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Chapter 1. Introduction

1.1.Background

The basic building blocks of any livingntity are the cells. The human body contains
trillions of cellsas shown irFigure 1-1 andeachof themshedssmaller 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 prokaryotit [dels

nuclear envelope
nuclear pore

microtubules = chromatin
nucleus
nucleolus

Golgi complex

. lysosome
vesicle

cytosol

endoplasmic
reticulum

endoplasmic
reticulum  ribosomes

Figure 1-1: Structure of cell [3].

EVs areof different sizes, mostlgpherical particlesand are enclosed by a phospholipid
bilayer. The typical diameter of these vesicles ranges from 3000 Am[4i 8], which is about
100-fold smaller tharthe smallest cell. The cells release these vesicles in their outer environment
andwhich is whybody fluidslike blood, urine, saliva, least milk,amniotic fluid seminal fluid
containthem. The vesicles amdso released into cultureedia(called conditionedmedia) when
cells are grown irthe laboratory Thus both, body fluids and conditioned culture mddii)

contain numerous cetlerived vesicles witlraryingconcentratioa [91 12].

1 Cells with a true nucleus, or a nucleus enclosed in a membrane, arescédiggotic cells This is in contrast to

prokaryotic cells that do not have a membrabheund nucleus.



Increasingly EVs are linked to multiple fundamental physiological and cellular functions
and are found to play a major role in intercellular communications, coagulatidisease
initiation/progressiopand waste managemefrt recent years, a growing interest and attention in
the clinical apgtations of EVshave beemoticed because of their presence inltbdy fluids
The bloodbrain barrieis ahighly selective permeability barrignat maintainsthe separation of
the circulating blood from the bra@xtracellular fluid Thus,EVs are potentially useful falisease
prognosis, and biomarketentification including cancers tiiecentral nervous syster®wing to
their small size and heterogeneity there is a challenge in their detection and class}fiGatidh

EVs werefirst discovered in 1946 by Chargaff and WES]. Two decades later in 1967,
Wol f et al . studied them by SEM athrdmbocgeas)e d t h e
arecells inthebloodthatpossessoagulant propertieIhe sizeof thisi p | at el betweethu st 0 i
20 and 50 nm and the densitgsfound to be 1.020 to 1.025 g/fdl6].

Henceforth, esearch on the diversified role of EVs in bioldggs gainedmomentum
duringthelast few yearslue totheir usefulness agluablesource material fdiquid biopsy[17].
Interestingly, the Nobel Prizawardedfor Physiology Medicine in 2013 jointly to James E.
Rothman, Randy W. Schekmaand Thomas C. Sudhdbr their discoveries of machinery
regulating vesicle traffic, a major transport system in our dedis further attracted many

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

Breast cancds a cancer that develops from breast ssnd it is one of the leading causes
of death in Canadi.8]. MCF-72 is a breast cancer cell line isolated in 1970 from -ge&gold
white woman.The lreast cancer cell line (MCF7) was purchased from the American Tissue and
Culture Collection (ATCC) and adapted for continuous @1 conditioned cell culture media
harvest inthe two-compartmentbioreactor at the Atlantic Cancer Research Institutehe
EVs/exosomes were derived fraitme cellculture media after a series of centrifuge and ultra
centrifuge stepdn the next section potentigdchniqueghat could be adopted for the detection
and isolation of techniques.

2MCF-7is the acronym of Michigan Cancer Foundatineferring to the institute in Detroit where the cell line was
established in 1973
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1.3.Localized surface plasmon resonanc@SPR) technique fordetectionand

isolation of EVs/exosomes

In the past, fothe detection obovine growth hormone (bGH), also known as bovine
somatotropin (bST a polypeptide molecule having a cbir®1 amino acidgl9]) thelabelfree
LSPR technique has been usaad prove to be effectivelt is also noticeable from the sensitivity
plot as showrin Figurel1-2 thatthe LSPR techniquis best suited, as the detection limit is in the
range of 15 ng/ml among the various LOC methd@6]. As the EVs/exosomes are complex
vesicular cargo of proteiriteereforefor their detection and isolatidhe LSPR technique could be

used.
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Figure 1-2: Sensitivity of various LOC detection methods of bovine growth hormong0].

1.4.Motivation

This research is focused dhe development and improvement unique plasmonic
platforms for biomolecular detection of sulicron sized particulate entities to demonstthee
validity of these new nanoplatforms to analyze nanoparticlewviikees EVs/exosomes, cancer

derived exosomestc.



EVs hold immense potential as they can be used as promising biomarleadyaancer
detection prognosisand therapykor these reasondeveloping a detection method that could be
used in clinical practice is importarior several years, our group has been developing detection
methods by utilizind SPRmethodsDifferent plasmonic platforms have been investigated, tested,
and evaluated in terms of accuracy and refractive index sensitivity. Despite some important
improvements, the platforms are stitht sensitive enough, and the established sensing protocols
are longer and more expensive because of the special reagents used for differdiftistepsed
the basic motivation for developing a new categofyplasmonic platforms, namely those
fabricated by a physical deposition method, having a more uniform morphology, compared to films

prepared by chemical methods.
1.5.Thesis Objectiveand Scope

The overall objective of this thesis is to devahgmoplasmonic platforms for the detection
and isolation of EVs/exosomes derived from the MCF7 breast cancer celllheespedfic

objectives of this research are:

1) Evaluating the performancef the exsitu synthesizedgold (Au) platform for the
detection of EVs/exosomes usitigg LSPR technique
2) Evaluating the performance ii-situ synthesizedailver (Ag)- Polydimethylsiloxane
(PDMS) nanocompositglatform for the detectionf EVsexosomesisingthe LSPR
technique
3) Evaluating the performance of-situ synthesized gold (AW Polydimethylsiloxane
(PDMS) nanocomposite platform for the detection of EVs/exosomes tisaigSPR
technique
4) Fabrication, characterization, and testing of novel plasmonic platfrmdstectEVs
usingthe LSPR technique.
a) Fabrication ofvarious pasmonic platforms,and their comparison This
objective involves the-beam deposition of gold amtiromium 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 nsteind film by dewetting the gold
films.

c) The next objective consists of the characterization of the-iséanad films
through aplethora 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 EBx®somes

e) Comparison of the detection sensitivity of EVs/exosomes thilpreviously

developed method.
1.6. ThesisContribution

The main contributionand novelties of this researatork are

1) Evaluating the performance of tleesitu synthesized gold (Au)n-situ synthesized
silver (Ag), and gold (Au) Polydimethylsiloxane (PDMS)anocomposite platforms
for the detections of EVs/exosomes using LSPR techniquewtasiused for the
detection of growth hormones in the past by our research group.

2) Fabrication, characterization, and testing of novel plasmonic platfiormstectEVs
usingthe LSPR technique.

3) Improvement in sensitivity of detection of EVs/exosomes as compared &ox-fitel
andin-situ platforms

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

This thesis is prepared in manusciph s ed styl e according to t
Thesis Preparation, Examination Procedures and Regulations of School of Graduate Studies,
Concordia University, September 1, 2023 for Manusdript s e d T h e sesnséchaptérs i n c |

andthreeappendixes

Chapter 2: Microfluidic Platforms for the Isolation and Detection of Exosomes: A Brief
Review: This chapter iseproducedrom the review paper, publishedMicromachinesjournal
(MDPI).



The first part of the paper discusses the ndiaracteristics of different cellerived
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 yiedl, sensitivity, and time of analysis is discussed. It is concluded that microfluidic
isolation and detection methods represent clear progress compared to conventional strategies.
Nevertheless, firsgjeneration devices are not yet ready to be translatedlinical 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 SensingThis chapter iseproducedrom

the review paper published in the jouriMalecules.

Nancislands 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 paposition heating or by using oth&wurces of energy. In
addition to thermally generated naistands, more recently, nanopatrticle films have also been
dewettedto form nanaislands. The localized surface plasmon resonance (LSPR) band of gold
nanaislands was found to be sensitive to cles@ the surrounding environment, making it a
suitable platform for sensing and biosensing applications. In this chapter, we revisit the
development of the concept of naistand(s), the thermodynamics of dewetting of thin metal
films, and the effect ohie substrate on the morphology and optical properties ofiskarals. 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:Thischapter is reproduced from the article publisheB@S Trans.

This chapter is aimed at the lensing of exosomes by gold nastand structures formed
by annealing of gold multilayers, deposited by the convectiveassémbly method. The sensing
platforms developed by this method are tested for the detectionoe&kdsomes based on their
interaction withbiotin-PEGVn96. 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 Bxk-
Situ and In-Situ Nanostructures: This chapter is reproduced from the article publisimed.

Electrochem. Soc.

Looking for the most sensitive platform for the detection of EVs, other methods, icalled
situ, structures were fabricated and investigated as well. In this category, gold and silver
nanocomposites AGDMS and AuPDMS have been prepared inysitu methods and tested for
the LSPR detection &Vs/exosomes.

In this chapter, A°’DMS has been prepared and studied as a plasmonic platform and the
results were compared to the naslandbased platform. It is found that the refractive index
sensitivity of theexsitu synthesized Au nano platform is considerably higher than that afi-the
situ synthesized Ag¢’DMS nanocomposite and consequently, this platform is much more

performant for sensing exosomes.

