaller in size and more homogenous than microvesicles.
The identified diameter is approximately 30 -120 nm and their size approximately overlays with
the size of viruses. Their density is ranging between 1.13 - 1.19 g/ml on sucrose gradients [48].
These vesicles are cup-shaped as shown by SEM [8,36]. In this work, we have developed a novel
method to detect exosomes by using a label-free LSPR method based on the sensitivity of the gold

plasmon band to the environment of the gold nanoparticles.

Over the past few decades, the fabrication of different nanostructures has been a
challenging active area of research in the field of chemical and biological sensing. The properties
of noble metals can be customized for several applications such as biosensors, diagnosis, imaging,
etc. by tuning the size and shape of the nanoparticles. The resonance frequency of the gold local
surface plasmonic resonance (LSPR) band can be shifted by varying the size and morphology of
the nanoparticles. In general, during the steps of a sensing protocol, the local refractive index
changes at each stage of binding of various bio-molecules to the immobilized nanoparticles,

resulting in the shift towards longer wavelengths [162—171].

In the past, LSPR research was based on the two-dimensional (2D) nanostructures that
were fabricated, generally, by layer-by-layer deposition method [172,173] which was tedious. The

various methods available for the fabrication of gold nanostructures are described in the work by
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our group [144].

To capture and detect the exosomes, in the present study, three-dimensional (3D) gold (Au)
nanostructures were fabricated by convective assembly [144]. In this deposition method, gold
nanoparticles from a colloidal suspension evaporate at the interface of substrate and solution. The
formation of ordered Au nanoparticles depends on the interaction forces between the particles and
the glass surface, temperature, concentration of the Au particles, and their diameter as shown in
Figure 4-1. Multilayer gold nanoparticles will be formed on the substrate and a conventional UV-

visible spectrophotometer can be used for the spectral transmission measurements.
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Figure 4-1: Sketch for the convective assembly process of gold nanoparticles.

The current study is aimed at the bio-sensing of exosomes by gold nano-island structures
formed by annealing of gold multilayers, deposited by the convective self-assembly method. The
sensing platforms developed by this method are tested for the detection of exosomes based on their
interaction with biotin-Vn96. Vn96 is a peptide (27 amino acids) designed and validated to capture
exosomes [60]. A calibration curve that correlates the shift of the Au-LSPR band with the

concentration of exosomes captured by Vn96 grafted on gold nano-island is depicted.
4.3. Experimental Design

Three-dimensional (3D) gold nanostructures were fabricated by the thermal convection
method based on the evaporation of the gold colloidal solution at the interface of substrate and

solution.
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4.3.1. Materials

Gold (III) chloride trihydrate (HAuCl,.3H,0), Sodium citrate, 11- mercaptoundecanoic
acid in ethanol (Nano Thinks Acid 11), phosphate-buffered saline (PBS), N-(3-
dimethylaminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC) and N- hydroxy succinimide
(NHS) were obtained from Sigma-Aldrich, Canada. Streptavidin from IBA GmBH and Biotin-
PEG-Vn96 and exosomes-MCF7A are from Atlantic Cancer Research Institute (ACRI), Moncton,

Canada.
4.3.2. Synthesis of NPs

Spherical gold nanoparticles were prepared using the reduction of gold chloride trihydrate
(HAuCl,4.3H,0) acid by sodium citrate, following Turkevich’s method [174]. 15mg of gold (IIT)
chloride trihydrate (HAuCls.3H20) is dissolved in 100 ml of DI water in a beaker and boiled until
it reaches its boiling point of the solution. Then, 5 ml of a solution of sodium citrate (2%) is added
to the boiling solution. After the addition of the sodium citrate solution, a change in color to

transparent purple can be observed, showing the presence of gold nanoparticles.
4.3.3. Deposition of Gold Nanoparticles on Glass

In this deposition process, the glass substrate was cleaned with soap solution, and deionized
water, then rinsed with acetone, dried, and rinsed with 2-propanol (IPA), and air dried. Then the
substrate was heated in an oven at 100 °C for 1 hour to remove any moisture present, before the

deposition process.

The glass substrate was immersed in a beaker containing gold colloidal solution at an angle
of approximately 30 ° and kept inside the oven at temperatures between 50 °C to 60 °C until the
whole amount of colloidal solution evaporated, depositing the multilayers of gold nanoparticles

on the glass substrate as shown in Figure 4-1.
4.4. Sensing Protocol

The substrate is immersed in the linker solution, which is Nanothink (11-
mercaptoundecanoic acid in ethanol). The linker is utilized to form self-assembled monolayers on
the gold substrate. Then, the linker is activated by adding a few drops of cross-linker solution

containing N-(3-dimethylaminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC) and N-
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hydroxy succinimide (NHS) mixed in the ratio of 1:1, on the whole surface of the sample and it is
allowed to dry after incubation. EDC is a water-soluble condensing reagent that has been utilized
as a carboxyl activating agent for amide bonding with primary amines and NHS is an additive used
in the carbodiimide method for improved amidations and peptide couplings. In the next step,
streptavidin is deposited on the activated linker and then the biotin-PEG-Vn96 is added to
streptavidin. In the last step, exosomes will be captured by Vn96, a synthetic peptide, specifically
designed to capture exosomes. A schematic, explaining the various steps in the biosensing protocol

is shown in Figure 4-2.
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Figure 4-2: Biosensing protocol using gold nano-islands as a sensing platform.

4.5. Results and Discussion

4.5.1. Morphological tuning of 3-D Gold Nanostructure.

The substrates, before annealing, appear to be dark blue, whereas post annealing at 560
°C, they appear to be pinkish as shown in Figure 4-3 (a). The schematic of morphological tuning

of 3-D gold nanostructures from nano-aggregates to nano-islands is shown in Figure 4-3 (b).
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The scanning electron microscope (SEM) images for the substrates, before and post
annealing, are shown in Figure 4-4 (a) and Figure 4-4 (a), from the SEM images it is noticeable
that before annealing, the nanoparticles appear as aggregates, with many layers one above the
other, due to the strong attractive van der Waals forces between gold nanoparticles [175],
whereas the annealed samples show well separated nano-island structures with an average

diameter of around 110 nm with fewer smaller particles.

(2)

Before Annealing Post Annealing

(b)

Figure 4-3: Morphological tuning of 3-D Gold Nanostructure. (a) Images of the substrate before annealing
and post annealing (b) Schematic of the morphological tuning of 3-D Gold Nanostructure.
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Gold nano-islands - Post Annealing

Figure 4-4: SEM images of 3-D gold nanostructures. (a) before annealing. (b) post annealing.
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4.5.2. Detection of Exosomes

The absorbance spectrum of the sample is recorded at each stage of the sensing protocol,

using the lambda 650 UV-Visible spectrophotometer. The Au-LSPR band is recorded after the

functionalization of the nanoparticles with the linker, followed by attaching the cross-linker, the

streptavidin, and biotin-PEG-Vn96. The spectra show a shift of the Au-LSPR band of around 7

nm upon the interaction of biotin-PEG-Vn96 and exosomes as shown in Figure 4-5.
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Figure 4-5: LSPR absorption spectra corresponding to each stage of the sensing protocol.

4.5.3. Calibration Curve

Various dilutions have been tested to determine the optimal dilution factor of exosomes,

so that the interaction of biotin-PEG-Vn96 and exosomes could be observed with the maximum

shift of the Au-LSPR band. Based on a large number of experiments, a calibration curve is

established with the original concentration of exosomes (MCF 7A) of 10° exosomes per 100pl.

Figure 4-6 shows the calibration curve, which clearly shows that with an increase in the

concentration of exosomes, the shift of the Au-LSPR band (AL) towards the longer wavelength

increases as well. It can be seen that at higher dilution factors, the slope of the curve is quite
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low, showing a low sensitivity. However, dilution factors of 10 and lower, allow the detection

of exosomes with a high sensitivity.
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Figure 4-6: Shift in the wavelength (AL) versus dilution factor of exosomes (Error bars represent the
standard error of 10 measurements).

4.6. Conclusion

To increase the sensitivity, the nanoparticles deposited on glass substrates by a thermal
convection method were subjected to high-temperature annealing that allowed the tuning of
morphology to nano-islands. The sensing protocol is based on the high affinity of biotin-PEG-
Vn96 toward the exosomes. Thus, a label-free method, based on the sensitivity of the Au-LSPR
band to the surrounding environment has been developed as our method does not require the use
of fluorescent, radioactive, or enzymatic labels to detect the binding of the exosomes to the nano-
islands. This method has to be still optimized to enhance the sensitivity toward exosomes at

lower concentrations.

So, in the next chapter (Chapter 5) we will look at the fabrication of ex-situ based
synthesis of gold nanostructured plasmonic platforms, in comparison to the in-situ based
synthesis of silver nanostructures and evaluate it for the detection of Extracellular vesicles
(EVs).
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Chapter 5. Study of Detection and Capture of Exosomes by Using the

Morphologies of Ex-Situ and In-Situ Nanostructures

This chapter is reproduced from the article published in J. Electrochem. Soc. 166 9 B3001,
2019: This chapter covers objective 2 of the “Thesis Objective and Scope” in 1.5.

5.1. Outline

The method of detection of EVs/exosomes discussed in the previous chapter is an ex-situ
method, where a gold colloidal solution is deposited on a glass substrate, resulting in multilayers
of gold. that, after annealing at a quite high temperature (560 °C) will change their morphology
and form nano-islands. In this configuration, the gold nano-islands are on the surface of the glass
slide, in direct contact with the reactants all along the sensing protocol. It is a well-known fact
that the perfect material for plasmonic applications is the one with the least amount of loss and
with the most stability in the intended application. Silver and gold are popular choices as they
have unique physical, chemical, and biological properties and are thus widely used in a range of
nanotechnology applications. These metal nanoparticles exhibit Localized Surface Plasmon
Resonance (LSPR), which is a distinct and well-defined plasmon absorption in visible light.
Therefore, gold and silver nanocomposites Ag- polydimethylsiloxane(PDMS) and Au-PDMS
prepared by in-situ methods are tested for the LSPR detection of EVs/exosomes. However, in
this chapter, Ag-PDMS is prepared and evaluated as a plasmonic platform for the detection of
EVs/exosomes, and the results were compared to that of the Au nano-islands ex-sifu synthesized

platform.
5.2. Introduction

Cancer is a complex and dynamic disease. One of every four deaths in the United States
and Canada is due to cancer [18]. Thus, the early diagnosis of cancer is of much significance
because the chances of survival of patients would increase. This is viable only if proper methods
and devices of identification of biomarkers or targets are developed. Currently, a cancer
diagnosis is carried out, generally through imaging, tissue biopsy, and liquid biopsy. Biomarkers

are also important in monitoring the disease.
Liquid biopsy is a minimally invasive technique in which sampling of a biological fluid
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is carried out to detect the cell-derived material, indicating the presence of an underlying
pathology such as cancer or other diseases. The interesting key feature of liquid biopsy is that it
enables the monitoring of the diseases over the entire timeline, from healthy to advanced stages.
During the last few years, the role of exosomes in cancer diagnosis has become predominant

and promising due to their usefulness as valuable sources of material for liquid biopsy [8,36,48].

Exosomes are nanoscale heterogeneous vesicles in the size range of 30-100 nm, which
are released by cells as shown in Figure 5-1. These vesicles play a significant role in intercellular
communications, and transport of proteins, RNA, and other molecular information. In the last
decade, researchers have shown substantial interest in this field as there is no specific
methodology to isolate and detect them. Currently, the exact science behind the major standard
techniques of isolation of exosomes is not clearly understood. Thus, the limitations due to low
yield and poor quality of exosomes may compromise the molecular analysis for diagnosis. The
ultracentrifugation method of isolation of exosomes is time consuming, laborious, infrastructure
intensive and it may lack specificity. Therefore, a lot of challenges exist in this field to develop
next-generation affinity-based technologies to capture the exosomes selectively and use them
for further diagnosis at the clinical level.
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Figure 5-1: Biogenesis and Release of Extracellular Vesicles (EVs).

In the present work, two different sensing platforms, developed in our laboratory for the

detection of exosomes, are compared. The two platforms are the ex-situ gold (Au) nano-islands
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on glass substrates and the in-situ prepared silver (Ag) and polydimethylsiloxane (PDMS) nano-
composite [137,144,176]. The first platform is fabricated by depositing colloidal Au
nanoparticles on a glass substrate by the thermal convection method, followed by morphological
tuning of the formed nanoparticles to nano-islands by annealing at 560 °C. The second is the
nano-composite platform prepared by the in-situ reduction of Ag ions in the silver nitrate
solution by the curing agent of the PDMS polymer. This study is carried out to choose the most
sensitive platforms to detect and capture the nano-sized exosomes. The exosomes are rich
sources of associated biomarkers, containing specific proteins, mMRNA microRNA, rRNA!!, and
DNA and thus having the potential for early cancer detection along with the information on the

tissue and cell of origin.

Given the growing evidence that EVs/exosomes may be a clinically relevant biomarker
source, there is a great demand for simple and efficient EV isolation from biofluids. Currently,
the gold standard, the time-consuming method of isolation by ultracentrifugation is not a
clinically viable method. Furthermore, polymer-based EV isolation methods are not suitable for
therapeutic applications because these polymers are toxic. Most affinity-based EV-isolation

methods rely on antibodies directed against EV surface marker(s).

In both the platforms developed in our laboratory, the detection and capture of exosomes
are based on the strong affinity of heat shock proteins contained in exosomes to a polypeptide
called Venceremin or Vn96 (27 amino acids), specifically developed and validated [60]. The
Vn96 peptide targets the canonical heat shock proteins (HSPs) present on the surface of
exosomes. The Vn96-based exosome detection and capture method is further validated for
downstream analyses, clinical compatibility, liquid biopsy assays (biomarker and mutation
detection), and platform versatility, using cell-culture conditioned media and human body fluids
as sources of exosomes. Overall, Vn96 provides multiple advantages over currently-available
affinity-capture methods for EVs/exosomes isolation: scalability, quality, platform versatility,

and cost-effectiveness.

By using the Au nano-islands platform, a biotinylated Vn96 peptide is bounded onto the

streptavidin-coated Au nano-islands, and the subsequent steps of binding of nano-sized vesicles

' Ribosomal ribonucleic acid (rRNA) is a type of non-coding RNA which is the primary component of ribosomes,
essential to all cells
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(exosomes) are monitored through the Localized Surface Plasmon Resonance (LSPR) band of
Au nanoparticles [164,168,169,171,172,177,178]. The Ag-PDMS platform is used similarly and
the shift of the Ag LSPR band is monitored after each sensing step. Generally, the magnitude of
the LSPR shift depends on the size and shape of the nanoparticles and the dielectric constant
(refractive index) of the surrounding environment. Following a binding event, the refractive
index will change and the change will trigger a shift in the position of the LSPR band. The
magnitude of the shift reflects the strength of the interaction and it is proportional to the
concentration of the analyte, in our case the EVs/exosomes present in the cell culture media that
are extracted from a bioreactor, filtered, and ultra-centrifuged. The platform based on gold
islands is suitable for sensing various peptides and proteins by using the corresponding

antibodies [137,144,176].

It is found that the results of the sensing process depend on two major things: the molar
ratios of streptavidin to biotin-PEG-Vn96 and the final step, the capture of exosomes by the
biotin-PEG-Vn96 complex. The morphology of Au nano-islands and Ag-PDMS nanocomposite
were further investigated by SEM and LSPR techniques.

5.3. Experimental Design

5.3.1. Materials

Gold (II) chloride trihydrate (HAuCls.3H20), Sodium citrate, Silver nitrate, 11-
mercaptoundecanoic acid in ethanol (Nano Thinks Acid 11), phosphate-buffered saline (PBS),
N-(3-dimethylaminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC) and N-hydroxy
succinimide (NHS) were obtained from Sigma-Aldrich, Canada. Sylgard® 184 elastomer kit
and curing agent for the PDMS fabrication purchased from Dow Corning. De-ionized (DI) water
with a resistivity of 18MQ is obtained from the NANO pure ultrapure water system (Barnstead).
Streptavidin from IBA GmBH and Biotin-PEG-Vn96 and exosomes (MCF7) are from the
Atlantic Cancer Research Institute (ACRI), Moncton, Canada.

5.3.2. Fabrication of the Platform by ex-situ Synthesis

In the ex-situ synthesis, Au nanoparticles were deposited on a glass substrate by the
convective assembly of gold nanoparticles from a gold colloidal solution. The colloidal gold

solution was prepared by using the Turkevich’s method [174]. During the evaporation process,
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the Au nanoparticles present in the colloidal suspension are deposited at the interface of the
substrate and solution resulting in multi-layers of Au structures. The thickness of the layer
depends on the concentration of Au particles, their diameter, and the interaction forces between
the particles and the glass surface. The synthesis, as well as the convective assembly, is shown
in Figure 5-2 (a). By varying the size of nanoparticles and their morphology, the peak resonance
frequency of the Au-LSPR band can be shifted to other wavelengths when the refractive index

of the surrounding environment is changed.

During each step of the sensing protocol, the local refractive index changes due to the
binding of various biomolecules to the immobilized nanoparticles and results in a shift towards
longer wavelengths. The Au nano-island structures were fabricated by annealing the deposited

Au multilayers at 560 °C for an hour.
5.3.3. Fabrication of the Platform by in-situ Synthesis

Nanocomposites seem to be alternative and promising substrates for label-free biosensing
[137,176]. In this process, silver (Ag) ions from the silver nitrate aqueous solution are reduced
by the curing agent present in the polydimethylsiloxane (PDMS) matrix, a good reducing agent
of Ag ions to form the Ag-PDMS nanocomposite as shown in equation 5.1. As shown in Figure
5-2 (b) the first step is the fabrication of the PDMS substrate. The substrate is prepared by
mixing the PDMS base (pre-polymer) and curing agent in a ratio of 3:1 by weight and then spin-
coated on a glass substrate of 25mm x 25mm x 1mm, using the LAUREL spin coating machine
at a speed of 2000 rpm, to obtain a thickness of around 10 um. After the spin-coating, the
polymer is cured at 70 °C, for about 2 hours. The cured substrates were then immersed in the
Ag precursor solution, prepared by adding 1g of silver nitrate into 100 ml of DI water. The
immersed substrates were kept in an oven at 50-60 °C, for about 2 days to increase the rate of
the reduction reaction. The synthesized platforms were annealed at 250 °C, for 10 minutes to
tune the morphology of Ag aggregates to nanoparticles.

| | |
R— Si—H+AgNo3 - Si—0—Si+Ag+NOp +H,0
| | |

5.1
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5.3.4. Biosensing protocol

The various steps involved in the biosensing protocol for both platforms are shown in
Figure 5-3 (a) and Figure 5-3 (b). In the case of the Au nano-islands platform, initially, the Au
nano-islands were functionalized by immersing the substrate into the linker solution, which is
Nano think (11-mercaptoundecanoic acid in ethanol) to form a self-assembled monolayer on the
top of Au nano-islands. In the next step, the structure is activated by adding a few microliters of
the cross-linker which is a 1:1 mixture of 0.1M N-(3-dimethylaminopropyl)-N’-ethyl
carbodiimide hydrochloride (EDC) - a carboxyl activating agent for amide bonding with primary
amines and 0.05M of N-hydroxy succinimide (NHS), an additive used for the improved

amidations and peptide/protein couplings. The substrate is incubated for about 3 hours.
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Figure 5-2: Schematics of the ex-situ and in-situ synthesis. (a) Schematic of the convective assembly for the
gold nanoparticle synthesis and the multi-layer formation (ex-situ synthesis). (b) Schematic for the fabrication
of silver nanocomposite (in-situ synthesis). (¢) Schematic of nano-islands on a glass substrate. (d) Schematic of

Ag nanoparticles on the polymer (PDMS) surface.

The streptavidin-biotin complex is the strongest known noncovalent complex (Kd = 1071
mol/L). The bonding is very rapid and the bond is unaffected by extreme values of pH,
temperature, organic solvents, and other denaturing agents. Streptavidin (0.0lmg/ml) is
immobilized onto the activated linker layer and incubated for an hour. Further, the biotin-PEG-
Vn96 (0.003 mg/ml) is immobilized on the streptavidin layer and then incubated again for about
4 hours. In the last step of the biosensing protocol, the MCF 7 (breast cancer cell line) cell culture
conditioned media, containing EVs/exosomes is immobilized onto the Vn96 layer, a synthetic

peptide designed to capture them. in the concentration of biotin-PEG-Vn96 (0.015 mg/ml).
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Figure 5-3: Biosensing protocol (a) For Gold nano-island (ex-situ). (b) For Silver PDMS nanocomposite (in-
situ) platforms.
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5.4. Results and Discussion

5.4.1. Morphological tuning and SEM characterization

To tune the morphology of the ex-situ synthesized substrate it was annealed at 560 °C for
an hour. The scanning electron microscope (SEM) images of the gold structures, before and
after annealing are shown in Figure 5-4. It is visible that before annealing, the nanoparticles
appear as aggregates, with several layers of Au one above the other, due to the strong attractive
van der Waals forces between gold nanoparticles [175] and the glass surface, whereas the
annealed samples show well-separated nano-island structures with an average diameter of
islands of around 110 nm. Because of the size of the exosomes, this size is adequate for sensing

considering the depth of penetration of the plasmonic field [98].

Figure 5-4: SEM images of Gold (Au) nanostructure (ex-situ). (a) before annealing. (b) after annealing (560
°C for 1 hour).
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5. D0um

Figure 5-5: SEM image of silver (Ag) — PDMS (in-situ). (a) before annealing. (b) after annealing (250 °C for
10 minutes.

The in-situ synthesized substrates were annealed at 250 °C, for 10 minutes to tune the
morphology of formed nano aggregates to particles as shown in Figure 5-5. It is evident from
the SEM images that, before annealing, the synthesized Ag nanoparticles were found to be
aggregates with multiple layers one over the other, well-separated particles of around only 80

nm as compared to the size of the Au nano-island.
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5.4.2. Detection of Exosomes

The Au-LSPR absorbance spectrum for the ex-situ platform is recorded at each stage of
the biosensing protocol: after the functionalization of the nano-islands with the linker, followed
by the cross linker, the streptavidin, and biotin-PEG-Vn 96 using a lambda 650 UV-visible
spectrophotometer. The spectra show a shift of the Au-LSPR band of around 6 nm upon the
interaction of biotin-PEG-Vn 96 and exosomes (MCF7) as shown in Figure 5-6. Similarly, for
the in-situ synthesized platform, the Ag-PDMS LSPR band is recorded at every stage of the
biosensing protocol. In this case, a shift of 4 nm is noticed, between the biotin-PEG-Vn 96 and

exosomes (MCF7) stage as shown in Figure 5-7.
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Figure 5-6: Au-LSPR absorption spectra corresponding to each stage of the sensing protocol (ex-situ
synthesis).

5.4.3. Substrates Characterization using Confocal Microscopy

To determine whether the roughness of substrates plays any role in the sensitivity of the
platforms, measurements were carried out by using an Olympus LEXT OLS 4100 laser scanning
digital microscope. Further, it can be seen in Table 5.1 that, in the case of ex-situ synthesized

Au nano-island substrates, the roughness value (Ra & Sa) increases considerably after the
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immobilization of the chemicals and biomolecules, whereas, in the case of the in-situ
synthesized Ag platform, the roughness (Ra & Sa) does not change significantly. This indicates
that, in the case of the ex-sifu synthesized Au platform, the number of Au nano-islands present
on the substrate is considerably larger as shown in Figure 5-8 (a-d), than in the case of the in-
situ synthesized Ag platform where the number of Ag nanoparticles is low as shown in Figure
5-8 (e-h). Thus, the average LSPR shift in the case of ex-situ Au platform varies considerably
with the concentration of exosome but the in-situ synthesized Ag platform is not that sensitive.

Most of the Ag NPs are completely embedded in the PDMS surface.
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Figure 5-7: Ag-LSPR absorption Spectra corresponding to each stage of the sensing protocol (in-situ
synthesis).
Table 5.1: Average line roughness for both the sensing platforms, before and after the immobilization of
analytes.
Sample Description Line Roughness R, [um]
Horizontal (X) | Vertical (Y) | Surface Roughness S, [pm]
Au nano-islands substrate 0.443 0.324 0.38
Au nano-islands substrate +
Biosensing analytes 2.671 0.965 3.68
Ag-PDMS substrate 0.248 0.206 0.291
Ag-PDMS substrate +
Biosensing analytes 0.290 0.192 0.294
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(d)

Figure 5-8: Confocal microscopy image and schematics. (a) Image of Au nano-islands on a glass substrate.
(b) Image of Au nano-islands on a glass substrate with the bounded analytes. (¢) Schematic of Au nano-
islands on the glass substrate. (d) Schematic of Au nano-islands on a glass substrate with the bounded
analytes (e) Image of Ag nanoparticles on the PDMS substrate. (f) Image of Ag nanoparticles on the PDMS
substrate with bounded analytes. (g) Schematic of Ag nanoparticles on the PDMS substrate. (h) Schematic of
Ag nanoparticle on the PDMS substrate with bounded analytes.

5.4.4. Dependence of the LSPR Shift on the Concentration of Exosomes

To quantify the exosomes (MCF7) by using the two platforms, five experiments were
carried out for each dilution factor (D) (1x, 5x, 10x). The concentration of exosomes/particles
present in the cell culture is of the order of 1.33 x 10'° per ml. In the present study ‘1x’ denotes
the undiluted solution. It is clear from Figure 5-9, that the sensitivity of the Au platform is higher
than that of the Ag one because of the availability of Au nano-islands (ex-situ) on the surface of
the substrate, as seen in Figure 5-2 (c). As noted before, in the case of the in-situ synthesis
platform, Ag is embedded in the sub-surface layer, and thus the nanoparticles are not exposed
to the surrounding medium as shown in Figure 5-2 (d). Further, it can be seen that the slope of
the graph in the case of the Au nano-island platform is larger because this platform ‘feels’ much
more the change of the refractive index with the concentration of exosomes than the embedded
Ag.
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Figure 5-9: Average LSPR shift of the wavelength (AL) versus concentration of exosomes ((1/D) - ‘D’-
Dilutions), (Error bar represents the standard deviation error over 5 measurements).

5.5. Conclusions

It is found that the refractive index sensitivity of the ex-situ synthesized Au nano platform
is considerably higher than that of the in-sifu synthesized Ag-PDMS nanocomposite and
consequently, this platform is much more performant for sensing exosomes. Two principal
reasons were identified to account for this difference. It is thought that, because of the low-
temperature annealing of Ag-PDMS, contrary to the Au nano-islands, a non-suitable morphology
is formed. It has been demonstrated that nano-island structures have a higher sensitivity due to
their morphological characteristics. On the other hand, due to the in-sifu formation mechanism,
a large proportion of the surface Ag particles will diffuse inside the polymer, sub-surface and,
hence they will not be available anymore for sensing. The studies carried out on various platforms
so far show that a label-free LSPR sensing method can be used for the detection of EVs/exosomes
by using the Vn96 peptide to capture them through their interaction with the proteins on their

surface.

So, the next chapter (Chapter 6) discusses the effect of the cross-linker of PDMS and
thermal budget on plasmonic sensing and sub-surface segregation for the fabrication of an in-
situ synthesized gold PDMS platform.
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Chapter 6. Effect of Cross-Linking and Thermal Budget on
Plasmonic Sensing and Sub-Surface Segregation of In-situ

Synthesized Gold in PDMS

This chapter is reproduced from the article published in J Nanopart Res, 23, 21, 2021: This

chapter covers objective 3 of the “Thesis Objective and Scope” in Section 1.5.
6.1. Outline

Surface gold — Poly (dimethyl siloxane) nanocomposites are a unique class of composite
materials that feature gold nanoparticles concentrated in a sub-surface layer within the polymer
matrix. This study involves the creation of sub-surface nanocomposites through an in-situ process
where gold nanoparticles are synthesized within the polymer. This synthesis occurs through the
reduction of gold ions using the polymer's cross-linking agent, which is a vinyl silicon compound.
Subsequently, the gold nanoparticles diffuse into the poly (dimethyl siloxane) (PDMS) matrix
through a heat treatment process. The investigation of this process primarily relies on various
analytical techniques, including UV-Vis spectroscopy, Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), X-ray diffraction (XRD), and X-ray photoelectron
spectrometry (XPS).

The study reveals that the newly formed gold nanoparticles become stabilized as they
diffuse into the sub-surface layer of the composite, where they tend to aggregate in small clusters.
The research also delves into the kinetics of the in-situ reduction reaction occurring at the interface
between the solution and the polymer film. Moreover, the interaction between the reduction of
gold ions and the continuous diffusion of the cross-linking agent toward the composite's surface is

explored in detail.

Furthermore, the impact of the sub-surface segregation of gold nanoparticles and their
subsequent spatial distribution on the nanocomposite's sensing capabilities is presented and
discussed. This research likely contributes to our understanding of how the arrangement of gold
nanoparticles within the polymer matrix affects the overall performance and functionality of these

nanocomposite materials.
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6.2. Introduction

Nanoparticle-polymer composites are advanced functional materials that incorporate
nanoparticles into a polymer matrix. These materials combine the inherent characteristics of
polymers, such as transparency and ease of processing, with the exceptional electrical, optical, and
magnetic properties of the metallic components within them. This unique combination opens up a
wide range of potential applications, including but not limited to ultrathin color filters, UV
absorbers, tunable optical filters, optical sensors, waveguides, optical strain detectors, and thermo-
chromic materials, many of which stem from the remarkable properties of nano-sized noble metals
[179-187]. The design, fabrication, and characterization of conducting polydimethylsiloxane
(PDMS) with metallic powder have also been explored for applications like microheaters and
temperature sensors [188]. Stretchable PDMS structures doped with gold nanoparticles have been
developed and proposed for use in strain sensors [189]. Furthermore, gold (Au) and silver (Ag)
nanocomposites have found applications in water purification, targeted drug release, antimicrobial

coatings, and the analysis of environmental pollutants [190—195].

The strong Localized Surface Plasmon Resonance (LSPR) bands exhibited by gold and
silver nanoparticles in the visible spectrum, resulting from the excitation of plasmons by incident
light and giving rise to characteristic absorption, make some gold-nanocomposites suitable for
sensing applications. The biosensing properties of these nanocomposites depend on factors related
to their preparation, particularly the distribution of metal particles within the polymer matrix.
Controlling the spatial distribution of gold nanoparticles (AuNPs) is crucial in determining their

biosensing properties [196].

Nanocomposites can be synthesized using either an in-situ method, where the polymer
reacts with a precursor to create nanoparticles, or an ex-situ method, where pre-made nanoparticles
are incorporated into the polymer. Physical methods like chemical vapor deposition, ion
implantation, and thermolysis have also been employed to create nanocomposites with gold on the

polymer's surface [197,198].

In some cases, depending on the polymer's softening temperature, nanoparticles can be
embedded just below the polymer's surface, where they reach a metastable state with minimal
Gibbs free energy [199]. The limited movement of nanoparticles from the surface to the sub-

surface layer is influenced by their tendency to reduce high surface energy. Despite efforts to
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prepare nanocomposites with desired morphologies and enhanced surface properties, precise

control of nanoparticle spatial distribution remains an evolving area of research [200].

When nanoparticles are well-dispersed within the polymer matrix without significant
interactions between them, the nanocomposite exhibits properties that are a simple combination of
those of the individual components. However, if the polymer matrix is structured, entirely new
properties can emerge. For instance, in the case of PDMS with a segregated layer, nanoparticles
form and concentrate within the segregated layer(s), leading to unique properties [201], especially

in Surface-Enhanced Raman Scattering (SERS) applications [202-205].

A structured design, like the segregated layer in PDMS, can be utilized to control the degree
of nanoparticle aggregation within the polymer. PDMS is a commonly used polymer for
fabricating microfluidic devices due to its ease of preparation, cost-effectiveness, transparency,

and compatibility with biomolecules.

The cross-linking of PDMS is achieved through a process known as hydrosilylation. In this
reaction, the vinyl groups present in one component, which is the pre-polymer, react with the
hydrosilane groups in the second component, which serves as the curing agent and is typically a
vinyl silicon compound. This reaction is catalyzed by platinum (Pt) [206,207], as illustrated in the
equation 6.1. This hydrosilylation process with platinum catalysis plays a critical role in creating

the cross-links within the PDMS structure, imparting its desired properties.

Pt catalyst
(Cross — linker) —Si — H + CH, = HC — Si — (polymer) - —Si—CH, — CH, — Si — (3D network)
heat

6.1

Numerous researchers [208,209] have investigated the kinetics of the hydrosilylation
reaction catalyzed by a platinum complex. However, most of these studies have focused on the
bulk reaction involving vinyl-terminated PDMS and silane cross-linkers. When dealing with thin
films or coatings, the kinetics of the cross-linking reactions differ from those in bulk systems. This
variation is primarily due to segregation phenomena, which can occur either at the interface with

the surrounding atmosphere or at the substrate.

As a consequence of this segregation, there is a reduced concentration of the cross-linker

and the platinum (Pt) catalyst within the bulk material. This localized depletion of reactants at the
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surface or substrate interface leads to distinct reaction kinetics in thin films compared to those

observed in bulk reactions.

Zhang et al. and Goyal et al. have proposed that, in the context of in-situ synthesis of gold,
an excess curing agent might serve as a reducing agent for gold ions [210,211]. Zhang's work
examined the impact of altering the curing (cross-linking) agent-to-monomer ratio (1)), which
essentially relates to the concentration of the curing agent. The diminished sensing performance
observed in their study was attributed to the local deformation of the polymer surface resulting
from the growth of nanoparticles and their partial embedding within the polymer matrix.
Furthermore, they conducted measurements of the optical and thermoplasmonic response of the
in-situ reduced gold nanoparticles (AuNPs) [212], and there have been various reported

applications for the in-situ prepared Au-PDMS nanocomposite [213,214].