Chapter 6: Effect of CrossLinking and Thermal Budget on Plasmonic Sensing and Sub
Surface Segregation ofn -situ Synthesized Gold inPDMS: Thischapter igeproducedrom the
articlepublished in thdournal of Nanoparticle Research

This chapter focuses on the gidMS nanocomposites that were prepared byrisgu
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 crogisking agent toward the siace is also discussed in detail. The
effect of subsurface segregation of AUNPs and their subsequent spatial distribution on the sensing

capability of the nanocomposiéee presented.

Chapter 7: LSPR Detection ofExtracellular VesiclesUsing aSilver-PDMS Nano-composite
Platform Suitable for Sensor Networks: This chapter is reproduced from the article published
in theJournal Enterprise InformatioSystem

Thiswork is an attempt to bring a plasmonic biosensing method to a superior level, in line
with Industry 4.06s requirements. A new met h
devel oped, yrst i n a discontinuowsmemhthatiser an
directly amenable to be integrated into a network of sensors. The preliminary results showed that



a labelfree technique, based on the sensitivity of theLSPR band to the surrounding

environment, is promising for the detection of exosomes.

Chapter 8: Development of Gold Naneisland Platforms Prepared Through Dewetting of e
beamDepositedFilms for the Detection ofExtracellular Vesicles (EV¥ 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-beam deposition. To improve the adhesion of gold, a thin chromium
layer or an ITO layer is deposited as well. The morphology ofpladforms annealed at
temperatures betwe&b0 °Cand 650 °C for different durations was investigated by SEM and
AFM and the size distribution of Au naiislands (in the case of Cr adhesion layer) and
nanoparticles (in the case of ITO) have been studmegoitantly, the refractive index sensitivity
of the two platforms has been determineaither the EVs/exosomedetection experiments have
been performed and the direct detection method was evakradetbmpared witthe previously

developed immuno affinity method
Chapter 9: Conclusionand Future Work

This chapter focuses atoncludingthe performancef the developed naptasmonic
platformsas part of the thesiwork and providespotential ways to expand and enhance this

research work

To comply with Concordia’'s thesrgegulations, 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 inMicromachines13, 730, 2022.
2.1.Outline

Extracellular Vesicles (EVs) are a group of communication orgadedieslosed 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 biankers. Exosomes (30 t®@A nm) are a subset of
EVs, and their importance in futumneedicine is beyond any doubt. However, the lack of efficient
isolation and detection techniques hinders their practical applications as biomarkers. Versatile and
cuttingedge platforms are required to detect and isolate exosomes selectively for funibat cli
analysis. This chapter focuses on the literature review on the biogenesis of extracellular vesicles
(EVs)/Exosomes and ladnchip devices for capturing, detectincgand isolating the
EVs/Exosomes. The first part of the chapter discusses the maacthatics of different cell
derived vesiclestheir 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, sensitiyignd 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 medigb,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 ENENA®, mMRNA®, microRNA’,

3 Organellesaremembrandined structures that compartmentalize subcellbiachemicafunctions.
4 Deoxyribonucleic acid (abbreviated DNA)is the molecule that carries genetic information for the development
and functioning of an organism
5 Ribosomal ribonucleic acid (rRNA) is a type of norcoding RNAthatis the primary component of ribosomes,
essential to all cells
6 Messenger RNA(abbreviated mRNA) is a type okinglestranded RNA involved in protein synthesis.
”MicroRNA (miRNA) are small, singlstranded, nooding RNA molecules containing molecules involved in the
regulation of gene expression.
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proteins, nucleic acids, heat shock proteins (HSP70H8#00), 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 cellrpcesses 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, @eigctharacterize 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 inFigure 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, resultireg in
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 othe&mes of cell-derived vesicles are

microvesicles and apoptotic vesicles, as showrigare2-2.

Extracellular
space

Figure 2-1: Extracellular Vesicles Biogenesis
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Many excellent review papers on microfluidic detection have been published in the last decade
[31i 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 propertie®f different exosomes suggest that they may be helpful as vaccines for
infectious diseasd85]. Thus, exosomes may be potential souod@sticancer vaccines and may
eliminate infection$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 delivans,syste

researchers are trying to find applications in treating autoimmune/inflammatory dig33ses

3 -100nm_ 100 am - 1pm I nm - 5 pm §-12 pm

i protein
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EVsfexosomes Microvesicles Apoptotic body Cell

Figure 2-2: Comparison of the size of various types of extracellular vesicles with that of a céWodified 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 vesicesenclosed by a phospholipid bilayserd

are present in all biological fluid§t,5,8,3841]. 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. Exosomgsrculating tumor cells (CTC), and circulatingnorDNA (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 andehegeneou$4?]. At the same time, the ctDNA is not
stable in the blood or the other body fluids and may be highly fragmgteth] 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 termdatfilgy, quantity, and accessibility.
Moreover, theexosomesoncentration increases tremendously (by many folds) between cancerous
and norcancerous cells as the tumor progresses when compared to the other biomarkers such as
tumour antigen, CTC, and ctDNAor example, in the case afglioblastoma (GBM) patient's
plasma study, the concentration of exosomes is approximately 50 times higher than that of a
healthy patienf45].

Further, fromFigure2-3, it is noticeable that the expresslemel of exosomes is relatively
higher than that of CTCs andmor antigens in stage |, which is the early stage of cajicgr
Exosomes are highly stable and capable of protecting nucleic acids and proteins closely related to
cancer development. Many studies have shown that canceleceid exosomes contain specific
nucleic acids and proteins that reflect the origin of canetls and the type of cancpt6,47]
Therefore, exosomes can be potentially utilized for therapy, prognosis, and promising biomarkers
for early cancer diagnosis.

Y Exoso mies/E Vs
i |
i I

i | | °|ﬁ Tumaor anrlgmé

Circulating level in blood

@ crc

Stage 0 Stage | Stage 11 Stage 111 Stage 1%

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 advancemenerbsoms 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. Lowspeed cenifiugation is enough for removing cells and large vesicles, but for pelleting
exosomes, higispeed ultracentrifugation is require@l8]. Repeated ultracentrifugation steps can
damage the exosomes and thus reduce their yield, potentially impacting their content's proteomics
and RNA analysif49]. 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 handl

protocols[50] as shown irFigure2-4.

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 forexosoms analysis from blood samples (Modified with
permission from van der Meel et al[50], 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 exosomgsbena clinically relevant
biomarker source, there is a great demand for their efficient and straightforward detection from
bio-fluids. Most affinitybased methods rely on antibodies directed against exosome surface
markers. Therefore, choosing the besitprol and customizing it based on the study seems

necessary

2.4.1.Exosomes | solation M ethodsBased onT heir Physical Properties

The traditional methods are presenteBligure2-5 for exosomephysicalcharacterization
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). Nacleiguantification

and analysis adxosomeproteins can be done by methods such as bicinchoninic acid (BCA) assay,
western blotting (WB), and enzyrsieked immunosorbent assay (ELISA), liquid
chromatographyandem mass spectrometry AMIS/MS), nucleic acid extraction, polymerase
chain reaction (PR).

Typically, the isolation methods can be classified into four types: devesstyd, size
based, surface compondrdsed, and precipitation methpds shownn Figure2-6 (a) Density
based methods such as differential ultracentrifugation and density gradient centrifugation were
developed during eaHstage research of exosomes. In differential ultracentrifugation, large cell
debris and cells were initially removed at a low speedaifrad 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 centrifugaltube 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 dlnaition
ultracentrifugation in the clinical setup for isolating exosomes. In addition, these techniques
include multiple steps and take around 5 to 6 hfalkr$H2]

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 highthroughput and straightforward method in which the eroes 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 packdgnto a column as a stationary phase, as shown
Figure2-6 (b). Whena sample passes, the components smaller than the pore diameter can enter
the porous material and taliongertimeto 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 exosorfi&d 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
polymerbased precipitation methods as ExoQuick, Total exosaswation, and Exospin
because of their simple protocols and fast isolg&6h In this method, polymers are dissolved in
the sample to reduce the solubility, because of which;sio@ed centrifugation can precipitate
Exosomes for isolation. Polyethylene glycol (PEG) is used as a precipitation agent to isolate
exosome$52,57] Though this method is simple, fast, and high yield, exosomes lack purity as the
protein aggregates and other contaminants may beremipitated. Besides, it may change
exosomestructure and surface characterisfg®]. 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 affibged isolationThese methods are based

18



on binding antibodies or aptametsy a lipid probe, as shown Figure 2-7. An antibody with
affinity to exosomeproteins 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
contaminant$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 sgsolate 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 prot@ine.usage of aptamers for

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

9 Aptamers are oligomers of artificial sSDNA, RNA, XNA, qreptideghat 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 dbtasityl
isolation methods, an alternative approach to isolate the exosomes id thdrmwith 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 escapingshednveyed by the surface marker.

S .. = T( *® :\\xﬂf
J
1

) . P e
/J;/ 2 4’ a
- <f Aptamer 7 ;
&y pj
?\““ma rdprnbe

Figure 2-7: Immunoaffinity -based isolation of exosomes (Reproduced with permission from Wang W et al.
[52], Copyright 2018 John Wiley & Sons Inc.).

2.4.2.Lab-on-a-Chip (LOC)/Microfluidics for Isolation andDetection ofExosomes

Foran 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
enzymelinked immunosorbent assay (ELISA) depend heavily on expensive ahisiscated
equipment. Lalon-a-chip (LOC) technology emerged during the last two decades and has drawn
significant interest in biomedical applications. A microfluidic device tatbeon-a-chip (LOC)
may integrate conventional isolation methods by applfingd dynamics principles. The
advantages of LOC include high throughput, low sample and reagent consumption, short assay
time, and multiplexed detectigG3i 65].
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Further, the large surfa@@eato-volume ratios accelerate heat and mass transport within
the micreachannels and help rapid and controllable mixing, cooling, and manipulating variables
such as temperature, concentration gradient, and pressure. Thesaraaii$o crucial for various
applications. LOC technology has shown the potential to improve biomarker detection by offering
sensitive and wideanging 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 thgB@&@&4). 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 usenmunoaffinity interactions between antigens,
exosomes membrane proteins, and monoclonal antibodies. Exosomes specific proteins displayed
on exosome membranes are principally tetraspanins proteins, for example, CD9, CD81, CD82,
CD87,and CD63, heatshock 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 ipurighexosomes. In
this case, the magnetic beads are coated with antibodies specific to the surface proteins of

exosomes

2.4.2.1. Immunoaffinity Methods toCapture and DetectExosomes

This approach has been frequently utilized to capture exosomesoarasuggested
devices are briefly described below.

Chen et al[45] designed an easy and rapid microfluidic immunoaffibiagged method to
isolate microvesicles from small volumes of serum blood samples and conditioned medium from
cells in culture. As shown iRigure2-8, they developed two different microfluidic device designs
with a straight flow channel for processing
herringbone groves on their ceiling. Their design achieved @442 yield of exosomes with high
specificty 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 coverageiwé 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.

( ) ﬂ'pur:tiun of the
microfluldic device

culture supernatantMuid
injected at 16 pl/min x 25 min

(a

-
rinse with PBS
at 30 plmin x 5.6 min

BX0sS0mes

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 §5],
Lab Chip. 2010).

A couple of years later, Wang et 5], designed and fabricated a microfluidic device
based on porous silicon nanowires on a micropillar structure as shégure2-9. With the help
of a prototype design, they could trap exoséike 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 nanioes 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 forestb)
micropillars . (c) representative ciliated micropillars (Reproduced from Wang Z et al.[85], Lab Chip, 2013).
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Jorgensen et dl86,87]using a norcontact printer printed 24 microarray spots, as shown
in Figure2-10. The micro spots were printed with a cocktail of antibodies against the tetraspanins
CD9, 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 pagtitles/
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Figure 2-10: Extracellular vesicle detection using a customized proteimicroarray "EV Array ." (a) A
microarray printed with spots of 21 different antibodies (b) Workflow for capturing exosomeswith
biotinylated antibodies followed by fluorescencdabelled 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 shoviigure 2-11 With their techniques, the
isolation of a selective subpopulation of biomarkers from plasma samplesl(8@s possible in
1.5 hours, with markedly improved detection sensitivity and a yield -&742 %. However, the
method is specific only to CA125, EpCAM, and CD24 proteins. Due to the simplicity of their
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design, scaling up for the highroughput screening of cancer and fwamcerous diseases is

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 multistage exosome capture and analysis. (b) Schematic
of the chip with the workflow. 1i 4 indicates the inletfor exosome capture beads, washing/lysis buffer, protein

capture beads, and ELISA reagents. (Reproduced from He M. et gB8], Lab Chip, 2014).

Kanwar et al[89] designed and fabricated a simple, {owst microfluidicbased device to
isolate cirEVs enriched in exosomes directly from blood serum to simultaneously capture and
guantify the exosomes within a single device. The schematic and the fluorescence detection
scheme of the device are shownHFigure 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 labélse exosomes. The exosomes were quantified using a standard
plate readerThe authors achieved a yield of-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. ®tal. [89], Lab Chip, 2014).

Using a different approach, Lee et [@0] incorporated an acoustic nano filter system in
their design that separates EVs continuously, as shoWwigime2-13. 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% sepaoatiyield 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 forcprame im
the sample throughput. Additionally, to realize a portablelabhip 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 Ket 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 exosomamormarkers (CA125, EpCAM, CD24), as shown Figure2-14. With their
design, the authors were able to detect the exosomes with a limit of 750 particlesich is

1000 times more sensitive than conventional methods such as Western blotting.
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Figure 2-14: The setup and workflow of the ExoSearch chip for continuous mixing, isolatigrand in situ,
multiplexed detection of circulating exosomes. (Reproduced from Zhao Z et 481], Lab Chip, 2016).

A microfluidic device (nhandMEX) with a single channel, as shown kigure 2-15, was
developed by Zhang et §92]. The nand MEX chip contains ¥shaped microposts functionalized
with graphene oxide (GO), and the induced nanostructured polydopamine (PDA) film by the

microfluidic layerby-layer deposition, thus permitting simple covalent protein conjugation
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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 ondhigerdiace, they could
achieve a detection limitef 5 0 e x o ssubstangidllyebktter than the existing methods.
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Figure 2-15: Nano-interfaced microfluidic exosome platform (nancIMEX). (a) Schematic of a singlechannel
PDMS/glass device, with the explodediew highlighting the coated PDMS chip containing an array of ¥
shaped microposts. (b) Schematic showing the surface of tleannel and microposts coated with graphene
oxide (GO) and polydopamine (PDA). (c) 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 devélppadg et al[93]
as shown irFigure2-16. For capturing the exosomes, CD63 antibodies conjugated with magnetic
nanoparticles (MagcD63) 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, intagdf gieliplicity 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. (c) Workflow for the
immunomagnetic capture and detection of exosomes. (Reproducdm Fang S et al.[93], PLoS ONE, 2017).

More recently, our grouf®4] has developed a magnetic partibkesed liquid biopsy chip
to isolate EVs by using a synthetic peptide, Vn96, which specifically binds to heat shock proteins
(HSP). In this design, a 3lixeris integrated within the chip, as shownRigure2-17, improves
capture efficiency and a sedimentation unit that allows the&)ured magnetic particles to settle
based orgravity. Thesignificant advantages of the labdete 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 maximumnisola
efficiency obtained was about 90% with 8®.9 um streptavidircoated magnetic particles when
0.2 ml CCM was used.
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Figure 2-17: Isolation of EVs from the MCF7 CCM A) Schematic of the EVisolation 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 NanoplasmonicDetection ofExosomes

Im et al.[95] developed for the first time a nanoplasmonic exosome (NPLEX) assay based
on the surface plasmon resonance principke shown inFigure2-18, periodic nanohole arrays
are the exosomes detection sites. They detected the exosomes derived from ovariaelksncer
expressingD24 and EpCAM. Therefore, the nanohole arrays were functionalized with antibodies
against CD63. The detection sensitivity of the nPLEX assay was determined to be 1000
particlesfiL, 104 times higher than the Western blotting and®1iines higher than the ELISA
method.

A multiplexed microfluidic device based on tunable alternating current
electrohydrodynami¢acEHD, nano shearingwas developed by Vaidyanathan et [86], as
shown inFigure2-19. Using their device, they detected exosomes derived from cells expressing
the human epidermal growth factor receptor 2 (HERZ2), prespaeific antigen (PSA), and CDS9.
Through their method, the detection sensitivity of 2760 exosqm&gis achieved, which means

a 3fold enhancement, compared to the hydrodynamic-laged assays (8300 exosomey/
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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. (c) Schematic to
represent the changes in transmission spectra to show tkgosome 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 redime, labelfree method to detect and charactetiz@or-
derived exosomes in CCS without enrichment or purification, as shokigune2-20. 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 ¥pOar t i cl es/ gL

Our group Bathini et al[98,99] developed a simple microfluidic device to detect MCF
exosomes using an immuaéfinity approach, Vn96 polypeptideand LSPR detection. The
schematic of the device and the sensing protocostawen inFigure2-21. The resultdndicate
that the labefree technique, based on the sensitivity of theL&IPR band to the surrounding
environment, is a promising approach. The Au rigtand platform can capture a high number of
extracellular vesicles present in the MCF7, providirdgtection range covering early stages to
advanced stages of cancer. However, the authors did not mention the sensithatgietéction
of their method.
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Figure 2-19: Tunable alternating current electro hydrodynamic nano shearingdevice for the detection of
exosomes. (a) Schematic representation of-&tHD induced device (appear as white spherical particles). (b)
Schematic representation of the functionalizatiorprotocol. (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 tumederived 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 MCF7 exosomes. (a) Schematic of the
microfluidic device with nano-island structures. (b) The biosensing protocol used to detect MGF exosomes
(Reproduced from Bathini S et al. [86], The European Extracellular Vesicles, 2020).
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Raghu et al.[100] developed a nanosensing array, combining the nano and
microfabrication techniques for single exosome detection. As showigime 2-22, plasmonic
nanopillars were fabricated to accommodate at most one exosome. Therefore, to target the
tetraspanins CD63 membrabheund proteins in exosomes secreted by MCF7 breast
adenocarcinoma cells, the plasmonic nanopillars were functionalized wHGR68 antibodies.

Using this approach, the authors could achieve three orders of magnitude sensitivity improvement
over previously reported redime, multiplexed platforms.