Our research group has conducted a comprehensive examination of the in-situ synthesis of
gold and silver nanocomposites within PDMS, with a particular focus on their applications in
microfluidic sensing [176,215-217]. To develop these in-situ nanocomposites for diverse
applications, it is crucial to systematically investigate surface nanocomposites created by reducing
gold ions with an excess of cross-linking agent in thin, self-standing PDMS films. Our specific

interest lies in two key aspects:

(1) The influence of cross-linking agent concentration on the distribution and in-situ synthesis of
gold nanoparticles after a designated synthesis period, as depicted in the schematic in Figure
6-1(a).

(i1)) How the thermal conditions affect the penetration of the sub-surface layers of the polymer, as

illustrated in the schematic of Figure 6-1(b).

In the case of free-standing films, precursor molecules diffuse simultaneously through all
six sides of the sample. Given our focus on sensing applications, we are particularly concerned
with the state of agglomeration of gold nanoparticles (AuNPs) in the surface-segregated layers due

to the cross-linking agent and their diffusion into the PDMS matrix during the annealing process.

This research endeavor aims to establish how the distribution of AuNPs within the

nanocomposite influences its sensing capabilities. Additionally, it contributes to the broader field
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of understanding how nanoparticles diffuse within polymer films (coatings) and the resultant

impact on the properties of nanocomposites.

The structure of this paper begins with the experimental section, covering the fabrication
of Au-PDMS nanocomposites. Subsequently, we present the results, which encompass the kinetics
of the in-situ reaction and the morphology of the Au-PDMS surface composites. We then delve

into a detailed discussion of the distribution of AuNPs within the polymer film.

(b)

Figure 6-1: Illustration of diffusion of gold nanoparticles and effect of heat treatment on a nanocomposite
sample. (a) Schematic showing AuNPs in the as-prepared sample. (b) Heat-treated sample (only the upper
portion of the sample is shown for simplicity).

6.3. Experimental

6.3.1. Materials

Gold (IIT) chloride trihydrate (HAuCls.3H20), isopropyl alcohol, dimethylformamide,
chloroform, toluene, and anisole were purchased from Sigma-Aldrich. The Sylgard® 184
elastomer kit for the PDMS fabrication was purchased from Dow Corning. De-ionized (DI) water
with a resistivity of 18MQ, used in all the experiments, was obtained from the NANO pure

ultrapure water system (Barnstead). Ethanol was purchased from Fisher Chemicals.
6.3.2. Fabrication and synthesis of the gold-PDMS nanocomposite

In this study, the base polymer and the curing agent were mixed in the ratio of 10:1 and 4:1

by weight, respectively. After mixing them thoroughly, the bubbles formed were removed by
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degasification for 30 minutes, by using a vacuum desiccator. The mixture was then poured on a
clean silanized silicon wafer to obtain a smooth film. The thickness of the films can be adjusted
by varying the volume of PDMS. The mold, filled with PDMS, was kept for curing in the oven at
60 °C for 12 hours. After curing, the oven was allowed to cool down and the mold was taken out
only when it reached room temperature. Then, PDMS was cut into pieces with a size of 12mm x

35mm, peeled off from the mold, and immersed vertically in the gold precursor solution

The gold precursor solution is prepared by dissolving gold (III) chloride trihydrate (HAuCl
4-3H20) in ethanol. The concentration of the precursor solution was 0.6% (wt/v). The PDMS
samples were created with two different concentrations of the base to cross-linking agent,
specifically, in ratios of 4:1 and 10:1. To synthesize Au-PDMS nanocomposites, the prepared
PDMS films were vertically immersed in the gold precursor solution and left to incubate for
approximately 48 hours. Figure 6-2 (a) depicts the film immersed in the precursor solution, and
Figure 6-2 (b) illustrates the resulting nanocomposite after the completion of the reaction (the
PDMS film is slightly slanted for clarity). In the subsequent sections, this nanocomposite will be
referred to as the "as-prepared sample," indicating that the sample was removed after a synthesis
time of 48 hours at room temperature and was not subjected to any heat treatment (tsynn= 48hrs,

no heat-treatment).

Following the in-situ synthesis, the morphology of the gold nanoparticle aggregates in the
as-prepared sample is modified by subjecting the Au-PDMS nanocomposite samples to a heat
treatment at 200 °C for 30 minutes. These treated samples will be referred to as "heat-treated

samples" (tsynth= 48hrs, Temp = 200 °C, 30min heat-treatment).
6.3.3. Characterization methods

The Au-PDMS nanocomposites were characterized by UV-visible spectroscopy, Scanning
Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray diffraction (XRD) and X-
ray Photoelectron Spectroscopy (XPS). Perkin Elmer lambda 650 UV-visible spectrometer was
used for all the spectral measurements. SEM images were captured using Hitachi S 3400N. AFM
images were captured in tapping mode by scanning an area of 20x20 um, using scanning probe
microscopy. XRD measurements were obtained using a PANalytical X Pert PRO system. XPS
characterization was performed using a VG Scientific ESCALAB MKII spectrometer with an Ar”

sputtering energy of 1keV and an estimated sputtering rate of 3.4 nm/min. A surface area of 2mm
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x 3mm is sputtered and analyzed until a depth without gold signal. The sensitivity of the
synthesized nanocomposite for sensing was measured, using solvents with different refractive
indices. The measurements were performed by measuring the absorption spectra, after immersing

the nanocomposite sample in a quartz cuvette, filled with the solvent, for 1 hour.
6.4. Results and Discussion
6.4.1. Assessment of the distribution of AuNPs

For visual analysis of the distribution of AuNPs after the in-sifu synthesis, a portion along
the thickness of a 4:1 ratio sample of 1mm thickness was sliced, using a sharp blade. Out of all six

faces of the sample, four faces were sliced, except the top and the bottom face as shown in the

schematic of Figure 6-2 (¢).
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Figure 6-2: In-situ synthesis and slicing of the sample. (a) Schematic of in-situ synthesis, the PDMS film,
immersed in the gold precursor solution. (b) Au-PDMS nanocomposite (red), after 48 hrs. (¢) Schematic of
slicing the Au-PDMS nanocomposite sample. (d) Image of sliced Imm thick heat-treated sample at 200 °C for
30 minutes.
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For a qualitative assessment of the way AuNPs are distributed in the polymer matrix, the
samples were cut as described in the experimental part Figure 6-2 (d) and Figure 6-2 (e) show the
images of the sliced Imm Au-PDMS nanocomposites for both the as-prepared and heat-treated
samples. The same qualitative assessment has been done for nanocomposites prepared with an
even higher concentration of the precursor and the results were found the same. They confirmed
that, under the conditions of the experiment, no matter the concentration of the gold precursor,
nanoparticles are in-situ formed and concentrated only at the interfaces. This qualitative
observation prompted us to undertake a detailed investigation of Au-PDMS nanocomposites, by
using a variety of methods, suitable for their characterization to quantify the influence of cross-

linking agent and thermal budget.
6.4.2. In-situ synthesis of AuNPs on the surface of the polymer

During the in-situ synthesis, the gold ions in the precursor solution are reduced to AuNPs
by the excess curing agent in PDMS. The amount of curing agent present in PDMS as well as the
concentration of the precursor solution will determine the rate of AuNP formation. In other words,
by increasing the amount of curing (cross-linking) agent in PDMS, by keeping the concentration
of the precursor molecule constant, more AuNPs will be formed at the interface(s) of the polymer.
Therefore, it is expected to have more gold ions reduced in 4:1 PDMS samples where the reductant
is in a higher concentration than in the 10:1 sample. In our previous work, we found that the in-
situ synthesis of nanoparticles in the PDMS matrix by using the ethanol solution of the precursor
is faster than in the aqueous solution [218]. This was accounted for by the high rate of permeation
of ethanol-based precursor solution. To study the kinetics of the reaction, the evolution of the
absorption spectra of nanocomposites prepared in ethanol solution (0.6% wt./v) have been
examined and shown in Figure 6-3 (a) and Figure 6-3 (b). The reaction of the formation of gold
nanoparticles is shown in the equation 6.2.

| I |
3Si—H +2>Hy0 + 2AuCly - —Si— 0 — Si — 2Au + 8Cl™ + 6H*

6.2
To better understand the kinetics of the in-situ reduction, the variation of absorbance values
of the Au-LSPR bands at each time interval is shown in Figure 6-3 (a) and Figure 6-3 (b). From

these progresses of synthesis, under the conditions of the experiment, the reduction process seems
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to be completed after 80 hours in the case of a 4:1 sample. It can also be seen that more gold results

when the concentration of the curing agent is higher (4:1 samples).

The maximum absorbance of the Au-LSPR band is shown against the time, for the
concentrations of cross-linking agents namely 4:1 and 10:1. Figure 6-4 (a) shows the three phases
that describe the progress of kinetics: induction, the actual formation step, and, saturation. As
shown in Figure 6-4 (a) the induction step is around 5 hours in both cases, while the actual
formation step takes around 100 hours in the case of the 4:1 sample and 140 hours for the 10:1
sample. After this time, very less new gold nanoparticles are formed (saturation). The shorter time
of saturation, in the case of the 4:1 ratio sample, is due to the higher reaction rate, because of the

relatively higher concentration of the reductant.

From the evolution of plasmonics, it can be presumed that the precursor solution continues
to enter the PDMS film, and the gold ions are reduced, forming AuNPs, until the whole surface
area is filled. After this, AuNPs start to aggregate inside the film, giving rise to a broad absorption
peak in the UV-visible spectrum. The aggregated state of the nanoparticles is reflected by the
broadening of Au-LSPR bands, after around 100 hours of reaction. The evolution of the
aggregation of gold nanoparticles is shown in Figure 6-4(b). It can be seen that, in the case of the
4:1 sample, where the rate of the reduction is faster, the width of the band shows a steady increase

but this is not the case for thel0:1 sample, where the amount of the reductant is significantly lower.
6.4.3. Morphology of the Au-PDMS Surface Composites

The SEM images shown in Figure 6-5 (a) to Figure 6-5 (f) confirm that the gold
nanoparticles start to aggregate as the synthesis progresses, in agreement with the evolution of the
plasmonic absorbance and width of the band, as seen in Figure 6-4 (a), and Figure 6-4 (b). At the
same time, the formation of large aggregates is reflected in the widening of the absorption bands,
as shown in the images. The SEM images of the 10:1 sample at 48hrs and 96hrs do not show any
particles on the surface of PDMS, but at 216hrs, a few nanoparticles can be seen. From the images,
it can be inferred that the rate of in-situ synthesis is considerably slower in the 10:1 sample than
in the 4:1 sample, as the amount of the reducing agent is less in the 10:1 sample. The SEM images

confirm the formation of significantly more AuNPs in the case of the samples prepared with a
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higher concentration of curing agent (4:1; Figure 6-5 (a) to Figure 6-5 (c)) as compared to the

(10:1; Figure 6-5 (d) to Figure 6-5 (f)) samples.
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Figure 6-3: The Au-LSPR bands at each time interval are plotted against the synthesis time. (a) 10:1 PDMS

sample. (b) 4:1 PDMS sample.
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Figure 6-4: Evolution of the in-situ reduction reaction for two concentrations of the cross-linking agent. (a)
Evolution of absorbance around 540nm against synthesis time (tsyntm). (b) The bandwidth measured at 90% of
the spectral peak corresponds to two concentrations of the cross-linking agent.

In previous work by our group members, several gold-polymer surface nanocomposites
were prepared and characterized [176]. Morphology investigations of these samples have revealed
that as-prepared nanocomposites always had gold aggregates on the surface. The heat treatment,
in general, reduced the size of the aggregates, or even disaggregated them completely, releasing
individual nanoparticles. To better observe nanoparticle aggregates morphological changes AFM
studies have been carried out on both the as-prepared and heat-treated nanocomposite samples of
10:1 and 4:1 composition. In the case of the in-situ prepared Au-PDMS nanocomposites, by

comparing the AFM images of as-prepared and heat-treated samples in Figure 6-6 (a) and Figure
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6-6 (b), it can be seen that the aggregates are present in the surface and a complete disaggregation

through the heat treatment process does not happen.

Figure 6-5: SEM images of 1mm thick samples at different synthesis times, along with their absorption bands
(inset) (Images (a-c) 4:1 sample at 48 hrs, 96 hrs, and 216 hrs, and images (d-f) 10:1 sample at 48 hrs, 96hrs
and 216 hrs, respectively).

99



a 2 4 B B 10 12 i4 i6 | um o g 1 L] ¥ 1] W L] 8] m um

Figure 6-6: AFM Phase contrast images: (a-b) 10:1 as-prepared (tsynthn= 48hrs, no heat-treatment) along with
the topography image (inset) and heat-treated (tsyntn= 48hrs, T =200 °C, 30min heat-treatment) PDMS
sample (c-d) 4:1 as-prepared, along with the topography image (inset) and heat-treated PDMS sample.

Figure 6-6 (a) shows the phase contrast image with its topography image (inset) of 10:1 as-
prepared aggregated samples with particle sizes ranging from hundreds of nanometers to several
microns on the surface of the nanocomposite. However, the topography image clearly shows that
the aggregates seem to be covered with a thin layer of PDMS. As the process of heat treatment
changes the morphology, the aggregates appear to be re-organized and distributed on the surface
as shown in Figure 6-6 (b). Figure 6-6 (b) shows the presence of smaller aggregates, even after the
heat treatment. The same tendency, but with a higher amount of gold nanoparticles, is observed in
the phase contrast and topography images of the 4:1 PDMS sample as shown in Figure 6-6 (c) and
Figure 6-6 (d).
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6.4.4. Sensitivity Measurements of the Platforms

The refractive index sensitivity of Imm thick 10:1 and 4:1 nanocomposite samples, both
in as-prepared and heat-treated (at 200°C) conditions, was measured using various solvents, as
outlined in the experimental section. Figure 6-7 displays the sensitivity plots corresponding to
these measurements. It is evident from the plots that the sensitivity of all the nanocomposite

platforms is notably low.

The low refractive index sensitivity observed in the Au-PDMS nanocomposite samples
confirms that the majority of nanoparticles are located beneath the surface, covered by a thin
polymer layer. In other words, they are not readily available for sensing, as depicted in the
topography image (inset) in Figure 6-6 (a) and Figure 6-6 (c). When gold nanoparticles are
prepared through ex-situ synthesis or physical deposition methods such as chemical vapor
deposition, ion implantation, and thermolysis, they are typically situated on the surface of the film

[197,198].
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Figure 6-7:Sensitivity measurements of a 1mm thick 10:1 and 4:1 nanocomposite sample, as-prepared (tsynth=
48hrs, no heat-treatment) and heat-treated (tsyntn= 48hrs, T = 200 °C, 30min heat-treatment).
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However, in the case of in-situ synthesis, the Au nanoparticles are submerged beneath the
surface, surrounded by polymer chains, and thus, they do not come into direct contact with the
analyte. Even after heat treatment, during which more nanoparticles diffuse into the polymer, they
remain beneath the surface and do not appear on the surface. This phenomenon accounts for the

low sensitivity of the platform when in-situ synthesis of Au NPs is employed.

Furthermore, for this platform, the FOM has been calculated, and it is in the order of 13.31,
and 10.94 for 10:1 as-prepared, and heat-treated samples, respectively. In contrast, for the 4:1 as-

prepared and heat-treated samples, it is 11.14 and 9.06, respectively.
6.4.5. Distribution of AuNPs in the Polymer Film

The distribution of AuNPs in the depth of the Au-PDMS nanocomposite was analyzed by
XPS. Figure 6-8 (a) shows the elemental composition of the as-prepared ethanol nanocomposite
sample (4:1 ratio), plotted against the binding energy of the corresponding atomic orbital. The
distribution of AuNPs, along the depth of the nanocomposite sample was analyzed. The gold
atomic percentage was plotted against the depth as shown in Figure 6-8 (b) and Figure 6-8 (c) for

the as-prepared and heat-treated samples, respectively.

It can be observed from the XPS analysis in Figure 6-8 (a), Figure 6-8(b), and Figure 6-9
that most of the reduced gold nanoparticles are just below the surface layer, concentrated in a strip
of around 100 nm, in the case of both as-prepared and heat-treated samples. However, gold at an
atomic concentration of about 0.9% was found in the heat-treated 10:1 sample until a depth of
around 1 pm while, in the case of the 4:1 sample, the concentration of gold, right under the surface
was found higher (around 3.5%) but decreased abruptly with depth. In the heat-treated sample, the

strip of AuNPs is found deeper and some more AuNPs can be seen in the depth of the sample.