A plasmonic platform based on gold naglbpsoids with an integrated microfluidic device
was developed by Xiaoging Lv et §01]. The naneellipsoids were fabricated using an anodic
aluminum template asshadow masKThen, the nanellipsoids' surface was functionalized with
the antiCD63, specific to exosome transmembrane prot&igsire2-23 shows the schematics of
the sensing protocol. The authors claim that the uniform adsorption of exosomes on the

functionalized nanellipsoids 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 sixteenhaerayd aach consistirg wf.400 (plasjinonic naagpikbars o f

in a 20 I 20 square lattice and 500 nm pitch, scale b
nanopillar array, smagnlfieatiomfalgecolodred SEV imagesshowild adgthiled 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 ef14l0],
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 microflebdi®sl techniques are
summarized and tabulatedTable2.1 andTable2.2. Thetables show that the microfluidic/LOC
technology developments have enhanced exosome capture and detection in terms of their

efficiency, compared to previous complicated and {omesuming methods
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Figure 2-23: Schematic of the LSPRbased biosensor for the detection of the exosomes. (a) Fabricated gold
nano-ellipsoid arrays on the quartz substrate. (b) Functionalization of the goldnane | | i psoi ds with th
bond. (c) Functionalization of anttCD63 antibody (d) Exosomes injected into the microchannel and captured

on the sensor substrate. (e) 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 anddetect exosomes

Techniques/Approaches| Markers Sample Detection | Yield Throughput | Advantages Disadvantages Year of
used for used and | Sensitivity of Isolation Publication
Detection | its volume | (LOD) [UL/min]
Anti-CD63 CD63 Serum of NA 42794% | 13.1 High specificity, | Specific only for 2010
functionalized surface 1007 400 Isolation CD63
with herringbone groves ML time(~1h)
[45]
An array of porous silicoll Liposomes | Liposomes | NA 4571 60% | 10 Trapping is| Recovery time (~1 2013
nanowireon-micropillar | (83, 120| of 30 uL relatively fast| day), Not validated
[85] nm) (~10min),  High| with clinical samples
purity recovery off and no analysis @
liposomes cargo protein
Microarray spotgnon CD9, Plasma of 2.5 x 10| NA NA Multiplexed - 24 | Isolation time (~ 3 2013
contact printing)} EV CD63, 1-10pL exosomes analytes per array days), The study
array[86] CD81 per highly  sensitive carried out only or
sensing and high | healthy donors
spot throughput
Microarray spotgcontact| 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 or
due to the contaq healthy donors
printing
Online mixing in aEp CAM,Plasma of 0.28-0.38| 42 2 High specificity,| Specific for CA 125, 2014
serpentine channel wit IGF-1R, 30uL pg/mi 97.3% Isolation time| EpCAM, and CD24
immunomagnetic beaq CA125, (~1.5h)
[88] CD9,
CD81, and
CD63
An array of surfacel CD63 and 4 00 0.5 pM 15 118|4 Easy scalaip, On | Low capture capacity 2014
functionalized circulal extract total serum € g chip quantification| No Multiplexity
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microchambers ExoChi| RNA total
[89] proteins
Acoustic nanofilter chig Exosome |1 0 €dll | NA 80-90% | ~0.24 90%  separation Specific only for thg 2015
[90] markers: culture yield, In-situ | Microvesicles

CD63, media & control of size

Flotillin-1, | Packed

HSP9O, RBC

HSP70,

Microvesicl

es marker]

b dintegrin
Multiplexed continuoug CA  125,| Plasma of 750 90% 0.8 Isolation time ~| Specific for CA 125, 2016
mixing in a serpenting EpCAM, 10 uL- | exosomes/ 40 min EpCAM, and CD24
channel withl and CD24 | 10mL eL
immunomagnetic beac
(ExoSearch)91]
NancIMEX microfluidic | CD9, Plasma of 2 ~50exo0s0 | NA 0.05 Enhanced NA 2016
chip with  Y-shaped CDG63, pL mes/ ¢ efficiency,
microposts coated witf CD81, Scalability
(GO/PDA)[92] EpCAM
Microfluidic device| EpCAM, ~1000 pL | NA NA 2 Higher purity and NA 2017
integrated with HER2 Cell culture Intact yield
immunomagnetic captur medium and
[93] Patient

plasma

Microfluidic chip | HSP 0.2 ml of NA 90% NA High yield, Fastel Specific only for HSH 2021
integrated with g MCF 7 isolation time,
3D mixerand CCM EVs Isolation time ~
streptavidin coatel 20 min
magnetic particlef94]
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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] CAl199, D2
40, EpCAM,
EGFR, HER2,
CLDN3, and
MUC18
Microfluidic device with | HER2, CD9, | Serum of 500| ~2760 NA 4.2 Multiplexed sensing, | NA 2014
AC-EHD-induced[96] PSA pL exosomes/ 3-fold enrichment in
e L detectionsensitivity
compared to a norma
hydrodynamic flow
Printed antibody CD9, CD41, | Cellculture |~4.87 x NA NA Realtime, labelfree, | No multiplexity | 2014
microarray on an Au CD63, CD82, | supernatant | 10’ and quantitative
coated surface (SPRi) | EpCAM, and | (CCS) method
. exosomes/
[97] E-cadherin exosomes
cne
Au nanaisland HSP 100pL of NA NA NA Labekree technique | Specific for HSP 2018
microfluidic device using MCF7 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

reaktime

Nanacellipsoid arrays CD63 Lyophilized | 1 ng/mL NA NA Low-cost, time NA 2019
integrated with a exosomes saving, and applicablé

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 summdrat®d in
2.1 andTable2.2 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 sucicragosts, micro
nanopillars, nanellipsoids, 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, regardings@res 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, fiysheration devices like those described in ¢hispter
are not yet ready to be translated into clinical analysis. The main réasthns is the lack of
standardization and validation of the microfluidic methods #n&drelatively low processing
capacity. Additionally, because of the complexity otladl biological samples, the overlap of size
between exosomes and other EVs, Hraheterogeneity of exosomes, the purity of the isolated
exosomes is lower. For this reasamd other considerations, conventional methods like
ultracentrifugation still account f&@6% of all exosome isolation techniques employed in exosome
research. However, despitee large sample capacity and high yield, the equipment is expensive,
the runtime 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 ofurdicrofl
separation is theossibility of integration on the chip of downstream analysis to detect all the
components oéxosomes directly. Microfluidic immunoaffinity methods have resulted in highly
purified exosomes but work only with cellee samples, and therefore the cost might be high,
primarily because of the cost of antibodies. Microfluidic devices are highly portableaaiiy
integrated with micromixers and other parts. The success of the isolation depehdsquality
of preeenrichedexosomes.

We believe, as stated above, that the conventional methods will not be replaced by
microfluidic devices or maybe only for specific applications pként-of-care whergortability is
necessary. It has to be stressed thablab-chip devices will evolve, andew functionalities will
improve the quality and yield of microfluidic isolation. Magnetemunocapture is an especially
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valuablemethod. Thus, some of them have already lmsnmercialized as exosome isolation
kits. Most important for the future of microfluidiesearch 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 chaptey EVs/ exosomes and their importance as potential biomarkers for cancer
diagnosis have been briefly discusseds/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, theyare evolving and enriched by discoveries in nanoscience, microfluidics,
plasmonics, etc. Significantly, the new microfluidechniques 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 miostructures. The crucial importanceEfs/exosomes in cancer research
is a powerful impetus for fast advances in tldeitection andsolation detection techniques.

Therefore, in the nexthapter (Chapter 33 comprehensive review of the available
methods, techniqueand fabrication processes that could be potentially used to detect and isolate

the EVs/exosomes as a biomoleouit be discussed
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Chapter 3. Gold Nano-sland Platforms for Localized Surface

Plasmon Resonance Sensing

This chapter is reproduced from the article published inMolecules 25 20, 4661 202Q

3.1.0utline

Nancislands 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 pedéposition heating or by using other sms of energy. In addition
to thermally generated naiglands, more recently, nanopatrticle films have also been dewetted,
to form naneislands. The Localized Surface Plasmon Resonance (LSPR) band of gold nano
islands was found to be sensitive to chanigethe surrounding environment, making them
suitable platforms for sensing and biosensing applications. In this chapter, we revisit the
development of the concept of naistand(s), the thermodynamics and mechanism of dewetting
of thin metallic films, andhe effect of the substrate on the morphology and optical properties of
nanacislands. A special emphasis is made on nanoparticle films and their applications to

biosensing, with ample examples from the authoosk.
3.2.Introduction

This chapter covers the most significant achievements that occurred in recent years, but
also, revisits early discoveries in the field of naslands, their fabrication, optical properties
and later, their application as plasmonic sensing platforms. Historicallysislands, as entities,
emerged from thin metal film studies. They were generatethéynnealing of thin films
deposited by physical methods and their formation, driven mostlygmginimization of surface
energy. Asdeposited thin and verthin metal films are not stable thermodynamically, and by
dewetting, will coalesce into small, droplets, called nistends[102i 105]. Dewetting of metal
thin films, showing the evolution of solid structures, is considered an important structure
directing mechanism. Thermallyenerated nanslands are random, their size distribution is
quite wide and their adhesion to glass substiatast strong enough for sensing purposes. The
adhesion has been improved by using various uratesverlayers, or by partially embedding

them in the glass substrate. Detailed investigations have demonstrated the high sensitivity of
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nanei sl anddéds plasmon bands to changes in the ¢
suitablefor sensing purposes. Historically, they were the first to be investigated as plasmonic
sensors for LSPR (Localized Surface Plasmon Resonance) and Sinmfemeced Raman
Spectroscopy (SERS) applications. Further, many attempts have been made to impraee the si

and size distribution of narislands, especially, for LSPR sensing, for example, multiple
dewetting, alternating with annealing, or the fabricatiomafro-patterned arrays of Au and Ag

nanacislands through template confined deposition.