A part of the AuNPs has diffused to a depth of almost 700 nm in the as-prepared samples
of 10:1 and 4:1 ratios and to a depth of more than 1200 nm in the heat-treated samples of 10:1.
The XPS measurements show that the morphology is changed when the samples are heat-treated
at 200°C, (see the AFM images Figure 6-6 (b) and Figure 6-6(d)). The aggregates become smaller
and the nanoparticles are re-distributed over the surface and in the depth. Figure 6-9 shows the
schematic of the re-distribution of AuNPs and the gold atomic percentage in the sub-surface of the

as-prepared and heat-treated samples with 10:1 and 4:1 composition.
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Figure 6-8: Analysis of gold atomic percentage as a function of depth, in the case of as-prepared (tsyntn= 48hrs,
no heat-treatment) and heat-treated (tsyntn= 48hrs, Temp = 200 °C, 30min heat treatment) samples. (a) XPS
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Figure 6-9: Schematic showing the distribution of AuNPs and gold atomic percentage in the sub-surface of
samples.
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The schematic shows the diffusion of AuNPs into the depth of the sample when their
kinetic energy is increased by heating. The schematic is a simplified view of diffusion from only
the top of the sample. In reality, as AuNPs are formed at each interface of the free-standing sample,
the diffusion is not unidirectional, and the trajectories of AuNPs may intersect with those of the
particles in the vicinity, coming from the sides of the sample. The schematic shows the diffusion
of AuNPs into the depth of the sample when their kinetic energy is increased by heating. The
schematic is a simplified view of diffusion from only the top of the sample. In reality, as AuNPs
are formed at each interface of the free-standing sample, the diffusion is not unidirectional, and
the trajectories of AuNPs may intersect with those of the particles in the vicinity, coming from the
sides of the sample. The results show that the AuNPs from the sub-surface layers are redistributed
upon heat treatment. It can be inferred that the curing agent in self-standing thin films is
concentrated on the surfaces of the films (in contact with the atmosphere) and that the reduction

reaction is taking place exclusively there and not inside the film.
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Figure 6-10: Schematic of in-situ formation, sinking, and re-distribution of AuNPs. (a) The excess of cross-
linking agents migrates to the interfaces. (b) Reduction of gold ions (Au*"). (¢) In-situ formed AuNPs sink
under the surface. (d) New cross-linking molecules migrate toward the interfaces and reduce the remaining
gold precursor molecules during heat treatment at 200 °C for 30min. (e) A larger amount of (additional)
AuNPs are formed in the sub-surface and some migrate inside the polymer as well due to the migration of
cross-linking agents during heat treatment.

105



To better understand the synthesis of AuNPs on the surface of the PDMS sample, a
schematic of the in-situ synthesis of AuNPs on the surface of the polymer is shown in Figure 6-10
(a) to Figure 6-10 (e). The excess of the free cross-linking agent migrates toward the interfaces
and reduces the incoming gold precursor molecules. After the nucleation, the growth of AuNPs,
and the formation of aggregates, the gold structure will be embedded in the polymer. Heat treating,
the nanocomposite sample at 200 °C for 30 minutes, would drive more cross-linker molecules to

the surface and additional AuNPs will be formed at the interfaces.

Table 6.1: Relation between the concentrations of cross-linker, the atomic percentage of synthesized gold, and
their sensitivity

Total gold Normalized o
) ) Sensitivity
Nanocomposite sample type synthesized amount of gold
(nm/RIU)
(Autotal %) (%)
10:1 as-prepared sample
Prep P 158.83 100 46.6
(tsynth= 48hrs, no heat-treatment)
10:1 heat-treated sample
(tsynth= 48hrs, T = 200 °C, 30min heat- 327.10 206 38.3
treatment)
4:1 as-prepared sample
400.63 252 55.7
(tsynti= 48hrs, no heat-treatment)
4:1 heat-treated sample
(tsynth=48hrs, T =200 °C, 30min heat- 1374.52 865 40.8
treatment)

tsynth- synthesis time; T- heat treatment temperature, Auita — Gold nanoparticles synthesized over

1200 nm in %

When the nanocomposite’s sensitivity is compared with the XPS results, it is very clear
that the sensitivity of the nanocomposite depends on the amount of gold present in the sample.
Table 6.1 shows the amount of gold synthesized represented by the area under the curves for the
as-prepared and heat-treated samples of the composition 10:1 and 4:1. If the Autotar of 10:1 as-
prepared is set as reference, considering the curves from Figure 6-8 (b), and Figure 6-8 (c) and
normalized to 100%, the process of heat-treatment at 200 °C for 30 minutes results in the formation

of more gold, that is, 2.06 times more than in the as-prepared sample. By analyzing the Auota and
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the XPS curve pattern, it is clear that the heat treatment is not only increasing the amount of gold
synthesized, but it is driving the gold nanoparticles deeper into the surface of the nanocomposite.
For this reason, the sensitivity of the 10:1 heat-treated sample is reduced when compared to the
10:1 as-prepared. A similar trend is observed in the case of the 4:1 as-prepared and heat-treated
samples. Also, the normalized Auotal sShows that the 4:1 as-prepared sample has a 2.52 times higher
percentage of gold than that of the 10:1 as-prepared sample, because of the higher amount of cross-
linking agent present in the 4:1 sample. Thus, due to the higher percentage of gold in the 4:1 as-
prepared sample, the sensitivity is higher, than the 10:1 as-prepared sample. Therefore, if a given
application requires a higher sensitivity, the cross-linking agent to base ratio in the PDMS has to
be 4:1 or more. If the application requires further distribution of nanoparticles in the

nanocomposite, heat treatment could be considered as well.

In addition to sensing applications, Au (Ag)-PDMS nanocomposites, with the addition of

carbon nanotubes, can be used for shielding from electromagnetic interference [145,155].
6.4.6. Identification of Gold by XRD

To identify the gold nanoparticles in the nanocomposite samples and to assess their
crystallinity, X-ray diffraction (XRD) analysis has been utilized. Figure 6-11 (a), Figure 6-11 (b),
and Figure 6-12 (a), Figure 6-12 (b) shows the XRD pattern of the gold from 10° to 80°. Four
diffraction peaks can be observed in the plots, which can be indexed to (111), (200), (220), and
(311) crystal faces of gold, revealing that the nanoparticles synthesized at the interface of the
polymer are composed of crystalline gold [JCPDS No. 04-0784]. The intensities of the 4:1
nanocomposite sample are relatively higher than that of the 10:1 sample, which confirms the
formation of more gold in the case of the 4:1 sample. As the peak corresponding to the (111) plane
1s more intense than the other planes, it seems that the (111) plane is the predominant orientation

of the synthesized gold nanoparticles.
6.4.7. Mechanism of Formation of Sub-surface Segregated AuNPs

Unusual sub-surface structures, prepared by vacuum deposition onto heat or solvent vapor-
softened thermoplastic polymer substrates, have been reported [219-221]. For example, silver
crystalline aggregates as well as other metal structures, have been observed by SEM at a depth of
several particles below the polymer surface. The detailed calculation of surface and interfacial

tension forces demonstrated that the completely embedded sub-surface structures are
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thermodynamically the most stable. We hypothesized that the gold nanoparticles formed at the
surface by in-situ synthesis, would also diffuse and completely embed in PDMS.

Meas. data:Sample-1 ——
(@
10004
m 500+
Q
xE)
=2
K7
c
o
<
0,
-500-
T T T
20 40 60 80
2-theta (deg)
(b) Meas. data:Sample-3 ——
3000+
2000+
m
Q
o
=
2
2
= 1000
O,
T T T

20 40 60 80
2-theta (deg)

Figure 6-11: Indexed XRD pattern of gold synthesized in 1mm thick samples. (a) 10:1 as-prepared. (b) 10:1
heat-treated at 200°C for 30 minutes.
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Figure 6-12: Indexed XRD pattern of gold synthesized in 1mm thick samples. (a) 4:1 as-prepared. (b) 4:1
heat-treated at 200°C for 30 minutes.

The surface free energy associated with a particle is:

=4y
6.3
Where y; is the surface tension of the particle and A is its surface area
When the particle is embedded, the surface free energy change will be:
AF; = A (Y12 —v1)
6.4

Where y;, is the interfacial tension and Ay, ,is the interfacial free energy
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Embedding is favorable, that is, AFs< 0 when the surface tension of the particle is larger

than the interfacial free energy so that the sinking process is energetically favorable.

The interfacial tension (y;,) between PDMS and the gold nanoparticles has been reported
to be around 4.0 mN/m [222]. In comparison, the surface tension of AuNPs (y,) was calculated to
be 8.78 N/m [223] and y;= 6.3 N/m for AuNP in a polymer matrix [224]. According to these data,
the interfacial tension is inferior to the surface tension of the gold nanoparticles (weak Au-PDMS

interactions) and, consequently, the thermodynamic criterion for sinking is fulfilled.
6.5. Conclusion

The distribution of in-situ prepared AuNPs on the surface of PDMS self-standing films has
been investigated by SEM, AFM, XRD, XPS, and UV-visible spectroscopy. It was found that
nanoparticles are formed by the in-sifu reduction of gold ions on the surface of the film by the
curing (crosslinking) agent and, right after formation, they are segregated in the sub-surface layer
of PDMS, and only a few nanoparticles in the depth. The pattern of distribution at room
temperature and after heat treatment at 200°C was studied concerning the amount of the curing
agent in the PDMS composition. It is inferred that in thin self-standing PDMS films, the excess
curing agent migrates toward the interfaces with the atmosphere and reduces the incoming gold
ions. The influence of the amount and distribution of AuNPs in PDMS on the refractive index
sensitivity of the nanocomposite platform is discussed. The results show that the sensing capability
of Au-PDMS surface nanocomposite film is low due to the polymer layer covering the AuNPs.
The formation of the sub-surface structure in a thin self-standing nanocomposite film is accounted
for by the weak Au-PDMS interfacial interactions, permitting the gold to sink under the surface

and embed in the polymer.
6.6. Evaluation of the tested plasmonic platforms for future perspectives

The platforms tested in the first part of this work, that is, gold nano-islands, fabricated from
a colloidal solution (ex-situ method), and gold-PDMS nanocomposite as well as silver-PDMS,
fabricated through an in-situ method have not shown a high refractive index sensitivity for
analytical purposes. However, the sensitivity of the gold nano-islands fabricated on glass by an ex-
situ method has proved to be considerably higher than the sensitivity of the gold (Au) and silver

(Ag) nanocomposite platforms prepared by an in-sifu method. The reason(s) for this behavior have
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been accounted for by the sub-layer segregation of gold in the nanocomposite, making the gold
inaccessible for sensing purposes. The redistribution of gold by a subsequent heat treatment further
lowered the sensitivity of the Au-PDMS nanocomposite. These results, however interesting and
useful for different purposes, do not completely answer the problem of developing a highly
sensitive detection method for EVs in varying environments. For this reason, it was found
necessary to orient the work in another direction, that is, using physical vapor deposition methods

for the deposition of gold.

So, the next chapter (Chapter 7) discusses one of the possible applications to use the LSPR
of the silver (Ag)-PDMS nano-composite platform suitable for the detection of extracellular
vesicles (EVs) and which could be potentially used for sensor networks. This work is an attempt

to adapt a biosensing method to the future requirements of Industry 4.0.
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Chapter 7. LSPR detection of extracellular vesicles using a silver-

PDMS nano-composite platform suitable for sensor networks

This chapter is reproduced from the article published in Enterprise Information Systems, 14,

4, 532-541, 2020.

7.1. Outline

A novel method for the detection of exosomes in body fluids and cell cultures has been
developed. The method is an optical method, based on LSPR of silver nanoparticles. The method
was extended to a microfluidic environment, amenable to be integrated into a sensor network.
However, their isolation, detection, and quantification methods in bio-fluids are challenging for
clinical applications. Herein, we present a simple label-free method based on the LSPR
technique to capture and detect the EVs quantitatively using a synthetic peptide, called Vn96.

This work is an attempt to adapt a biosensing method to the future requirements of Industry 4.0.
7.2. Introduction

Industry 4.0 enables sensors actuators, and control systems to interact with one another
through a data infrastructure such as the Internet. The convergence of industrial systems with
the power of advanced computing, low-cost sensing, and high levels of connectivity permitted
by the internet, is making Industry 4.0 the next great step in industrial advancement. The concept
of networking and data storage is infiltrating areas such as sensors, which are now on the front
line of the fourth industrial revolution, and they must advance further to make Industry 4.0
effective. Advances in chip technology have made the sensors themselves smarter as they
become both the data collectors and analysts that share, in real-time, their knowledge through

IO-Link.

Sensors are devices that detect physical, chemical, and biological signals that can be
measured and recorded. In healthcare, sensors can monitor temperatures, pressures, chemical,
and biological levels of users and/or patients. Thanks to digitalization electronics, conventional
chemical, and physical sensors are now ready for Industry 4.0 and underline the need for better
quality and quantity of data, intelligently communicated by using the power of 10-Link

communication protocol. This is a universal, point-to-point open communication system that
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links sensors and actuators, an interface between the control system and the sensors or actuators.
Sensor data is provided on a serial communication channel and the monitoring and adjusting of
the sensor itself is possible. Remote configuration and monitoring and increased data availability
allow sensors and actuators to carry out additional functions such as, for example, remote

monitoring.

Medical applications are rapidly coming to the forefront, by combining communications
and sensor output to deliver new functions. Devices can gather and share information and the

cloud so that data can be collected and analyzed accurately.

In the future, the global system of medical devices will comprise a multitude of devices
and applications using sensors, actuators, microcontrollers, mobile communication devices, and
healthcare will be delivered more effectively and at lower cost. It will include not only the
collection of patient data for preventive care but also diagnostics and treatment results.
Automation and real-time aspects will reduce errors and improve quality and efficiency. Today,
wireless sensor-based systems gather medical data that were never before accessible and deliver
care directly to patients. Healthcare is based now on a network of devices that connect directly
with each other to capture and share data through a server in the cloud and then on to caregivers.
Data is captured via sensors, and analyzed, and medical professionals can wirelessly access the
information and make treatment recommendations. Remote monitoring means that more
patients will have access to adequate healthcare. Progress in sensor technology will in this way
change the role of hospitals, outpatient sites, and homes. Within the medical world, there is an
intersection between information technology and biotechnology, and increasingly the role of
sensors, signal transducers, actuators will broaden too. Some examples of new-generation

medical sensors indicate new roles that these devices will have in many areas of health care.

In many cases, the quality of care will be improved patients can be managed in their
homes and hospitals will operate differently, more safely, and efficiently. Low-cost sensing, and
new levels of connectivity enabled through the Internet. Some of the technologies supporting

this revolution are cloud services, big data analytics, and, intelligent, sensing technologies.

Over the last few years, continuous efforts have been made by researchers to develop
integrated point-of-care (POC) biosensor networks, capable of automatically delivering results.

Biosensor networks are generally a multidisciplinary technological work, based on Biological
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Micro Electromechanical Systems (BioMEMS). This field seems to be gaining momentum for
biosensing applications to meet the requirements of ultra-fast label-free detection, shrunken

sensor size, and portability.

To meet the needs of the biosensor market, currently, researchers in BloMEMS field
across the world are focusing on the development of complete lab-on-a-chip (LOC) devices,
taking advantage of laminar flow, low sample volume requirement, reduction in reaction time

to achieve high-throughput and low cost.

Therefore, as the health care costs are going up tremendously with the current world
population, biosensor networks will provide the platform for patient real-time and remote health
monitoring. Offering real-time feedback is achievable with biosensors networks through the
wireless links so that the transmission of collected clinical data can be transferred to the health
care provider and medical station. Thus, the medical needs of the future can be met by using a

combination of wireless MEMS and biosensor networks as shown in Figure 7-1.

In the last couple of years, active research has been going on to develop biosensor
networks, using noble metal nanocomposites. Metal nanocomposites can be customized for
many applications such as biosensing, diagnosis, imaging, etc. by tuning the size and shape of
the formed nanoparticles. The use of polymers for the fabrication of nanocomposite is growing
rapidly since the polymers have good optical and mechanical properties, cost effectiveness, and
they are, generally, biocompatible. When compared to other polymers, poly (dimethyl siloxane)
(PDMS) proved to be one of the best polymers for the fabrication of gold and silver
nanocomposites [225] due to the ease of fabrication, low cost, elasticity, moldability, chemical
inertness, optical transparency, and bio-compatibility. In addition, it has a low glass transition
temperature. Silver (gold)-PDMS nanocomposites are useful materials with interesting optical

properties and applications as sensing platforms.

All biological fluids, including urine, blood, ascites, and cerebrospinal fluid fractions of
body fluids such as serum and plasma, as well as cultured medium of cells have in their
composition cell-derived vesicles (EVs). They are heterogenic, mostly spherical particles and
are enclosed by a phospholipid bilayer. The typical diameter of these vesicles ranges from 30
nm to Ium, which is about a hundred times smaller than the smallest cell [4-6,226]. EVs are

formed by budding and the subsequent splitting of the plasma membrane through an endocytic
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pathway and are generated when the cells undergo apoptosis. Their density ranges between 1.1
and 1.19 g/ml on sucrose gradients [227]. Currently, very few techniques are in practice for the
isolation, purification, and characterization of EVs. Thus, a versatile, easy-to-use technique is

required to quantify and characterize EVs for further diagnosis at the clinical level.

Device

Figure 7-1: Biosensing network for healthcare, providing diagnosis results in multiple places where they are
needed.

7.3. Experimental

7.3.1. Material

Sylgard® 184 elastomer kit and curing agent for the PDMS fabrication were purchased
from Dow Corning, Silver nitrate, 11-mercaptoundecanoic acid (Nano Thinks Acid 11),
phosphate buffered saline (PBS), N-(3-dimethylaminopropyl)-N’-ethyl carbodiimide
hydrochloride (EDC) and N-hydroxy succinimide (NHS) were obtained from Sigma- Aldrich,
Canada. De-ionized (DI) water with a resistivity of 18M(), used in all the experiments is
obtained by using the NANO pure ultrapure water system (Barnstead). Streptavidin was
purchased from IBA GmBH and Biotin-PEG-Vn96 and MCF10A exosomes were obtained from

Atlantic Cancer Research Institute (ACRI), Moncton, Canada.
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7.3.2. Fabrication of Silver -PDMS Nanocomposite

The nanocomposite is formed by in-situ synthesis of silver (Ag) in the
polydimethylsiloxane (PDMS) matrix by the reduction of silver ions from the silver nitrate
aqueous solution. The in-situ reaction is performed by keeping in an oven between temperatures
50 °C to 60 °C to increase the rate of the reaction [218]. The curing agent present in the PDMS
matrix is found to be a good reducing agent of Ag ions. Thus, the PDMS substrate embedded
with silver nanoparticles (yellowish-brown) has good structural properties, important for future
microfluidic applications. In addition, PDMS has excellent optical properties such as
transparency in UV and visible light thus making it, an ideal candidate for the fabrication of
optical Lab-on-chip (LOC). The fabrication of nanocomposites involves the preparation of silver
precursor solution by adding 1g of silver nitrate in 100ml of DI water. Before this, the PDMS
base (pre-polymer) and curing agent are mixed in a ratio of 3:1 by weight. The PDMS mixture
was placed in a vacuum desiccator and degassed to remove the air bubbles. Then, PDMS was
spun on a glass substrate of dimensions (25 mm X 25 mm % 1 mm) using a LAUREL spin coating
machine to obtain a film thickness of 10 um. The uniformly spread PDMS was cured at 70 °C
for about 2 hours. Then, the glass substrate with the cured PDMS is immersed in the silver
precursor solution and kept in the oven between temperatures 50 °C to 60°C for about two days.
The silver nanocomposite is annealed at 250 °C for 10 minutes. The sensing process is then
carried out as shown in Figure 7-2. The detection of exosomes is based on their affinity

interaction with biotin-polyethylene glycol (PEG) Vn96.
7.3.3. Sensing Protocol

To carry out the sensing protocol, the substrate is first immersed completely in the linker
solution, which is SmM Nano Thinks (11-mercaptoundecanoic acid in ethanol) that forms the
self-assembled monolayers (SAMs) around Ag nano-islands. SAMs are activated by adding a
cross-linker solution and incubating for 3 hours. The cross-linker is N-(3-
dimethylaminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC) of 0.2M concentration and
N-hydroxy succinimide (NHS) of 0.05M concentration, mixed in the ratio of 1:1. After
incubation, a streptavidin solution (0.1mg/ml) is deposited on top of the activated linker layer
and incubated for an hour. Further, the biotin-PEG-Vn96 solution is deposited on top of the

streptavidin layer and incubated for 4 hours. As the final step of the bio-sensing protocol, the
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MCF-7A exosomes solution is deposited onto the top of Vn96, a synthetic peptide that is
specifically designed to capture them.

Silver Nanocomposite

- Glass substrate
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. Silver nano-islands
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Nano think
Streptavidin @  Epcanms
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Figure 7-2: Schematic representation of the steps involved in the biosensing protocol of silver nanocomposite

7.4. Results and Discussion
7.4.1. Morphological tuning of Ag nanoparticles

The substrates appear to be transparent, before synthesis as seen in Figure 7-3 (a), and
light yellowish-brown, after the in-situ synthesis as seen in Figure 7-3 (b). The substrates were
annealed at 250 °C, for 10 minutes to tune the morphology of the silver aggregates to nano-
islands [228,229]. Scanning electron microscope (SEM) images for the silver nanocomposite,
before and after annealing, are shown in Figure 7-4. From the SEM images, it is noticeable that

before annealing, the nanoparticles are aggregated, whereas the annealed samples show well-
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distributed individual particles/islands in the range of 80 - 100 nm. The morphology of the Ag
nanoparticles is tuned during the process of annealing. Annealing will change the aggregates to
nano-islands well-distributed in PDMS. They are known as highly sensitive entities [165,228].
The absorption band of the Ag nanocomposite, before and after annealing, is shown in Figure
7-5. It can be seen that the broad band of the Ag-LSPR peak is converted to a narrow band
through the annealing process, indicating the presence of individual Ag particles/nano-islands.
Therefore, this narrow band is much more suitable for sensing purposes and the spectral shifts

due to the binding of molecules can be observed more precisely than in the case of a broad band.

| 25 mm R

[
»

25 mm

Figure 7-3: Photo of the samples. (a) Before the synthesis. (b) After the in-situ synthesis.
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Figure 7-4: SEM images. (a) Silver (Ag) nanocomposite before annealing (aggregates). (b) Silver (Ag)
nanocomposite after annealing at 250 °C for 10 min (distributed).
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Figure 7-5: Ag-LSPR absorption spectra of non-annealed and annealed Ag nanocomposite.

7.4.2. Characterization of Exosomes

The characterization of the MCF- 7 exosomes is done in an SEM as shown in and from
the micrograph, it is noticeable that the typical diameter is of the order of 120 — 150 nm which

is within the range of the sizes of exosomes reported in the literature [4].
7.4.3. Detection of Exosomes

The absorbance band of silver is recorded at each stage of the biosensing protocol, using
the UV-visible spectrophotometer (PerkinElmer lambda 650). The measured Ag-LSPR band at
each stage is plotted and the shift is measured upon the interaction of Biotin-PEG-Vn96 and the
diluted MCF-7A exosomes from the stock solution as shown in Figure 7-7. From this figure, it
is noticeable that the shifts of the Ag-LSPR band all along the sensing protocols are larger for
the first steps and decrease for the last steps. This may be due to the thickness of the layers
formed around the silver nanoparticles. For detection purposes, only the shift in wavelength due
to the binding of Biotin-PEG-Vn96 and the MCF-7A exosomes is considered and which is

around 4 nm as shown in Figure 7-7.
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Figure 7-7: Ag-LSPR absorbance spectra showing the LSPR shift corresponding to the different steps of the
biosensing protocol.
The next step is the transfer of the sensing protocol to a microfluidic environment. The
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device as shown in Figure 7-8 is composed of PDMS polymer with an embedded channel, an
inlet, and an outlet tube, respectively. Typically, the channel is 500 um wide, its depth is 200
um, and the collection chamber has a diameter of 5 mm. This diameter is considered relatively
large, so that the fluid covers the entire region with considerably low velocity, enabling the

binding of the compounds flowing in the channel to the gold nano-islands.
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Figure 7-8: Nano-integrated microsystem for bio-sensing.

Devices with more channels have also been developed and tested. In the final stage of
the work, several microfluidic devices will be connected to form a network. Microfluidic devices
need only very small amounts of samples and reagents and the overall analysis time is much
shorter than in the case of the ‘substrate detection method. Due to the continuous process, the
devices can be connected easily and integrated into a network and the results can be analyzed
and transmitted to the interested parties. This process will take only a short time and the accuracy

of the results will be higher than those of a discontinuous detection.

7.5. Conclusion

A new method to detect exosomes in cell cultures has been developed, first in a
discontinuous manner and later on in a microfluidic environment that is directly amenable to be
integrated into a network of sensors. The preliminary results showed that a label-free technique,
based on the sensitivity of the Ag-LSPR band to the surrounding environment, is promising for
the detection of exosomes. Instead of an immune affinity approach, this work makes use of the
affinity of exosomes toward the Vn96 polypeptide. As the shift of the Ag-LSPR band is

proportional to the concentration of exosomes, the method can be used for their detection in
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varying environments. This method, once completely optimized, can be easily performed in a
microfluidic environment as well. By integrating the microfluidic sensor into a network, the results
of the analysis will be widely distributed. This work is an attempt to bring a plasmonic biosensing

method to a superior level, in line with Industry 4.0’s requirements.

So, the next chapter (Chapter 8) discusses the Development of gold nano-island platforms
prepared through dewetting of e-beam-deposited films for the detection of extracellular vesicles

(EVs).
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Chapter 8. Development of Gold Nano-island Platforms Prepared
Through Dewetting of e-beam Deposited Films for the Detection of
Extracellular Vesicles (EVs)

This chapter is to be submitted to a journal: This chapter covers objective 4 (a-e) of the “Thesis

Objective and Scope” in Section 1.5.
8.1. Outline

The platforms tested in the first part of this work, that is, gold nano-islands, that are
fabricated from a colloidal solution (ex-situ method), and gold-PDMS nanocomposite as well as
silver-PDMS nanocomposite, fabricated through in-situ method have not shown a refractive
index sensitivity high enough for detection of EVs. Therefore, it was necessary to orient the
work in a new direction using physical vapor deposition (PVD) methods for the deposition of

gold.

The main advantage of PVD methods, such as thermal evaporation, sputtering, and e-
beam deposition, is the excellent uniformity of the film. A large area of highly uniform films
can be obtained in a relatively short time because a high rate of deposition can be kept constant
during deposition. In addition, in the physical methods of deposition, especially, e-beam
deposition, it was possible to use adhesion layers between the substrate and the gold film,
considerably increasing the stability of the system. For all these reasons, it was decided to
investigate the behavior of e-beam-deposited thin gold films, consolidated by the presence of
adhesion layers, as starting points for the fabrication of nano-island platforms, intended for the

detection of EVs.
8.2. Introduction

Nanostructured noble metallic films deposited on transparent substrates exhibit
fascinating optical properties resulting from the interaction of light with the collective
oscillations of the conduction electrons located at the metal-dielectric interfaces. This interaction
leads to the excitation of localized surface plasmon resonance (LSPR) in the ultraviolet (UV) to
visible (Vis) spectral range, which amplifies the local electromagnetic field and enables the

manipulation of optical energy at the nanoscale. The plasmonic properties of these materials
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depend on several factors such as the size and shape of nanoparticles, their interparticle distance,
and the surrounding medium's dielectric properties. Experimental evidence has revealed that the
binding of organic or biomolecules to the nanoparticle's surface increases the local refractive
index, resulting in a red shift of the LSPR band, allowing for the monitoring of molecular

interactions. The spectral response is described by equation 8.1

R = mAn[1 — exp(—d/1)]

8.1
where ‘R’ is the sensor response (shift of the plasmon band or/and change in the absorbance);
‘m’ is the refractive index sensitivity (RIS) that is, spectral intensity change per refractive index
unit (RIU) change; ‘An’ is the change in the refractive index of the surrounding medium due to
the binding of the adsorbate, ‘d’ is the thickness of the adsorbate(dielectric) layer, and ‘1’ is the

plasmon effective decay length.

The field of nanoplasmonic platforms for sensing is an active area of academic research.
The recent focus has been on the development of gold nanostructures, specifically nano-islands,
for use as plasmonic platforms for label-free sensing applications [103,120,230-233]. Nano-
islands are highly stable nanostructures that are created through the thermal dewetting of flat
continuous metal films, deposited by physical methods such as thermal or e-beam evaporation
and sputtering. This process, known as solid-state dewetting, occurs at temperatures below the
melting point of the film, and an ensemble of distinct objects, such as droplets, stripes, and
pillars, may form through ruptures on the surface. Nano-islands are formed via hole nucleation
and subsequent growth. They are convenient sensing platforms and have been successfully

employed in numerous applications [113,234,235].

Gold exhibits a high surface diffusivity and is capable of dewetting to form nano-islands
but its chemical inertness results in poor adhesion, which can lead to film delamination and
peeling during sensing protocols. To enhance adhesion, 2-10 nm of Cr, Ti, Ni, Pt, or Ge adhesion
(seed) or “glue” layers, organic (amino- or mercapto-silane) coupling layers, or polymers can be
evaporated on the substrate before depositing the gold film [132,236-239]. Gold is a widely
used metal in plasmonic platforms due to its favorable electrical, optical, and chemical
properties. Moreover, gold can be easily functionalized owing to its strong bonding with thiol

functional groups. However, its chemical inertness results in poor adhesion, which can lead to

125



film delamination and peeling during sensing protocols in an aqueous environment. The growth
of continuous ultra-thin (1.0 -5.0 nm) gold films on bare glass and other oxide substrates using
standard deposition methods was challenging due to the poor wetting of gold in these materials.
Light absorption by metal and metal oxide adhesion layers can significantly impact the field
enhancement and optical interferences, making it difficult to measure accurately and can
decrease the sensitivity of plasmonic systems due to changes in refractive index due to the
evanescent field's exponential decay. While research on the impact of adhesion layers on various
plasmonic systems is limited, previous studies have found that they cause the plasmon band to
shift towards longer wavelengths and significantly reduce its extinction (plasmon damping).
Rubinstein’s [129] team has developed a highly stable nanostructure, without adhesion layers to
address these issues. They achieved this by thermally embedding gold island films in glass or
post-coating them with an ultrathin sol-gel-derived silica film. This film has also been
recommended as an alternative method to stabilize gold nanostructures on silanized glass

[113,240-242].

Ultra-thin films have yet to meet the requirements of creating atomically smooth uniform
metal surfaces, essential for contemporary electronic and photonic systems. This was primarily
due to the rough surface topography that results from the deposition techniques commonly
employed, including thermal or e-beam evaporation, ion-beam-assisted deposition, and RF/DC
sputtering, as confirmed by AFM measurements. These rough surfaces cause scattering loss and
are not appropriate for manufacturing plasmonic circuits and devices that manipulate optical
information [243,244]. One of the key reasons for this issue was the empirical approach taken
when selecting adhesion layers. Only a few adhesion layers used with ultra-thin films have been
evaluated, specifically for sensing applications. Metallic adhesion layers may diffuse both in the
substrate and the gold film, with the formations of inter-metallic compounds or alloys. This may
happen during the fabrication or/and post-fabrication annealing, chromium, one of the most used
adhesion layers, may also be oxidized at high annealing temperatures, inducing an additional
interface plasmon damping. Even though it has excellent transparency and very high
conductivity, there are only very few studies on Indium Tin Oxide (ITO) and fluorine-doped tin
oxide (FTO) as substrates for gold nano-islands (not adhesion layers) as well as ITO/Aw/ITO
sandwich structures [125,131,245,246].

126



The objective of the current study is to develop two novel platforms utilizing the nano-
islands that are obtained from dewetting ultra-thin gold films for biosensing applications. These
platforms comprise borosilicate substrates, with a 1.5 nm adhesion layer of Indium Tin Oxide
(ITO) or Chromium (Cr), and a 2 nm gold (Au) layer, deposited via e-beam evaporation. The
platforms were subjected to varying temperature and duration conditions to create stable and
long-lasting nano-island plasmonic platforms for sensing applications. The plasmonic
performance of these platforms was compared to those with pure ultra-thin gold layers and no
adhesion layers, allowing us to quantify the interface plasmon-damping effects of the adhesion
layers. To characterize the platforms, Field Emission Scanning Electron Microscopy (FESEM),
Energy Dispersive Spectroscopy (EDS), Atomic Force Microscopy (AFM), and X-Ray
Diffraction (XRD) were used to analyze their structure, morphology, and elemental composition.
Furthermore, the refractive index sensitivity of both platforms was determined based on the
results of the characterization and sensitivity study. An optimal platform was chosen for the

quantitative LSPR detection of EVs/exosomes.