Only in the last decade, after the complete development of synthesis methods of
nanoparticles, nanislands started to be prepared from nanoparticle flms using wet methods.
There are only a few publications on the fabrication and characterization ohtdresslands;
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
nanaislands, for the fast and accurate detectibSARSCoV-2 [106].

This chapter is structured as follows: SectoB.1lis dedicated to nanislands fabricated
from thin films and plasmonic sensing based on thermally generateestamds. Sectio3.4
introduces and briefly discusses the main plasmonic technologies, with an emphasis on Localized
Surface Plasmon Resonance (LSPR), the core technology used in this work. S8ctastribes
the naneisland platforms from nanoparticle films, together with their more recent LSPR sensing
applications. This section also discusses the
detection of biomolecules and biological entitesch 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 clinicahpplications. In this context, the applications of plasmonic biosensors
on a chip for poinbf-care (POC) are discussed in a separate section.

At the end of thischapter, our knowledge of naislands and their applications are
summarized, and future work in the fietd nanoplasmonicshat may bring new ideas is

emphasized
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3.3. Solid-State Dewetting of Thin M etal Films: Principle and Driving Force
3.3.1.Nanoc-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 eqUiliO&ur04).
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 aslands. Other methods
to initiate this transformation, are ion bombardment, mechbsiessand laser irradiation (CW
or pulsed). The process is called sdltdte 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 nanc-islands

Abbott et al.[104] defined solidstate dewetting as the process by which thin solid films
will coalesce into small particles as seerFigure 3-1, a 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 struditgeting mechanism. Work

on this topic started to be publesh in the 1970s, and since then, many studies on the
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phenomenologwyf 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 198%7]. They defined agglomeration as the process
by which an initially flat continuous film
detail the forces that could contribute to the destabilization of a continuous film, such as surface
tension principlly 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 sietbcts
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 holesdepasited films, exposing the
substrate. If holes or other defects, such as, for example, contaminants or capping layers in the
case of nanopatrticle films, do not already exist, they can be forynegtures 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 filf@83,108] 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, dewettingay be incomplete, in which case no islands are formed.
However, the structures formed in this way may be usefor example, as electrodes in
microstructure$109].

The principal parameters that affélee dewetting of thin metal films are the thickness of
the film, the temperature of annealing, and the subgira@3. It has been recently demonstrated
that the temperatures at which nasiands form vary for different substrate materjalsl). The
grain size, in the case of polycrystalline films, may also affect the dewetting phenomenon. The
diameterof the naneislands formed by dewetting depends on the thickness of the film as shown
in equation3.1. The following relationship was proposed by Trice ef{&l.2]:
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where f(d) is the geometric factor, based
tension of the metal; and A is the Hamaker constant. fidiedion was observed in several
experimental studies and is valid only at the temperature at which thaestemds appear, as

seen in SEM (Scanning Electron Microscopy) images.

The tendency tdewetdepends largely on the surface diffusivity of the mgi@#l]. Gold
has a very high surface diffusivity; therefore, thin gold films will dewet easily, resulting in the
formation of nanaslands. However, for some applications, this high tendency to dewet may be
a drawback that can be reduced by alloying with métad<Pt or Ti[113].

Both continuous gold films and gold films of thicknesses below the percolated threshold
(typically 510 nm nominal (mass) thickness) have been dewgtiet. It has to be mentioned
that i n the I|literature there is no consensus
Aultrathino fil ms. For the si8lm thiokhessfwillibe her ¢
considered very thin with a wellefinedplasmon band, whilei40 nm will define thin (semi

continuous) films.

It can be seen iRigure3-2 that very thin films (2 and 3 nm) show a we#fined plasmon
band around 567 nm and 578 nm respectively, corresponding to discrete nanostructures, while
the 5 and 10 nm films that are (sengontinuous 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 temperatargrolled tube furnace amtbing measurements

all along the annealing process.

Nancislands have been prepared not only from Au films, but from Ag, Pt, Pd, and Cu as
well [115,116] Large area nanslands 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 nanaslands with different sizes, showing the important role of interfacial ef&idy.
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Figure 3-2:Visible spectra of ebeam evaporated gold films annealed &00 °C for 2 hrs with different
nominative film thicknesses of Gold (Au) with 2nm of Chromium (Cr) underlayer

For example, nanlands deposited on singl@yer graphene by physical vapor deposition
or in-sity, solutionphase chemical synthesis exhibit completely novel properties. For this reason,
it has been called a composite film, which can be regarded as a metarfiet8iiarhe optical
and electronic properties of this material, controlled by the morphology ofisland films,can
be modulated in wayeminiscent of semiconductoB. C. Marinet 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 graphafiuenced the morphology of the naistand
films, and thus, a wide range of morphologies could be produced, from isolated islands to
percolated networks. These graphene ralamd composite films exhibit tunable morphologies
and small gaps between adgnt naneslands and could be transferred to flexible substrates

[119].

The mosimportant applications of metal naisdands on graphene, especially in sensing,

will be discussed in Sectidh5. The nandsland graphene composite films contain gaps between
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the naneislands, which, when functionalized with benzene thiolate, behave as hot spots for
surfaceenhanced Raman scattering (SERS). The authors have showmethatchanical strain

in the film increases the sizes of the gaps; this attenuates the electric field, and thus, the SERS
signal . -phiasmdmpieaoeffect can be quantified,

sensitive mechanical sensors of any type.

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

tune the structural and optical characteristics of Au aglands on a glass substr§it20].

It was found that the size and inaairticle distance of nanslands depend on the
annealing time and temperature. High temperature annealing tends to increase the size and inter
islands distance of Ananacislands. Resputtering and reannealing under differeanditions
made possible again the tuning of the size and-pa#icle distance. Investigations of the optical
characteristics of Au nanslands demonstrated that the surface plasmon resonance peak of
islands was tunable from 510 nm to 620 nm. The astfound that the best results in terms of
refractive index sensitivity were obtained when thamaealing temperature was 500 °C for 5 h.
These results suggest t hat-spittarieg, andrflaeme aiil $ pgodt ¢
an effective methito 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 golglaade
[121,122] Improvement of the adhesion is commonly achieved by evaporafiogyé Cr, Ni,
or Ti underlayers. The metal underlayer is light absorbing and thus interferes with the absorption
signal. Precoating the glass substrate with a ss$embled layer of mexptc or amine
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. MPTM$3-mercaptopropytrimethoxysilane) 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 nanoparft&s.

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

[121,122] Postcoating with an ultrathin, sajelderived silica film was also proposed by
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Rubinsteinés group as an alternative, to stal

[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 fayrest
coating stabilization of the surface. The effect of mild thermal annedls®°C, 12 h) or short,
high-temperature annealing (500 °C, 1 min) on the morphology of the gold nanostructures was
investigated125]. 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
experimentg104,125] The drawback of these materials is their potential diffusion into the Au
film during the annealing procegk26]. In addition, their possible alloying with gold may result

in damping of optical propertig$04,127]

Au/Ag alloyed nandslands with the desired composition have been prepared by thermal
dewetting of thin metal films that are thermally evaporated. The complete miscibility of alloyed
nanaislands results in the possibility of tuning the plasmon resonaagel@ngth in the visible
range, opening up a new direction for plasmonic enhancement in serfaaaced Raman
scattering or plasmeeanhanced fluorescence. The performance of bimetallic nanostructures may
even surpass individual properties and display pewperties, often explained by synergistic

effects.

Alloyed naneislands with weHldefined sizes and shapes can be obtained by using
successive thermal evaporation of thin Au and Ag films, as well agelmperature thermal
dewetting[128]. Successive thin film evaporation and thermal dewetting enable thedage
nanofabrication of Au/Ag alloyed nasislands with weHdefined sizes and shapes. The complete
miscibility of Au and Ag leads to the tailoring of plasmon resonance over theemgtelregion
by simply changing the film thickness ratio.

Another method for stabilizing the naigdands 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 showFignre3-3.
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High temperature annealing

AuNP dissolution

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

After dissolving the gold, the authors could see the traces of theigsiands in the AFM
(Atomic Force Microscopy) and SEM images. If the n#&stands are not stabilized, immersion
in the solvents and drying during the sensing process could resulbgesha 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 obtainebettihering nanslands, dielectric layers of mercapto

silane have been used as W&#t1,130]

Other adhering layers, such as the highly transparent and conductive ITO (indium tin
oxide)[125] and FTO (fluorinedoped tin oxide]131] have also been suggested. Ghorbanpour
and Falamakj132] have replaced the Cr and Ti intermediate layers with silver, followed by an

annealing treatment.

Postcoating with a very thin silica film was also used to stabilize the gold strydé@4g
In another wor125], the authors prepared Aiwanacisland films by thermal evaporation onto
ITO and studied the effect of mild annealing (150 °C, 12 h) or shorttligherature annealing
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(500 °C, 1 min) on the morphology of Au nanostructures. They investigated the mechanical,
chemical, and optical stability of interfacd® 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
nanaislands. The higest sensitivity was found for the 2 nm film. The authors demonstrated the
possibility of realtime sensing by monitorg the absorption of biotiBBSA (Bovine Serum

Albumine) and the interaction with avidin.