Recently Qiu et al. [247] developed an LSPR-based biosensor. They used randomly
distributed self-assembled gold nanoislands (SAM-AuNIs), prepared by thermal annealing. The
authors used a spectral phase detection LSPR interferometer, a highly sensitive optical
biosensing [247-249] instead of using the shift of the plasmon band. In their study, they have
reported that the two different tumor-derived EVs; exosomes and Microvesicles (MVs), can be
distinguished using SAM-AuNIs LSPR without functionalization with an antibody. In their
study, they have reported that the two different tumor-derived EVs; exosomes and Microvesicles
(MVs), can be distinguished using SAM-AuNIs LSPR without functionalization with an
antibody. Therefore, in our present study with the optimized Cr-Au platform, the shift of the Au-
LSPR plasmon band was calculated by directly immobilizing the CCM MCF 7 EVs/exosomes
onto the nanoplasmonic platform, without any surface chemistry modification for two different
dewetting temperatures. Furthermore, the obtained results were compared with the detection

results of our previous method which uses the immunoaffinity approach [98,137].
8.3. Methods and Materials

8.3.1. Principle of Operation of Electron Beam Deposition System

During the electron beam (e-beam) evaporation process, a tungsten filament was first
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subjected to current, leading to joule heating and the emission of electrons. A high voltage was
then applied between the filament and the hearth to accelerate these emitted electrons toward
the crucible containing the material to be deposited, as described in Figure 8-1. A strong
magnetic field focuses these electrons into a unified beam, which, upon reaching the crucible,
transfers its energy to the deposition material, causing it to evaporate or sublimate and deposit
onto the substrate. Introducing reactive gas, such as oxygen or nitrogen, into the chamber during

evaporation enables the reactive deposition of non-metallic films.

e-beam evaporation claims several advantages over resistive thermal evaporation.
Firstly, the e-beam source can heat materials to significantly higher temperatures than what was
achievable using a resistive boat or crucible heater. This facilitates very high deposition rates
and the evaporation of high-temperature materials and refractory metals like tungsten, tantalum,
or graphite. Secondly, films deposited through electron beam evaporation can better maintain
the purity of the source material; water cooling of the crucible confines the electron beam heating
solely to the area occupied by the source material, preventing any undesirable contamination

from neighboring components.
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Figure 8-1: Schematic of the e-beam deposition system.
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8.3.2. Structure of the Plasmonic Platforms

In the present study, the behaviour of two distinct adhesion layers was investigated,
specifically, Cr and ITO onto the substrates before the deposition of the gold layer. Figure 8-2
shows the configuration of the samples. Films of 1.5 nm thickness (Cr or ITO) were deposited
on top of the borosilicate glass substrate and then a 2 nm thin film of gold was deposited. These
two configurations were, compared with the substrate with the deposition of only 2 nm gold
film. Specialized equipment and custom-made deposition samples were required. The deposition
was done by Angstrom Engineering, Inc. using a Nebula mixed e-beam evaporation and

sputtering system for all the depositions as shown in Figure 8-3.

Gold Laver | Gold Layer | Giold Laver
B cate Glase. adhesive layer
Borosilicate Glass Borosilicate Glass

(a) (b) (c)

Figure 8-2: The configuration of the substrates. (a) Au layer alone. (b) Cr-Au layer. (¢) ITO-Au layer.

8.3.3. Specification of Substrate and Deposition System

A 1 mm thick, 25 x 75 mm Nexterion® borosilicate glass B was used as substrate. The
adhesion (Cr or ITO) and gold layers were deposited using electron beam evaporation, a type of
physical vapor deposition. In the case of the ITO layer, deposition was carried out using an RF
sputtering process. The chromium and gold layers were deposited using an e-beam evaporation

process.

The deposition of the layers was carried out on glass slides attached to an 8-inch diameter
sample holder. Throughout the deposition process, the thicknesses of deposited layers were

monitored using a quartz crystal microbalance (QCM) incorporated into the system.
8.3.4. Pre-treatment Process

As the first step of the deposition process the chamber was set for ion cleaning by
keeping the discharge voltage at 300 V, the discharge current at 1 A, the emission current at 1 A,

and the ion clean time 300 seconds before depositing either the adhesion layer or the metal layer.
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8.3.5. Deposition Process of the Cr and Au on the Substrates

After the completion of the ion cleaning step, the chamber was pumped down keeping
the substrate shutter closed, and once the chamber pressure reached 1 x 107 Torr the substrate
shutter will open. Throughout the process of deposition, the substrate was set to a rotation of 10
rpm, such that the layers were uniformly deposited onto the substrate. As mentioned earlier the
Cr adhesion layer was deposited using an electron beam evaporation process. For the Cr
adhesion layer to get deposited, the target power was set to 240 W. Once the stated target powers
reached the substrate, the shutter will be opened and the Cr layer deposited at the rate of 0.2 A/s
until the target thickness of 15 A attained. Once the adhesion layer was deposited, the Au layer
was deposited at the rate of 0.2 A/s till it reached the target thickness of 20 A by setting up the
target power to 700 W.

Subsirate QCM Rate Substrate Parking Chamber
Stage Sensor (Load/Unload)

N 1 II: 1%

Sputiering
Sources
(DC & RF)

lon Source (Cleaning)

E-Beam Evaporation
Source {6 x 15 cc)

Figure 8-3: Picture of the electron beam evaporation and sputtering system [Picture courtesy
Angstrom Engineering Inc].

8.3.6. Deposition Process of the ITO and Au on the Substrates

Once the ion cleaning step was completed the chamber was pumped down keeping the

substrate shutter closed and once the chamber pressure reaches 1 x 10 Torr the substrate shutter
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will be opened. During the entire process of deposition, the substrate was set to a rotation of
10rpm so that layers get deposited uniformly onto the substrate. As mentioned earlier the ITO
adhesion layer was deposited using a RF sputtering process. Therefore, the Argon and Oxygen
gases are flown into the chamber at a rate of 15 sccm and 5 scem, respectively. The RF power
was ramped up to 125 W. Once the mentioned target powers are reached the substrate shutter
will be opened and the ITO layer was deposited at the rate of 0.11 A/s until the target thickness
of 15 A was attained by setting up the target power to 125 W RF for a duration of 140s. Once
the ITO layer was deposited the samples were immediately exposed to the electron beam
evaporation process which was housed within the same high vacuum chamber to further deposit
the layer of Au. The Au layer was deposited at the rate of 0.2 A/s until it reached the target
thickness of 20 A by setting up the target power to 700 W.

8.3.7. Characterization of the Platforms

The platforms were characterized using UV-Vis spectroscopy, FESEM, EDS, AFM, and
XRD. All the LSPR spectral measurements were carried out using the Perkin Elmer lambda 650
UV-Vis spectrophotometer. The SEM images were taken using the Hitachi SU8230 Field
Emission Transmission Electron Microscope (FE-STEM) equipped with Oxford Electron
Backscatter Diffraction (EBSD) and INCA EDS from the Facility for Electron Microscopy
Research, McGill University. The AFM measurements were acquired in ambient conditions
using a NanoscopeV- Dimension ICON Atomic force microscope (Bruker, Santa Barbara, CA,
USA) from the Laboratoire de Caractérisation des Matériaux-AFM, Département de
chimie/Université de Montréal. All images were acquired using the PeakForce Tapping mode
(PeakForce QNM®) using RTESP probes (aluminium coated etched silicon probes with tip
radius ranging between 5-12 nm and nominal spring constant of 40 N/m. XRD measurements
were obtained using the 3rd generation Empyrean, Malvern Panalytical instrument from the
Département de Chimie, Université de Montréal. All the measurements were carried out in the
grazing angle mode with a fixed Omega angle of 1°. X-ray diffraction works in the 20 mode
with the CuKa radiation at a wavelength of 1.54 A. Also, the sensitivity of the substrates was
measured using various solvents with different refractive indices using the Perkin Elmer lambda

650 UV-Vis spectrophotometer.
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8.4. Results and Discussion

8.4.1. Morphology of the as-deposited thin films

The morphology of the as-deposited samples can be seen in the SEM images as shown in
Figure 8-4. The images show that the morphology of the as-deposited ultra-thin Au films was
different when gold was deposited directly to the glass substrate as compared to the gold that was
deposited on top of the adhesion layers, under similar conditions. While on the chromium(Cr)
adhesion layer, the gold (Au) layer shows a chain-like morphology as could be seen in the inset
image, similar to the ones when using the gold colloidal solutions to form the nano-islands on the
glass substrate as previously studied by our group [98,137]. Whereas in the case of the Indium Tin
Oxide (ITO) adhesion layer, quite uniformly distributed small nanoparticles of gold (Au) could be
seen in the inset image. The different morphologies were attributed to the different physical and
chemical properties of the Cr and ITO adhesion layers, in addition to the different deposition

processes used.

200nm

Figure 8-4: SEM Image of non-annealed substrates. (a) Au layer of 2 nm without the adhesion layer. (b) Au
layer of 2 nm with Cr adhesion layer of 1.5 nm. (c) Au layer of 2 nm with ITO adhesion layer of 1.5 nm.
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8.4.2. Plasmonic Properties of as-deposited thin films

The plasmonic properties of the samples were evaluated using UV-Vis spectroscopy as
shown in Figure 8-5. It could be noticed in Figure 8-5 that for the platform with only the Au layer
and the platform with the ITO adhesion layer and the gold (Au) layer on top, the Au-LSPR band
could be noticed even before annealing. On the other hand, the platform with the Cr adhesion layer

and the gold (Au) layer on top of it doesn’t show any Au-LSPR band.
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Figure 8-5: Au-LSPR spectral characteristics of the Non-Annealed (as-deposited films) for the Au layer, Cr-
Au layer, and ITO-Au layer.

8.4.3. Visual Inspection and Adhesion Quality of the as-deposited thin films

The glass slides for each of the studies in this work were cut to the size of around 12.5 mm
x 18 mm from a 1 mm thick, 25 x 75 mm Nexterion® borosilicate glass B. The visual inspection
of the as-deposited film for all three configurations is shown in Figure 8-6. From Figure 8-6 (a) it
is noticeable for the configuration with only a thin layer of Au (2nm) that the adhesion of the gold
is very poor and the Au layer has partly detached while handling the sample, as compared to the
other two configurations Figure 8-6 (b) and Figure 8-6 (c). Therefore, the substrates with the Au
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layer alone may not be suitable for the sensing application. Thus, the substrates with Cr and ITO

adhesion layers were considered for further characterization studies.

(b) (©

18 mm

12.5mm

Figure 8-6: Picture of the As-deposited film for all three configurations. (a) Au layer. (b) Cr-Au layer. (¢)
ITO-Au layer.

8.4.4. Plasmonic Properties of the Cr-Au and ITO-Au Platforms

Gold nano-islands, which are sensitive plasmonic platforms, were produced through the
annealing process at different temperatures (250°C to 650°C) and durations (15 minutes, 1 hour,
and 5 hours). The plasmonic properties of the samples were evaluated using UV-Vis spectroscopy
as shown in Figure 8-7 and their visual characteristics, specifically, their colour transformation

could be observed as shown in Figure 8-8.

To properly assess the results of annealing, it was crucial to closely examine the samples
for the emergence of nano features and the characteristic plasmon band in the visible spectrum.

This can be identified by the pink colour, as seen in Figure 8-8.

The spectra of the lower-temperature annealed samples, conducted at 250 °C and 300 °C
did not exhibit any distinct features and were similar to those found in continuous thin films. When
the samples were subjected to an hour of annealing at 500 °C, a broad band at 600 nm emerged,
which corresponds to the Au-LSPR band. Further increasing the annealing temperature to 550 °C,
600 °C, and 650 °C resulted in a blue shift of the broad Au plasmon band to 580 nm, 560 nm, and
555 nm, respectively, and the narrowing of the bands. The evolution of the spectra of the samples,

containing the Cr adhesion layer that was annealed for 1hr for various temperatures is depicted in
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Figure 8-9 for a better understanding of the Au plasmon band shift towards the shorter wavelength
as the temperature was increased. From Figure 8-9 it can be observed that the nano-islands

formation starts at an annealing temperature of 500 °C for the platform with the Cr adhesion layer.

Conversely, annealing does not change the pattern of the Au-LSPR spectrum of the
samples with an ITO adhesion layer as shown in Figure 8-10. Additionally, it could be seen that
the spectral pattern doesn’t change with the increase in temperature of annealing as it does in the
case of the substrate with the Cr adhesion layer. This was due to the presence of nanoparticles
instead of nano-islands which was noticeable from Figure 8-11 that the pink colour started
appearing even when the samples were annealed at, 250 °C for 15min. The evolution of the spectra
of the samples, containing the ITO adhesion layer that was annealed for lhr for various
temperatures is shown in Figure 8-12 for a better understanding of the Au plasmon band shift as
the temperature was increased. From Figure 8-12 it can be observed that the formation of
nanoparticles starts at an annealing temperature of 250 °C for the platform with the ITO adhesion

layer.

8.4.5. Calculating the Au-LSPR Peak Wavelength Bandwidth for the Cr-Au & ITO-Au

Platforms

Further, to the study of plasmonic properties of both the platforms, it was decided to find
out the Au-LSPR peaks bandwidth at 90% (AA 90%) of the maximum peak (A max) for both the
platforms for the times and temperatures at which the Au-LSPR peaks can be noticed. For the Cr-
Au platform for 15min of annealing time, a well-defined Au-LSPR peak will be noticed starting
from 550°C as seen in Figure 8-7 (e) whereas for 1hr annealing time, a well-defined Au-LSPR
peak will be noticed starting from 500°C as seen in Figure 8-7 (f) and for Shr annealing time, a
well-defined Au-LSPR peak will be noticed starting from 400°C. as seen in Figure 8-7 (g)
However, for the ITO-Au platform, the Au-LSPR peak was noticeable for all the annealing times
(15 min, lhr and 5hr) and temperatures considered for the study (250 °C, 300 °C, 400 °C, 500 °C,
550 °C, 600 °C, 650 °C ) as shown in Figure 8-10. The schematics for the calculation of the Au-
LSPR peak are shown in Figure 8-13 (a). The plots in Figure 8-13 (b) and Figure 8-13 (c) show
the calculated Au-LSPR peak average wavelength bandwidth of 90% of the maximum peak for
the Cr-Au and ITO-Au platforms respectively.
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Figure 8-8: Evolution of the color change with the annealing temperature and time for the platform with the
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Figure 8-10: Evolution of the Au-LSPR spectral characteristics with different annealing temperatures for the
platform with the ITO adhesion layer. (a) 250 °C. (b) 300 °C. (¢) 400 °C. (d) 500 °C. (e) 550 °C. (f) 600 °C. (g)
650 °C.

138



Time Annealing Temperature

250°C 300°C 400°C 500°C 550°C

Figure 8-11: Evolution of the color change with the annealing temperature and time for the platform with the
ITO adhesion layer.
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Figure 8-12: Evolution of the Au-LSPR spectral characteristics for the platform with the ITO adhesion layer
for the different annealing temperatures annealed at 1hr.
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It was noticeable from Figure 8-13 (b) that the average Au-LSPR peaks wavelength
bandwidth were around 75 nm, 58 nm, and 49 nm for the Cr-Au platform when annealed at 550
°C, 600 °C, and 650 °C for 1hr respectively. However, from Figure 8-13 (c) the average
wavelength bandwidth was around 54 nm, 56 nm, and 56 nm for the ITO-Au platform when
annealed at 550 °C, 600 °C, and 650 °C for lhr respectively. Therefore, based on the Au-LSPR
peaks average wavelength bandwidth study at 90% of the maximum peak it was decided to
consider the annealing temperatures of 550 °C, 600 °C, and 650 °C time for lhr for further

characterization studies of both the platforms.
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Figure 8-13: Au-LSPR peak at 90% Bandwidth of the maximum peak. (a) Schematics for the calculation of
the Au-LSPR 90% bandwidth. (b) Cr-Au platform. (c) ITO-Au platform.

8.4.6. SEM and AFM Characterization of the Cr-Au and ITO-Au Platform

For both platforms, the SEM characterization was carried out for the annealing

temperatures of 550 °C, 600 °C, and 650 °C for lhr. The SEM images for the annealing
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temperatures of 600 °C and 650 °C for lhr are included in Appendix A. Whereas the AFM
characterization for both the platforms was done for the samples that were annealed at 550 °C for
lhr. This was because at this temperature only for both platforms there was a well-formed Au-
LSPR peak. Additionally, the SEM and AFM characterization was carried out for both platforms
at 250 °C for 1hr to understand the formation of nano-islands and nanoparticles. The SEM and

AFM images for the same are included in Appendix B.

It was apparent from Figure 8-14 (a) and (b) for the platform with the chromium (Cr)
adhesion layer and gold (Au) layer annealed at 550 °C for 1hr that the formed nano-islands are of

wide shape and size.

Figure 8-14: SEM and AFM image for the platform with the Cr adhesion layer and gold layer annealed at
550°C for 1hr. (a) SEM image. (b) AFM image.

Figure 8-15: SEM and AFM image for the platform with the ITO adhesion layer and gold layer annealed at
550°C for 1hr. (a) SEM image. (b) AFM image.
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It is clear from Figure 8-15 (a) and Figure 8-15(b) that the platform with the ITO adhesion
layer and gold (Au) layer annealed at 550 °C for 1hr nanoparticles are formed with a wide size

range.
8.4.7. Particle Size Distribution Analysis for the Cr-Au and ITO-Au Platform

The particle size distribution for the platforms was carried out using the ImageJ software.
an opensource software that is available to, quantify, and validate scientific image data that was
created at the National Institutes of Health. The obtained SEM images were used to do the particle
size distribution analysis for each of the platforms. The step-by-step procedure to perform the
particle size distribution analysis in ImageJ software is provided in Appendix C. Figure 8-16 (a)
to Figure 8-16 (c) shows the presence of nano-islands of wide size with an average size of around
35.21 nm, 30.30 nm, and 30.46 nm respectively for the Cr-Au platform when the samples annealed
at 550 °C, 600 °C and 650 °C. The size of the nano-islands is significantly smaller than those
obtained from gold colloidal solutions, and the density of nano-islands is higher than the ones that
have been previously reported using the colloidal solution deposition process [98,137]. The small
diameter of the nano-islands is attributed to the low amount of gold available due to only depositing
a very thin film of gold (Au). Also, from Figure 8-16 (d) the cumulative percentage of distribution
of the nano-islands for the Cr-Au platform when the samples were annealed at 550 °C, 600 °C,
and 650 °C 50% of nano-islands are within the size of 32.89 nm, 26.95 nm, and 27.64 nm

respectively.