An interesting technique has been developed by De Almeida[@B3].and other$134]
to grow thin metallic layers on the top of optical fiber surfaces and dewet them thermally to form
naneislands. These configurations, as seerfigure 3-4, were used for LSPR and SERS

applications and will be discussed more in detail in the following sections of this chapter.

Plasmonic F: 4 )
fiber optic probe ,:."ﬁ : Nanogap-rich

gold nanoislands

Fiber-through
excitation/collection

Figure 3-4: Fiber-optic plasmonic probe for surfaceenhanced Raman scattering (SERS) with nanogagch
Au nano-islands on the top surface of the fiber (modified from Kwal{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-edfgctive, affordable, and robust POC
platforms for diagnosing infectious and chronic diseases. Theseplatbould require minimal
sample volumes and be capable of delivering-tieed responses with high sensitivity. A
biosensor platform incorporating small integrated devices could facilitate rapidfrizdaksays.

Surface plasmons can be excited using a coupling prism and a thin gold layer, as shown in
Figure3-6 (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 stefd@ced assays such as
surfaceenhanced Raman spectroscopy (SERS). Additiortallyesonance between the incident
light field in the visible/neamfrared wavelength range and the electron clouds of a nanoscopic
metal structure can occur. Plasmonic materials comprise metallic (primarily gold and silver)

nanostructures that support suggasmon polaritons.

Figure 3-5: Plasmonic technologie$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
Figure3-6 (b). This phenomenon involves the confinement of light and the coupling between the
coherent oscillation of the conduction electrons in nanostructured meltiéds 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 surfacktloe metal layer or nanostructure.

LSPR induces a strong enhancement of the electromagnetic field around a nanopatrticle.
The position ofthe LSPRbamda v e | e n g t h maqisasensitivautanihe 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 depefdeac
plasmon band shift on changes in the dielectric properties of the environment is described by the

following relationship, shown in eqtion 3.2.

9
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where b is the refractive sensitivity of the nanostructuig® is the changen the
refractive index upon the adsorption of the anafyteldis the distance of the analyte from the
surface (the adsorbate layer thickness), @ik 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 ofthe 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 isdbe 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 femnameters for an LSPR configuration.

0Analyte- 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 compositioamdparticle or nanostructure and, in any case, is
not more than -85 nm, permitting the detection of very thin layers of adsorbate molecules. The

interest in LSPRbased biosensors relies on their unique properties, allowingftakehnd 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 mMietecan be strongly tethered to

the sensor surface, usually through a linker molecule.
3.5.Plasmonic sensing based on thermally generated naislands

The different sensing applications of nastands are illustrated schematicallyfkigure

3-7.
SEM measurements LSPR measurements SERS spectral
& image processing & absorption spectra measurements
- 0 [ Light source | LASER ;:::I
v Ko e
" !
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Au deposition Annealing

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

As shown inFigure3-2, very thin films of gold with discrete nanostructures display a-well
defined plasmon band in the Wxsible spectrum. After annealing, the random nesf@nds
formed by dewetting will show a much better defined, narrow LSPR band, situated around 520
530 nmor even at higher wavelengths. It has been found that this Au plasmon band is highly
sensitive to the medium surrounding the natands. The plasmon band shifts toward longer

wavelengths when the refractive index of the environnmeméases. Th®llowing equation3.3
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describes the dependenof the spectralintensity changeof the nanesland sensor on the

refractive index sensitivitj136]:

Y abhp A @DAN
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where OROG6 is the sensor response (shift
absorbanced mé i s t he r ef r gRIS) that & spectrad iatensitg ahangeiperi vi t y
refractive index unit (RIU) changé;gpd 6 i s t he change in the refr
medi um due to the binding of the(daetsidlaydr,at e, 0
and o0l 6 i effectivadecayldngtls This rather empirical relationship shovagumtion
3.3 can be useful for sensing applications, even though it does not distinguish between absorption
and scatterinl36,137]

The sensing performance of plasmonic structures can be characterized by the figure of
merit (FOM) = Quv/ &, wher e oo i s toistheballssensitvitycdefinedi dt h
as Suk= O o thad is, the shift of the resonance wavelength upon a change of the refractive

index of the surrounding medium n.

The application of thermallgenerated nanislands to sensing was pioneered by
Rubi nst e[l122436,138140], amd subsequently, many other groups have investigated
the optical properties and the sensitivity of various platforms for sensing applidaans4 i
143]

3.6.Nano-island platforms from nanopatrticle films

Our group principally investigated the analytical performance of-sdands, prepared by
the dewetting of gold nanoparticle filnj88,137,144147]. 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 nanopatrticles on
glass substrates was develoge¢ our group by modi f[348]l.nTge Pr evo
nanostructure obtained from the angtigposition, as shown iRigure 3-8, has chairshaped

structures with a broad UVisible absorbance spectrum.
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Figure 3-8: Schematic of the deposition of AUNP (Nanoparticle) multilayers by a thermal convection method
(modified from Bathini [98]).

The morphology of the neannealed structures was modified by dewetting t@am@c
islandlike structure as shown Figure3-9, by annealing at various temperatures. The sensitivity
of both norannealed and annealed platforms was investigated by using solvents with known
refractive indices. The sensing results showed a higher sensitivity for the annealed gahples
is, for the nanesland 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 platf@asintegrated into a
microfluidic device, and sensing experiments were carried out. The results demonstrated the
suitability of naneisland structures integrated into a -afpa-chip device to detect bovine

somatotropin with good sensitivity.
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Figure 3-9: SEM images of threedimensional (3D) gold nanostructures (a) asdeposited and (b) after
annealing at 550 °C for 1 h (reproduced fron{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 higgmperature annealing, random naslands are
formed with quite a wide size distribution as shownFigure 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 driviigrce is the minimization of the energy.
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Figure 3-10: (a) Glass substrate with gold nanéslands (b) scanning electron micrograph of gold nane
islands, and (c) size distribution of nandslands (reproduced with permission from[145], copyright 2015,
American Dairy Science Association).

The lighter and darker alternating strips seenFigure 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 ari@IB$3 substrate, capillarity, etc., the
deposition is not continuous. The cegaence of this stripke morphology is the necessity of
multiple measurements for at least3ldifferent heights in the beam of the incoming light, and

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

biological entities.

—=2 || e | Y |e | @

Au nano ”;fa”dj on Linker Cross-L Fﬂk&?‘?' AEIIf—J'bST Blocker )'bs:r
glass substrate

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

The nanesland 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 nanigland structures were integrated into a microfluidicicevas shown in
Figure3-12, and the spectral measurements were carried out by introducing the device directly
in the light beam of an ultravioleisible spectrophotometer. A portable assay system using

disposable laton-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 nasland structuresre formed by annealing the deposited
multilayers of gold nanoparticlg¢$49]. Polydimethylsiloxane (PDMS), the polymer commonly
used for microfabrication, is prepared in the ratio of 10:1 by weight with their base and curing

59



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 goldiauad®

using oxygen plasma. This microfluidic platform was tested for the isolation and detection of
extracellular vesicles (EVs) based on their interaction with V[@. 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 geld nano
islands to bind Vn96 and capture EN$0]. Specifically, the first step in any experiment is to
measure the absorption spectrum of the gold #islaads 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 coninuously for 10 min, and the spectrum is measured after an incubation of 30 min
to observe the shift (&) in the LSPR peak.
binding with the gold nanaslands. Then, an EDC + NHS mixture is passethatsame flow
rate, and the spectrum is measured after incubation. The same procedure is repeated with the
streptavidin, biotinPEG (Polyethylene Glycoi)Vn96. and then EVs. With the adopted protocol,

a shift in the peak of the Au LSPR in each spectruobserved at every stage, confirming the

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

Nancislands were prepared by Feng e{Hb1] from a gold colloidal solution mixed with
an aqueous solution of polyvinyl alcohol and do@sted on glass and ITO substrates,
respectively. After drying, the samples were annealed at high temperatures for long durations.
During the annealing processgtpolymer decomposed, and all the organic components were

removed, leaving on the substrate only the gold #islaods, without any contaminant.

As seen inFigure 3-13, the size of thenancislands was found to increase with the
increasing annealing time, temperature, or volume of PVA (Polyvinyl alcbAal)lPs solution.
At the same time, the LSPR peak of AuNPs was also graduatshidd with the increase in
the size of nangslands,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 metitwed for
deposition of AUNPs upon bare glass and ITO, as well as the fabrication of the corresponding

nanaoislands.
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Figure 3-13 SEM images of AuNPs deposited on ITO glass after annealing @0 °C for 0.5 @), 2 (), 4 (€)
and 10 h @). Inset: size distribution (reproduced with permission from Feng et al[151]).

It was foundthat 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 goldistands, the authors
suggested using thicker initial layers and decreasing thepatécle separation between the

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

Nextgeneration healthcare equipment and devices are in great demand feyfmaire
(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,-tiea¢ biochemical detectioneave 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 biosensingdoshweasy

to-use, and osite POC.

The main step in building a device appropriate for clinical diagnosis consists of combining
a nanostructurbased LSPR biosensor with a microfluidic device in the most convenient way.
As aresult, because of the inherent advantages of microfluidics rfbenence 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 magVe 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, thredimensional gold nanostructures (naslands), fabricated
through the convective assembly method, were treated thermally to obtain -dslaado
morphology. The nanaland structures were integrated into a microfluidic device, tard
spectral measurements were carried out by introducing the device directly into the light beam of
an ultravioletvisible spectrophotometer. A portable device enabling the detection of rbST
hormone in milk had been built up. The device can be insetied POC device for biosensing,
and it could also be used in the future for -@uping control. A comparison of the sensitivities
of the different devices developed in our laboratory shows that theisiandsintegrated LOC

shows the highest sensitivitihat is, the lowest limit of detection.

However, the POC applications of nalstand 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, cligechip variation, and therefore, low reprathility 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 comm®he review papers on this topic, including our papers
[1521 155] Medical applications are rapidly coming to the forefront by combining
communications and sensor output to deliver new functiDesicescan gather and share

informationwith the cloud so that data can be collected and analyzed accuhatilg 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 wiklude 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, wirelesssesasor
systems gather medical dakeat have never befoleenaccessible 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 amgzed, 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 rwilhis way, change the role of
hospitals, outpatient sites, and homes. Over the last few years, continuous efforts hanexdbeen

by researchers to develop integrated poirtare (POC) biosensor networks, capable of
automatically delivering results. Biosensor networks are generally a multidisciplinary
technological work, based on biological mi@ectremechanical systems (MEMS). The
medical needs of the future can be met by using a combination of wireless MEMS and biosensor

networks.
3.8.Conclusions andOutlook

The concept of nansland(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 nafislands and their optical propertiesasvrevisited, 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 indexigeitng was discovered, it was logical to
envisagenano sl ands as fAbuilding blockso of the fut
LSPR sensing platforms were created based on thermally generateidlaads. Only after the
development of the mettology of nanoparticle synthesis did nanoparticle films become the
starting point for designing a novel category of nat@ands.Despitetheir lack of uniformity in

terms of size (diameter and height), these platforms proved, nevertheless, to be hgjtiese
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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
nancislands on graphene that have extremely attractive electrical, optical, and mechanical
properties and a wide range of applications. Novel materials, prepared byrtiragdfee nane
islands to flexible substrates, such as PDMS, are becoming important, especially faf-point
care medical diagnostics. As a general tendency, the morphology and propertiesisfamalso
on a variety of substrates are now studied for notmmic applications.

Some of the novel applications of naistands that enter the current research landscape
are oriented toward the enhancement of | ight
a nanoparticle spraying method and the generation ofiskmals ly heat treatmenjil 56]. Nanc
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 edewgy diffusion
of Pt atoms and forms an array of naslands on CNT (Céon Nanotubes) through a

photothermal dewetting proced$7].

An example of the new, reliable approaches for the fabrication of-taege periodic
metallic structures, including nasisland arrays, are the napatterning methods by different

template lithographpased techniqud458].

Special gold nanostructures on gold metal films that show a highly sensitive refractive
index response, due to the high local field enhancement in theipentiele junction, have been
recently reportefll59]. It is interesting to mention the use of prabange materials in tailoring

efficient and tunable plasmonic devid&s0].

So,in the next chapter (Chapter 4) we will look at the fabricabicexsitu synthesishased
gold nanostructurecplasmonic platforms, andvaluae it for the detection ofExtracellular
vesicles EVS) as in the pasthis platform wasused for thedetecion of bovine somatotropin
(bST)growth hormone.
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Chapter 4. Nanostructured gold-based plasmoniex-situ platforms,

fabricated and tested for detection of EVs

This chapter is reproduced from the article published inECS Trans 7517 11-17, 2016 This

chapter covers objectivieof thefiThesisObjective andscopain Sectionl.5
4.1.0utline

As discussed in detail in Chapt@rgold 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 dd (silver) nanoparticles and shifts to longer wavelengths when biomolecules
get absorked on their surface. Because the shift of the plasmon band is proportional to the
concentration of biomolecules, plasmonics can be used, successfully, for quantitakiv®uv
group earlier, utilized this property to develop a novel plasmonic method to detect bovine
somatotropin (bST), the bovine growth hormone by utilizing gold +#islaods and an
immunoassay format. Later, the method was transféoradnicrofluidic environment, where an
improvementn 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 arkeproven to be invaluable for
carryingout further analytical work in the field t¢fie detection of biological nanopatrticles called
extracellular vesicles (EVdexosomes. Asnentionedin Chapter 1EVs/exosomes, a class of
extracellular (EV) vesicles, are unique nasiped cargdbearing biological vesicles, secreted by
almost all normal and cancer cells into the extracellular space. Exosomes are the smallest of the
extracellular vesicles with theiize in the range of 300 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 bexosomes are still difficult.

Exosomes contain disease biomarkers for cancer and other pathological conditions. They
are groups of nanscale extracellular communication organelteat dynamically transport

cargoes of molecules and genetic materials between cells. Exosomes circulatirtgpihydiuids
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provide asnapshoin reattime for virtually all aspects of our physiology. Isolation detection and
guantification methods of exosomes from various-fhimls are challenging for clinical
applications, like liquid biopsy. Thishaptelpresents a simple lab&ke technique to capture and
detect exosomes integrating an exosa@gturing synthetic polypeptide (called Vn96). This
exosome capturean efficiently quantify exosomes present in a fluid and will be used for

subsequent molecular analysis (proteid anocleic acid) to facilitate liquid biopsy.
4.2. Introduction

Exosomesreanotheitype of cell-derivedvesiclesthatarepresenin all biologicalfluids,
including urine, blood, ascites, and cerebrospinal fluid fractions of body fluids such as serum and
plasma, and cultured medium of cdll$1]. They are formed through the endocytic pathway. In
the latter casethe plasma membrane buds into multivesicular bodies (MVBS) in the cytosol,
leading to the formation of intraluminal vesicles (ILVs) within MVBs. Further, MVilgse with
the plasma membranessultingin 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 20 nm and their size approximatelyerlayswith
the size of viruses. Theifensityis rangingbetweenl.13- 1.19g/ml onsucrosegradientg48].
Thesevesicles are cuphaped as shown by SHB|36]. In this work we have developed a novel
method to detect exosomes by using a lifeel LSPR method based on the sensitivity ofgblel
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 tissdiagnosis, imaging,
etc. by tuning the size and shape of nl@oparticles. Theesonance 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 tsteps of a sensing protocol, the local refractive index
changes at each stage of binding of variousnbitecules to the immobilized nanoparticles,

resulting in the shift towards longer wavelendtt®2i 171].

In the past, LSPR research was based on thadimensional (2D)nanostructureshat
were fabricated, generally, by layley-layer deposition methdd 72,173]which was tedious. The

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

To capture and detect the exosomes, in the present studyditme@sional (3D) gold (Au)
nanostructures were fabricated bgnvective assemblfl44]. In this depositionmethod,gold
nanoparticle$rom acolloidal suspensiomvaporateat the interface of substrate and solution. The
formation of ordered Au nanoparticles depermuatsthe interaction forces between the particles and
the glass surface, temperature, concentraifdhe Au particles,andtheir diameterasshownin
Figure4-1. 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: Sketchfor the convective assembly process of gold nanopatrticles.

The current study is aimed at the 43iensing of exosomes by gold nastand structures
formed by annealing of gold multilayers, deposited by the convectivassdinbly method. The
sensing platforms developed by this method are tested for the detdaamsomebasedntheir
interactionwith biotin-Vn96.Vn96is apeptide(27 aminoacids) designed and validated to capture
exosomeg60]. A calibration curve that correlateshe shift of the AWLSPR band with the

concentration of exosomes capturedMm®6 grafted on gold nanrisland isdepicted.
4.3. Experimental Design

Threedimensional(3D) gold nanostructuresvere fabricatedby 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 (lll) chloride trihydrate (HAuGI3H,O), Sodium citrate, XImercaptoundecanoic
acid in ethanol (Nano Thinks Acid 11)phosphatéuffered saline (PBS), N3-
dimethylaminopropybN éethyl carbodiimideéhydrochloride (EDC) and Nhydroxy succinimide
(NHS) were obtained from Signrddrich, Canada. Streptavidin from IBA GmBH and Bietin
PEGVNn96 and exosomegICF7A are from Atlantic Cancer Research Institute (ACRI), Moncton,
Canada.

4.3.2.Synthesis of NPs

Sphericalgold nanoparticlesverepreparedisingthe reductionof goldchloride trinydrate
(HAuCl,.3H;0) acid by sodiumcitrate, following T u r k e wéttodj1d43. 15mg of gold (1)
chloride trihydrate (HAuGI3H:0) is dissolved in 100 ml of Dvaterin abeakerand boiled until
it reaches itboiling point of thesolution.Then,5 ml of a solution of sodium citrate (2%)added
to the boiling solution. After the additioof the sodium citrate solution, a change in color to
transparent purple can be observed, showing the presence of gold nanopatrticles.

4.3.3.Deposition of Gold Nanoparticles onGlass

In this deposition procestheglass substrate was cleaned with soap solwitadeionized
water, then rinsed with acetone, dried, and rinsed 2vhopanol(IPA), and air dried. Then the
substrate was heated in an oven at Mfor 1 hour to remove any moisture present, before the

deposition process.