Table 8.1: Particle size distribution statistical data of the nano-islands for the Cr-Au platform at different
temperatures annealed for 1hr.

Sample Mean Standard | Minimum | Maximum | Median
(nm) Deviation (nm) (nm) (nm)
Cr- Au Annealed at 550 °C | 35.21 17.13 5.44 79.96 32.89
Cr- Au Annealed at 600 °C | 30.30 16.72 8.09 80.20 26.95
Cr- Au Annealed at 650 °C | 30.46 17.16 5.56 83.33 27.64

Table 8.1 presents the statistical data of the nano-islands for the Cr-Au platform at different
annealing temperatures annealed for 1hr. From the data, it is clear that the minimum size of the
nano-islands is in the range of 5 to 8 nm whereas the maximum size is in the range of 80 to 83 nm

for the different annealing temperatures.
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Figure 8-16: Particle size distribution for the substrate with the Cr adhesion layer and gold layer annealed
for 1hr. (a) 550 °C. (b) 600 °C. (c) 650 °C. (d) cumulative distribution for all the temperatures.

Table 8.2: Particle size distribution statistical data of the nanoparticles for the ITO-Au platform at different
annealing temperatures for 1hr.

Sample Mean (nm) Standard Minimum Maximum Median
Deviation (nm) (nm) (nm)
ITO-Au Annealed at 550 °C 7.81 1.89 3.64 12.94 7.86
ITO-Au Annealed at 600 °C 7.92 2.00 3.63 14.34 8.00
ITO-Au Annealed at 650 °C 7.01 1.74 3.58 12.04 6.97
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Figure 8-17: Particle size distribution for the substrate with the Cr adhesion layer and gold layer annealed
for 1hr. (a) 550 °C. (b) 600 °C. (c) 650 °C. (d) cumulative distribution for all the temperatures.

Moreover, for the ITO adhesion layer from the plasmonic properties and SEM
characterization, it could be concluded that the gold layer does not form nano-islands when
deposited on the ITO adhesion layer. The presence of gold nanoparticles on ITO has been
accounted for by the formation of nano-islands and subsequent breaking due to the long duration
of annealing at high temperatures [250,251]. An alternative explanation would be assuming that
the gold atoms enter the ITO surface layer during the deposition. Due to the sub-surface

segregation, dewetting would be impossible.

Figure 8-17 (a) to Figure 8-17 (c) shows the presence of nanoparticles of varied size with
an average diameter in the range of 7 to 8 nm for the ITO-Au platform when the samples were
annealed at 550 °C, 600 °C, and 650 °C. Also, from Figure 8-17 (d) the cumulative distribution
percentage of distribution of the nanoparticles for the ITO-Au platform when the samples annealed

at 550 °C, 600 °C, and 650 °C are 50% nanoparticles within the size range of 7 to 8 nm.
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Table 8.2 presents the particle size distribution statistical data of the nanoparticles for the
ITO-Au platform at different annealing temperatures. From the data, the minimum size of the
nanoparticles is in the range of around 3.6 nm whereas the maximum size is within the size range

of 12 to 14 nm for the different annealing temperatures.
8.4.8. Refractive Index Sensitivity Study for the Cr-Au and ITO-Au Platform

The spectral sensitivity of the platforms can be calculated, using solvents with different
refractive indices to understand their usefulness for sensing application. For any sensing platform,
the spectral sensitivity is denoted by S, and it is defined as S= AA/An where ‘AL’ is the shift of
sensor resonance in nm, and ‘An’ is the change in refractive index between the solvents. Therefore,
the measurements were performed by immersing the sample in a quartz cuvette, filled with each
of the solvents as listed in Table 8.3 for 1 hour and then measuring the absorption spectra using

the PerkinElmer (Lambda650) spectrophotometer.

Table 8.3: Refractive indices of the solvents used for the sensitivity measurements

S.No | Solvent Refractive Index
1 DI water 1.33
2 Ethanol 1.36
3 Isopropyl alcohol (IPA) 1.38
4 50% Glycerol 1.40
5 Dichloromethane 1.42
6 Dimethylformamide (DMF) 1.43
7 100% Glycerol 1.47
8 Toluene 1.49
9 Anisole 1.52

Measurements of the sensitivity of the Cr-Au platform annealed at 550 °C, 600 °C, and
650 °C showed a slight reduction in the RIU/nm as shown in Figure 8-18 (a). It is noticeable from
Table 8.4 that with the increase in annealing temperature, there is a reduction of the particle size

as well.
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Further, the refractive index sensitivity of the platform with the ITO adhesion layer
revealed a lack of sensitivity as illustrated in Figure 8-18 (b). It is also clear from Table 8.5 that
with the increase in annealing temperature, there is not much noticeable reduction in the size of
the particle. Thus, from the refractive index study, it could be concluded that the platform with the

Cr adhesion layer exhibits a moderate sensitivity.
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Figure 8-18: Refractive index sensitivity of the platforms annealed for 1hr at 500 °C, 600 °C and, 650 °C.
(a) Cr adhesion layer. (b) ITO adhesion layer.

Table 8.4: Dependence of the sensitivity on the annealing temperature for the Cr- Au platform

Annealing temperature Cr-Au LSPR peak Average particle
RIU/nm
(°C) (nm) size (nm)
550 637 35.21 72.1 £10.5
600 588 30.30 67.0+7.2
650 572 30.46 53.8+£8.0
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Table 8.5: Dependence of the sensitivity on the annealing temperature for the ITO-Au platform

Annealing temperature ITO - AuLSPR peak | Average particle
RIU/nm
(°C) (nm) size (nm)
550 562 7.81 21.1+13.9
600 573 7.92 17.7+10.4
650 578 7.01 16.1 +£10.0

8.4.9. Elemental Mapping and Compositions

The elemental mapping and its composition graphs are generated from the SEM-EDS
(Energy Dispersive Spectroscopy) measurements. These graphs reflect, globally, the presence of
the elements in the samples, no matter the place they are. Because of the limitation of sensitivity
of the SEM used for this study, the elemental mapping and compositions of the platforms with the
ITO layers could not be investigated. Therefore, the elemental mapping has only been conducted

for the platforms with the chromium (Cr) adhesion layer that was used for detection experiments.

The elemental mapping and its corresponding compositions for the Cr - Au platforms
annealed at 250 °C, 400 °C, 550 °C and, 650 °C are shown in Figure 8-19, Figure 8-20, Figure
8-21, and Figure 8-22, respectively. For each of the annealing temperatures for simplicity, the
mapping of only Si, Cr, and Au elements are shown in the figure while the elemental compositions
are shown for all of the elements present in the samples with their spatial distribution. It has to be
mentioned that, in agreement with the SEM and spectral results, the nano-islands start forming at
400 °C but they are very well noticeable only in the SEM images of the samples annealed at 550

°C and above.
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Figure 8-19: Elemental mapping and the composition plots of platforms with Cr adhesion layer annealed for
1h at 250 °C. (a) SEM image. (b) Mapping of Si element. (c¢) Mapping of Cr element. (d) Mapping of Au
element. (e) Elemental composition.
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Figure 8-20: Elemental mapping and the composition plots of platforms with Cr adhesion layer annealed for
1h at 400 °C. (a) SEM image. (b) Mapping of Si element. (c) Mapping of Cr element. (d) Mapping of Au
element. (e) Elemental composition.
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Figure 8-21: Elemental mapping and the composition plots of platforms with Cr adhesion layer annealed for
1h at 550 °C. (a) SEM image. (b) Mapping of Si element. (c) Mapping of Cr element. (d) Mapping of Au
element. (e) Elemental composition.
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Figure 8-22: Elemental mapping and the composition plots of platforms with Cr adhesion layer annealed for
1h at 650 °C. (a) SEM image. (b) Mapping of Si element. (c) Mapping of Cr element. (d) Mapping of Au
element. (e) Elemental composition.

In the EDS application, different areas of the SEM image can be chosen and the elemental

composition, as normalized mass concentration, was found for each area. From the elemental
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mapping, it was noticeable that nano-islands are well noticeable when the samples are annealed at
550 °C for 1hr. Thus, to better understand the elemental compositions at different areas within the
single SEM image of the sample that was annealed at 550 °C for 1hr as shown in Figure 8-23 was
carried out. Therefore, on this image four different areas/points were chosen that are considered to
be spectrum 1, 2, 3, and 4. Figure 8-23 (b) to Figure 8-23 (e) corresponds to the elemental

composition for each of the spectrums respectively.
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Figure 8-23: Elemental composition at different areas of the SEM image for the platform with Cr adhesion
layer annealed for 1h at 550 °C. (a) SEM image. (b) Spectrum 1 elemental compositions. (¢) Spectrum 2
elemental compositions. (d) Spectrum 3 elemental compositions. (e) Spectrum 4 elemental compositions.
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Table 8.6 shows the dispersion of Chromium (chromium oxide) and of all the other
elements, including gold, along the different selected areas/points of the annealed sample. That
means that the spatial identity of the chromium adhesion layers was not preserved anymore during

the high-temperature annealing process.

Table 8.6: Normalized mass concentration (%) corresponding to different areas of the platform

Spectrum Oxygen Aluminium Silicon Chromium Gold
Spectrum 1 4.38 0.50 4.06 2.37 88.69
Spectrum 2 27.70 243 54.63 10.00 5.23
Spectrum 3 27.97 2.51 54.34 10.72 4.46
Spectrum 4 13.83 1.05 18.47 -- 66.65

Mean 18.47 1.63 32.88 7.70 41.26
Sigma 11.49 1.00 25.64 4.63 43.00

The elemental composition graphs for each area/ point show the presence of significant
amounts of gold, chromium, and elements from the borosilicate substrate. The existence of
chromium may diminish the sensitivity of platforms that incorporate chromium due to the lack of
its plasmonic properties. Overall, the findings suggest the need for careful consideration of the
impact of inter-diffusion on the sensitivity of the detection. The images demonstrate that gold and
chromium coexist within nano-islands, implying their inter-diffusion during the nano-island
formation. Further investigation was crucial to explore this phenomenon as it could potentially

affect the sensitivity of detection in samples with chromium.

8.4.10. Characterization of the Substrates by XRD

The XRD patterns of the Cr-Au platform are shown in Figure 8-24. From the figure, it
could be noted that in the as-deposited (non-annealed) platform, the peaks are very broad and
suggest very small nanocrystalline domains. When the platform is annealed at 550 °C, distinctive
peaks of Au at 38° and 64°, corresponding to (111) and (220) orientations observed respectively
(along with smaller peaks at 44.5° and 74.5°) accompanied by distinctive peaks for the Cr,O3 at

34° corresponding to (210) orientation (a second peak is observable at 54.8°).
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Figure 8-24: XRD patterns of the Cr-Au platform, as-deposited (non-annealed) and annealed at 550 °C for
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Figure 8-25: XRD patterns of the ITO-Au platform, as-deposited (non-annealed) and annealed at 550 °C for
1hr.
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However, for the ITO-Au platform from Figure 8-25, a distinct peak could not be noticed
for both the ITO-Au non-annealed and annealed samples for the ITO at 29.9° corresponding to
(222) orientation. Indeed, Alsultany et al. [246] investigated the structure of thin ITO films. These
films were annealed at temperatures 250 °C, 350 °C, and 450 °C in the air for 20 minutes using
different laser power They found that annealing ITO at 350 °C, ITO crystallized with a strong
(222) preferred orientation and annealed at 450 °C, the grain size increased further. It can be safely
assumed that the ITO-Au platform with a very thin ITO layer (1.5 nm), annealed in air at high
temperatures (550 °C - 650 °C) as in our work, will crystallize with increased grain size and will

have good optical and electrical properties.

Table 8.7: Main XRD peak position and its orientation for the Cr-Au and ITO-Au platforms

Observed | Corresponding | Direction Crystallite size (nm)
peaks phase (h, k, 1 Cr-Au ITO-Au
(degree 2 index)
theta)
Non- Annealed | Non- Annealed
annealed at 550 °C | annealed | at 550 °C
29.9 ITO 222 - - - -
335 Cr203 210 - 12.1 - -
38.2 Au 111 0.9 17.1 4.0 5.8
44.5 Au/Cr 200/110 Too weak | Too weak | Too weak | Too weak
54.8 Cr03 116 - Too weak - -
64.5 Au/Cr 220/200 0.9 12.1 1.7 1.9
77.5 Au 311 Too weak | Too weak | Too weak | Too weak

As the layers of the Cr, ITO, and Au are extremely thin for the Cr-Au and ITO-Au
platforms, not all expected peaks are observable as they are too broad and weak to be discerned
from the substrate background signal despite the grazing angle configuration. Table 8.7 presents

the dominant peak positions and the corresponding orientation for both platforms non-annealed
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and annealed samples. Dominant peaks of gold are observable in all samples, with various
crystallite domain sizes, always higher after annealing. As can be observed from the expected
position of Cr peaks, Cr cannot be discerned from Au, since all the observed peaks of Cr are also
present in the Au phase diagram. Although it is not possible to quantify if there is any quantity of
metallic chromium present due to the absence of the clear signal, the pattern of the annealed sample
based on the chromium adhesion layer shows the presence of chromic oxide (Cr203), formed by

oxidation of the chromium adhesion layer during the high-temperature annealing.

8.5. Direct Detection of EVs/exosomes

Based on the results of characterization methods and the refractive index sensitivity studies
it was decided to use the Cr - Au platforms for the detection of EVs/exosomes derived from the
MCEF 7 breast cancer cell line that was extracted from a bioreactor, filtered, ultra-centrifuged and
suspended in the cell culture media. So far, with the different substrate matrixes that were
developed viz the ex-situ and in-situ the detection of MCF 7 EVs/exosomes was carried out by
functionalizing the formed nano-islands through linkers and then activating it through cross-
linkers; then the interaction of the polypeptides with the crosslinkers and then finally binding the
exosomes to the polypeptides. Thus, detecting the EVs/exosomes with the previously developed
substrate matrixes involves several reagents and steps which eventually increases the time taken
for detection and cost. Also, in a recent study [249] it was proven that with bare SAM-AuNIs chip
without any functionalization could generate LSPR phase responses to the exosomes and
microvesicles (MVs) in a concentration-dependent manner, like the response via an antibody-
functionalized SAM-AuNIs LSPR sensor, signifying the biophysical interaction of exosomes and

MVs.

Therefore, to reduce the time taken to detect the EVs/exosomes and to cut down the cost
associated with the chemical reagents, it was decided to directly immobilize the EVs/exosomes to
the Au nano-islands using the van der Waals force of attraction (charge-based affinity). Thus, in
the current study, the detection performance of the substrates annealed at two different
temperatures 600 °C and 650 °C were compared with the performance of the substrates that were
developed and studied earlier using the gold colloidal solution and the immunoaffinity method

[98,149].
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8.6. Biosensing Protocol for the Direct Detection of EVs/exosomes

The schematic of the biosensing protocol explaining the steps involved with immobilizing
the MCF7 EVs/exosomes to the Au nano-islands is demonstrated in Figure 8-26 (a) to Figure 8-26
(c). At each stage of the biosensing, steps 6 to 7 measurements were done on the same substrate
and the schematic of the measurements carried out at each stage on the prepared substrates is

shown in Figure 8-26 (d).

The pictures of the substrates with the steps involved as per the biosensing protocol are
shown in Figure 8-27 (a) to Figure 8-27 (c). The first step involves measuring the Au-LSPR
absorption spectrum of the prepared substrates as shown in Figure 8-27Figure 8-26 (a) using the
Perkin Elmer spectrophotometer (Lambda650). The second step is immobilizing the MCF7
EVs/exosomes onto the Au nano-islands by depositing 50ul of the CCM containing the
EVs/exosomes is immobilized onto the substrates, as shown in Figure 8-27 (b). Then the substrates
are incubated for about 1 hour as shown in Figure 8-27 (c). After this step, the absorption spectrum

is measured as shown in Figure 8-26 (d), the schematic of the biosensing protocol.
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Figure 8-26: Schematic of the biosensing protocol and the LSPR measurements. (a) Glass substrate with the
nano-islands. (b) Immobilization of the MCF 7 EVs/exosomes to the nano-islands. (c) Binding of the MCF 7
EVs/exosomes to the nano-islands. (d) Schematic for the LSPR measurements carried out on the prepared
substrates, before and after the immobilization of the MCF 7 EVs/exosomes.
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8.7. Direct Detection of EVs/exosomes and Optimization of DI Water Rinsing

The Au-LSPR absorbance band for each of the substrates is recorded after the incubation
step. The shift of the Au plasmon band towards longer wavelengths (redshift) confirms the
immobilization of the EVs/exosomes onto the surface of nano-islands as shown in Figure 8-28.
However, the substrates were rinsed with DI water and after that, the measurements were repeated
for each of the substrates. This step was carried out to remove any of the nonspecific binding of
the MCF 7EVs/exosomes to the Au nano-islands. The DI water rinsing step was repeated thrice to
determine the numbering of times the rinsing is required to remove the nonspecific binding such
that a further blueshift is not noticed. The measured Au-LSPR band on the substrate before, after
immobilizing the MCF7 EVs/exosomes, and after rinsing the substrate with the DI water is shown
in Figure 8-28. It is clear from Figure 8-28 that there is no noticeable blue shift of the Au- LSPR
spectra between the first rinsing of the substrate and the third rinsing of the substrate with DI water
as compared to the Au-LSPR spectra before rinsing the substrate with the DI water. Therefore, it
might be concluded that the rinsing of the substrates once with DI water would be sufficient to

remove the nonspecific binding of the MCF 7EVs/exosomes to the Au nano-islands.

T,

Figure 8-27: Pictures of the prepared substrates for the detection of MCF 7 EVs/exosomes. (a) Substrate
before immobilizing MCF 7 EVs/exosomes. (b) Substrate after immobilizing MCF 7 EVs/exosomes. (c)
Incubation of the samples after immobilizing MCF 7 EVs/exosomes onto the substrates.
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Figure 8-28: Au-LSPR band absorbance spectra at each stage - before immobilizing the MCF7 EVs/exosomes
onto the substrate, after immobilizing the MCF7 EVs/exosomes to the substrate, and then after rinsing it with
DI water (first, second, and third).

8.8. FESEM Characterization of EVs/ exosomes

The characterization of the MCF 7 EVs/ exosomes was done in an FESEM and it is shown
in Figure 8-29 (a) and Figure 8-29 (b). It is noticeable from Figure 8-29 (b) that the MCF 7 EVs/
exosomes are immobilized onto the Au nano-islands and hence those nano-islands appear to be a
brighter spot as compared to Figure 8-29 (a) that corresponds to the substrate with only the Au
nano-island. Hence this confirms that the direct detection of the MCF 7 EVs/ exosomes using the

newly developed platform is possible.
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Figure 8-29: SEM image of the gold nano-islands with and without MCF7 EVs/ exosomes. (a) SEM image of
the gold nano-islands without MCF7 EVs/ exosomes. (b) SEM image of the gold nano-islands with MCF7
EVs/ exosomes.

8.9. Dependence of the LSPR Shifts on the Concentration of MCF7 EVs/

exosomes and the Annealing Temperature

To quantify the MCF7 EVs/ exosomes, experiments were carried out for different
concentrations of exosomes that correspond to the dilution factors of 1x, 5x, 10x, 25x, and 50x.
The concentration of MCF7 EVs/ exosomes present in the cell culture media is of the order of 1.33
x 10 '° per ml. The ‘1x’ denotes the undiluted solution. It is clear from Figure 8-30 that the average

shift decreases as the dilution factor increases. In addition, from Figure 8-30, it is clear that, as the
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annealing temperature increases, the average shift for the same concentration decreases. This

might be due to the decrease in the size of the formed nano-islands as the annealing temperature

Increases.
25 -
B
E 20 - . -
= 7 &
" ] ]
é 15 ™ i %
Q..
s 10+
- | o
o | .
it i
< 54 &
- v
) B Direct detection (Cr-Aun, 600 °C)
Logantlmie fit of Direet detection (Cr-Au, 600 °C)
() - ® Direct detection (Cr-An, 650 °C)
Loganthuue fit of Direct detection (Cr=-Au, 650 °C)

0.0 0.2 0.4 0.6 0.8 1.0

Normalized Concentration of Exosomes (1/D)

Figure 8-30: Average LSPR shift corresponding to the different concentration of MCF7 EVs/exosomes for
different annealing temperatures.

8.10. Comparison of the LSPR shifts for MCF7 EVs/ exosomes Between the

Methods of Direct Detection and Immunoaffinity

Figure 8.31 demonstrates that the LSPR detection of the developed platform, with direct
immobilization of MCF7 EVs/exosomes onto the Au nano-islands, exhibits superior sensitivity
compared to our earlier method using the immunoaffinity approach. Therefore, optimizing and
utilizing the direct detection method for further studies is advantageous as it significantly reduces
both the detection time for MCF7 EVs/exosomes and the costs associated with the additional

chemical reagents required for the immunoaffinity method.
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8.11. Conclusion

Figure 8-31: Comparison of the average LSPR shifts for MCF7 EVs/ exosomes between the method of direct

detection and immunoaffinity [98].

In this chapter, a new plasmonic platform for the detection of EVs was developed and

tested. For this purpose, a novel technique of fabrication of the thin and very thin gold films was
investigated, namely e-beam deposition, that is, a physical method not prone to contamination.
This method has many advantages over chemical methods and other physical deposition methods
as well. The e-beam source is capable of heating materials to much higher temperatures than is
possible using a crucible heater. This allows for very high deposition rates and evaporation of high-
temperature materials and refractory metals. In addition, films deposited by electron beam
evaporation can better maintain the purity of the source material as water cooling of the crucible

tightly confines the electron beam heating to only the area occupied by the source material,
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eliminating any unwanted contamination. e-beam deposited films are highly uniform and can be

used for the deposition of two successive films as well.

To prepare the gold plasmonic platform for the detection of EVs, two adhesion layers,
Chromium (Cr) or Indium Tin Oxide (ITO), respectively, have been e-beam-deposited on a
borosilicate glass substrate, before the deposition of gold, to improve the adhesion of gold and
consolidate the whole system. To prepare the nano-island films, the gold films were dewetted by
annealing under varying temperatures and duration conditions. The results proved that thin nano-
island gold films can be prepared from e-beam deposited films. Their morphology and plasmonic
properties were thoroughly investigated and their suitability for EV detection has been evaluated
in terms of refractive index sensibility. The results have revealed that the morphology of the as-
deposited Au film strongly depends on the adhesion layer. Gold forms a chain-like morphology on
the Chromium adhesion layer, while on ITO, SEM images revealed the presence of small Au
nanoparticles, distributed uniformly. The XRD patterns of the platforms evidenced, principally,
the Au peaks because of the reduced thickness of both the Au and the adhesion layers. It is
presumed that the interdiffusion of Chromium into the gold layer and vice versa takes place even
during the fabrication and, certainly, is intensified during the annealing process. Regarding the
ITO layer, possibly, its XRD peaks overlap with the Au peaks. XRD data, regarding the annealed
platforms demonstrated that during the annealing process, Chromium was oxidized by the air from
the oven and formed chromic oxide (CrO3). The SEM images have been analyzed and the size
distribution of nano-islands, in the case of utilizing the Chromium adhesion layer and
nanoparticles, in the case of ITO, was determined, by using Image J software. The average size of
nano-islands on the Chromium layer was found around 30 to 35 nm and that of nanoparticles (by
using the ITO adhesion layer) was 6 to 8 nm. The density of the nano-islands was much higher
than that of the nano-islands fabricated by thermal convection of gold colloids. These results
confirm the strong dependency of the morphology of gold nanostructures on the physical and
chemical properties of the substrates, in this case, the two adhesion layers. To account for this
result, more experiments will have to be done in the future. The refractive index sensitivity of the
two platforms has been determined experimentally and validated by simulation. The platform,
having the ITO adhesion layer, has proved to be not sensitive enough for detection purposes
(around 21.00 RIU/nm, compared with around 72.00 RIU/nm, the sensitivity of the platform with

the Chromium adhesion layer). Because of the very low sensitivity of the ITO platform, only the
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Chromium platform has been considered for quantitative measurements and has been further
investigated by EDS to find out the elementary composition in different parts of the platform. The
EDS results confirmed the diffusion of Chromium into the gold layer, showing that the spatial
identity of the chromium adhesion layers is not preserved anymore during the high-temperature
annealing process. These results show that, in the case of very thin gold films, the efficacy of
adhesion layers is lower than in the case of thicker gold films.

Therefore, based on the characterization results the Cr-Au platforms annealed at, 600 °C
and 650 °C were decided to use for the detection of the EVs by the direct detection method. The
calibration curves were established by preparing several concentrations of EV in its dilution media,
with initial known concentrations. For this purpose, accurately measured volumes of EV were
diluted with dilution media, and thoroughly mixed to obtain uniform solutions. Each solution was
carefully put on the surface of the platform and the experiments were carried out. It could be
concluded that based on the comparison of the sensitivity the solid-state dewetted platforms are
more sensitive than in-situ and ex-situ platforms that were studied for the detection of
EVs/exosomes derived from the MCF7 breast cancer cell line. Also, the direct detection method
seemed to be more sensitive than the immunoaftinity method that has been studied as part of this
thesis work. Thus, through this developed novel platform the sensitivity has been improved by 1.5
times and the detection time has been reduced by almost one-fourth of the time as compared to the

immunoaffinity method that has been studied in this thesis work.
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Chapter 9. Conclusions and Future Works

9.1. Conclusions

The major goal of this doctoral research work was to identify and develop many sensing
platforms for early diagnosis of breast cancer through exosomes. For the detection of EVs/
exosomes derived from the MCF-7 breast cancer cell line, the initial research was carried out on
the ex-situ synthesis of gold and the in-situ and fabrication of gold (and silver)-PDMS
nanocomposites to determine their potential utility as plasmonic platforms. The platforms
underwent fabrication, structural analysis, and performance evaluation for the detection of
EVs/exosomes. The ex-situ gold and in-situ silver-PDMS nanocomposites, respectively, were
found to be sufficiently sensitive for detection. However, the in-situ generated gold nanoparticles
were not acceptable for analytical purposes due to their uneven distribution, concentration in a
subsurface layer, and lack of direct interaction with the surrounding media.

Thus, for the detection of EVs/ exosomes with better sensitivity than the ex-situ synthesis
of gold and the in-situ synthesis of silver-PDMS nanocomposites platforms a new platform based
on the e-beam deposition, a physical vapor deposition technique that minimizes contamination was
developed. The e-beam evaporation offers several advantages, including a higher deposition rate,
the ability to handle materials at high temperatures, and the preservation of material purity. This
method produces highly homogeneous films that are suitable for multiple layers. Therefore, to
enhance the adhesion of gold, Chromium (Cr) or Indium Tin Oxide (ITO) layers were e-beam-
deposited on a borosilicate glass substrate before gold deposition. The Cr-Au and ITO-Au
platforms were then annealed at different temperatures to form nano-islands or nanoparticles.

Both the platforms were characterized using UV-Vis spectroscopy, FESEM, EDS, AFM,
and XRD to analyze their plasmonic properties, structure, morphology, and elemental composition.
Furthermore, the refractive index sensitivity of both platforms was determined based on the results
of the characterization study. The refractive index sensitivity study revealed that the Cr-Au
platform is significantly more sensitive (72.00 RIU/nm) than the ITO-Au platform (21.00
RIU/nm). Thus, only the Cr-Au platform was considered suitable for the quantitative LSPR
detection of EVs/exosomes. In addition, the other novelty in the present study is to directly
immobilize the EVs/exosomes to the formed nano-islands using the van der Waals force of
attraction (charge-based affinity) without any surface chemistry modification of the plasmonic
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platform as in our earlier studies. It is important to reduce the time taken for the detection of
EVs/exosomes and to be cost-effective. Further detection studies were carried out for various
known concentrations of the MCF7 EVs/exosomes. By comparing the detection sensitivity results
with the current method and the previously developed immunoaffinity method, it can be concluded
that solid-state dewetted platforms are more sensitive than the in-situ and ex-situ platforms that

were investigated to detect EVs/exosomes derived from the MCF7 breast cancer cell line.

9.2. Future works

The potential ways to expand and enhance this research work are:

(1) To further validate the direct detection method using the elution of the new platform to
isolate MCF7 EVs/exosomes from the substrates and then perform the characterization of
it using Nanoparticle Tracking Analysis (NTA), Tunable Resistive Pulse Sensing (TRPS)
and Transmission Electron Microscopy (TEM).

(2) Studies to explore the sensitivity of the new platform using antibodies to detect and isolate
the EVs/exosomes.

(3) To explore the integration of the developed new platform into Lab-on-a-Chip (LOC)
technology and a part of this work has been already completed. but, it is not included in
the thesis.

(4) Theoretical validation of refractive index sensitivity of the new platform and a part of this
work have been already completed but not included in the thesis.

(5) In-situ characterization of the capture performance of the LOC for various concentrations
of EVs/exosomes for different cancer cell lines and other related sample sources through
imaging (TEM and SEM).

(6) Molecular analysis of captured EVs/exosomes by Droplet Digital PCR (ddPCR) based
amplification and sequencing for the diagnostic purpose as a point of care device.

(7) In the future, it would be interesting to investigate other adhesion layers as well such as Ti,
Ni, Pt, or Ge, and their diffusion patterns at high temperatures.

(8) Also, it would be interesting to investigate gold films slightly thicker that may be more

stable, regarding the phenomenon of interdiffusion.
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Appendix A. SEM images of the Cr-Au platform annealed at 600°C
and 650°C for 1hr

&

SU8230 1.0kV 2.1mm x200k LA20(UL)

Figure A-1: SEM image for the platform with the Cr adhesion layer and gold layer annealed at 600°C for
1hr.

Figure A-2: SEM image for the platform with the Cr adhesion layer and gold layer annealed at 650°C for
1hr.
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Appendix B. SEM of the Cr-Au platform annealed at 250°C for 1hr
and SEM and AFM image of the ITO-Au platform annealed at
250°C for 1hr

30 1.0kV 2.6mm x 100k LA20{UL)

Figure B-1: SEM for the platform with the Cr adhesion layer and gold layer annealed at 250°C for 1hr.
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Figure B-2: SEM for the platform with the ITO adhesion layer and gold layer annealed at 250°C for 1hr.
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Figure B-3: AFM image for the platform with the ITO adhesion layer and gold layer annealed at 250°C for
1hr.
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Appendix C. The step-by-step procedure to perform the particle size

distribution analysis using the ImageJ software

The step-by-step procedure to perform the particle size distribution for an SEM image is
described. For discussion and explanation purposes the SEM image of the Cr-Au platform that was

annealed at 550°C for 1hr considered.

Step 1: To open the ImagelJ software as shown in Figure C-1.

= — =3
. ImageJ il X |
Menu Bar —= File Edit Image Process Analyze Plugins Window Heip

Tool Bar — |0 Qlz|o|<l4 4|\ |AlQ|@Lloxiswjunl §l g7 |=
Status Bar — ImageJ 1,38e [ Java 1.5.0_09

Figure C-1: ImageJ software menu, tool, and status bar.

Step 2: To open the obtained SEM image as shown in Figure C-2.

Figure C-2: SEM for the platform with the Cr adhesion layer and gold layer annealed at 550°C for 1hr.
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Step 3: After opening the SEM image in the ImagelJ software, remove the existing scale using the
analyze menu and then set scale under this menu, and then click on remove scale as shown in
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Figure C-3 (a). Once this step is completed the opened image will get converted to the number of
pixels as shown in Figure C-3 (b).
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Figure C-3: Image scale removal and pixel conversion. (a) Removing the existing scale of the image. (b) Image
converted to the number of pixels.

Step 4: The next step is to calibrate the image using the existing scale in the image that is being
studied Therefore, using the line tool a line will be drawn as shown in Figure C-4 (a), and then

set scale was set to the known dimension of the image as shown in the Figure C-4 (b) and

calibrate it.
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Figure C-4: Calibration of the image. (a) Drawing a line to the known dimension of the image. (b) Setting up
the scale to the known dimension with the corresponding unit.

Step 5: Once the calibration step is completed the image will get converted into the unit that was

set in the calibration step as shown in the figure.

'I-ie Edit Image Process  Analyze
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Figure C-5: Calibrated image as per the set scale.

Step 6: For particle size analysis an evenly illuminated area of the image is important therefore it
is suggested to select the area as shownFigure C-6 (a) that has better illumination and duplicated

as shown in Figure C-6 (b).
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Figure C-6: Selecting the area of the image for particle analysis. (a) Selection of the area. (b) Duplication of

selected area.

Step 7: To flatten the image by applying a bandpass filter using the process menu as shown in

Figure C-7.
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Figure C-7: Applying bandpass filter to flatten the image.

Step 8: Set up the threshold for the image as shown in Figure C-8 (a) and once it is completed the

image will be as shown in Figure C-8 (b).
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Figure C-8: Adjusting the image. (a) Setting up the threshold. (b) The image after the threshold is set up.

Step 9: To analyze the number of particles for the image as shown in Figure C-9 after setting up

the minimum size of the particles.
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Figure C-9: Analyzing the number of particles for the image.

Step 10: The number of particles present in the image will appear as shown in Figure C-10.
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Figure C-10:Number of particles present in the image.
Step 11: The data for all the particles present in the image as shown in Figure C-10 will be available

as shown in Figure C-11 after this the data can be saved as a text or Excel file.
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Figure C-11: Particle data file.

Step 12: The data will contain the area for each of the particles present in the image from which
the diameter can be calculated and then using software like Origin or Excel the size distribution of

the particles can be obtained as shown in Figure C-12
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Figure C-12: Particle size distribution for the analyzed image.
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