Theglasssubstratevasimmersedn abeakeicontaininggold colloidal solutionat anangle
of approximately30 ° and kept isidethe oven at temperatures betw&&tC to 60 °C until the
whole amount of colloidal solution evaporated, depositing the multilayegolof nanoparticles

on the glass substrate as showFigure4-1.
4.4. SensingProtocol

The substrate is immersed in the linker solution, which is Nanothink (11
mercaptoundecanoic acid in ethanol). The linker is utilized to forrmasefmbled monolayers on
the gold substrate. Then, the linker is activated by adding a few drapesslinker solution

containing N(3-dimethylaminopropybN éethyl carbodiimide hydrochloride (EDC) and N

69



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 waseluble condensing reagdhtat has beeantilized

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 thenbiotinPEGVNn96 is added to
streptavidin. In the last step, exoses 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 inFigure4-2.

Glass Gold Naneislands

TN

Nanothink Glass

Gold Nanaisland

il §

EDC & NHS Nanothink
& o & &
ﬂ%g **25 - EDC & NHS
Streptavidin ¥ Streptavidin

E’ Biotin-PEG-Vn 96

Bio-PEG V96 o Exosomes MCF7
5%3 %%ng %§§
ExosomedMCF7

Figure 4-2: Biosensing protocol using gold nandgslands 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 showfigure4-3 (a). The schematic of morphological tuning

of 3-D gold nanostructures from naaggregates to narislands is shown ifigure4-3 (b).
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The scanning electron microscope (SEM) images for the substrates, before and post
annealing, are shown Figure4-4 (a) andFigure4-4 (a), rom 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 nanop@fig]es
whereas the annealed samples show well separatedishamd structures with araverage

diameter of around 110 nm with fewer smaller particles.

(@)

Before Annealing Post Annealing

(b)

Figure 4-3: Morphological tuning of 3-D Gold Nanostructure. (a) Images of the substrate beforannealing
and post annealing (b) Schematic of the morphological tuning ofB Gold Nanostructure.
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Figure 4-4: SEM images of 3D gold nanostructures (a) before annealng. (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 UVisible spectrophotometer. The ALIEPR band is recorded after the
functionalization of the nanoparticles with the linker, folloviogdhttaching therosslinker, the
streptavidin, antbiotin-PEGVn96. The spectra show shift ofthe Au-LSPR band of around 7

nm uponthe interaction obiotin-PEGVn96 and exosomes as shownHigure4-5.

0.48 - :
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= I~ EDC & NHS
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g , Exosomes
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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 testedletermine the optimal dilutiofactor of exosomes,
so that the interaction dfiotin-PEGVn96 and exosomes could be observed with the maximum
shift of the AuULSPR band. Based on a large number of experiments, a calibcaiioa is
established with the original concentration of exosomes (MCF 7A)%a#xdsomes per 100yl
Figure 4-6 shows the calibration curve, which clearly shows that with an increase in the
concentration of exosomgse shift oftheAu-L SPR band (&) towards the
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. Howevatilution factorsof 10 and lower, allow the detection

of exosomes with a higsensitivity.
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Figure4-6: Shi ft in the wavel engt hexdasamegErrov barssepresentithel ut i on f a
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 higmperature annealing that allowed the tuning of
morphology tonanagislands The sensing protocol is based on the high affinitgiofin-PEG
Vn96toward the exosomedhus, dabetlree method, based on the sensitivity of thelLAPR
band to the surrounding environment has been deveaspedr methodoes not require the use
of fluorescent, radioactive, or enzymatic labelsdtedt thebinding of the exosomes to the nano
islands.This method has to be still optimizeéd enhancehe sensitivitytoward exosomes at

lower concentrations.

So, in the next chapter (Chapt&) we will look at the fabrication oéxsitu based
synthesisof gold nanostructured plasmonic platfornis, comparison to then-situ based
synthesis of silvenanostructuresind evaluateit for the detection of Extracellularesicles
(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 inJ. Electrochem. Socl66 9 B3001
2019: Thischapter covers objectizof thefThesisObjective andscopein 1.5

5.1.0utline

The method of detection of EXéxosomesliscussed in the previous chapter isasitu
method, where a gold colloidal solution is deposited on a glass substrate, resulting in multilayers
of gold. that, after annealing at a quite high temperat@@°@) will change their morphology
and form nanaslands. In this configuration, the gold naistands are on the surface of the glass
slide, in direct contact with the reactants all along the sensing proitoisoh weltknown fact
that he perfect material for plasmonic applications is the one with the least amount of loss and
with the most sability in the intended applicatio&ilver and gold argopularchoicesas they
haveunique physical, chemical, and biological propertiedarethus widely used iarange of
nanotechnology application§hesemetal nanoparticles exhibit Localized Surface Plasmon
Resonance (LSPR), which is a distinct and wlefined plasmon absorption in visible light
Therefore,gold and silver nanocomposites -Agplydimethylsiloxan@DMS) and AuPDMS
prepared byn-situ methodsaretested for the LSPR detection BYsexosomesHowever, in
this chapter, AG°PDMS s prepared anévaluatedas a plasmonic platforfior the detection of
EVs/exosomesandthe results were comparedtt@at ofthe Au nancislands exsitu synthesized

platform.
5.2.Introduction

Cancer is @omplex and dynamic diseas@ne of every foudeathsn the United States
and Canada is due tancer[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. Curr@radgncer
diagnosis is carried out, generally through imaging, tissue hiapgytiquid 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 outto detect thecell-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 ¢mtiedine, from healthy to advanced stages.
During the last few years, the role of exosomes in cancer diagmsiecomepredominant

and promising due to their usefulness as valuable sources of matdrtplitbbiopsy[8,36,48]

Exosomes are nanoscale heterogeneous vesicles in the size range00fr80, which
are released by cells as showfrigure5-1. 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 tosolate 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 feosisaghe
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
nextgeneratiomaffinity-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 aee-#itel gold (Au) naneislands
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on glass substrates and thesitu prepared silver (Agandpolydimethylsiloxane (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 naslands by annealing at 56C. The second is the
nanecomposite platform prepared by thesitu reduction of Ag ions in the silver nitrate
solution by the curing agent of the PDMS polymer. This study is carrigd onbose the most
sensitive platforms to detect and capture the ssred exosomes. The exoses are rich
sources of associated biomarkers, containing specific proteins, mRNARNA, rRNALL, 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 clinieddlyant biomarker
source, there is a great demand for simple and efficient EV isolation from biofluids. Currently
the gold standard, the tinmnsuming method of isolation by ultracentrifugation is not a
clinically viablemethod. Furthermore, polymbased EV isolation methods are not suitable for
therapeutic applications because these polymers are toxic. Most dbtasyl EVisolation
methods rely on antibodies directed against EV surfeader(s).

In both the platforms developed in our laboratory, the detection and capture of exosomes
arebased on the strong affinity of heat shock proteins contained in exosompslypeptide
called Venceremin or Vn96 (27 amino acids), specifically developed and val{6éaied he
Vn96 peptide targets the canonical heat shpeiteins (HSPs) present on the surface of
exosomes. Th&n96-basedexosome detection and capture method is further validated for
downstream analyses, clinical compatibility, liquid biopsy assays (biomarker and mutation
detection)and platform versatility, using cetulture conditioned media and human body fluids
as sources of exosomes. Overall, Vn96 provides multiple advantages over cawvaiidigle
affinity-capture methods for EVs/exosomes isolatsmalability, quality, platform versatility,

and costeffectiveness.

By using the Au nangslands platform, a biotinylated Vn96 peptide is bounded onto the
streptavidincoatedAu nanaislands, and the subsequent steps of binding of-semeadl vesicles

11 Ribosomal ribonucleic acid (rRNA)is a type of norcoding 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 nanoparticle§l64,168,169,171,172,177,178he AgPDMS platform is usesimilarly 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. Followingirading 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 proportiona to th
concentration of the analyti®, our case th&Vs/exosomepresenin the cell culturanedia that

are extracted from a bioreactofiltered, and ultracentrifuged.The platform based on gold
islands is suitable for sensing various peptides and proteins by using the corresponding
antibodieq137,144,176]

It is found that the results of the sensing process depend on two major things: the molar
ratios of streptavidin to biot’t"EGVN96 and the final step, the capture of exosomes by the
biotin-PEGVNn96 complex. The morphology of Au naistands and APDMS nanocomposite
were further investigated by SEM and LSPR techniques.

5.3.Experimental Design

5.3.1.Materials

Gold (lll) chloride trihydrate (HAuGI3H20), Sodium citrate, Silver nitrate, 11
mercaptoundecanoic acid in ethanol (Nano Thinks Acid digsphatéufferedsaline (PBS),
N-(3-dimethylaminopropybN éethyl carbodiimide hydrochloride (EDC) and Hydroxy
succinimide (NHS) were obtained from Sigklrich, Canada. Sylgard® 184 elastomer kit
and curing agent for the PDMS fabrication purchased from Dow Corningrideed (DI) water
with a resistivi tnythedNANOlp8ré/dirapure wabebslystem (Baraistedd). o
Streptavidin from IBA GmBHand BiotinPEGVNn96 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 exsitu synthesis, Au nanopatrticles 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 fhas r k e wmetlod{1d4. 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 mudtyers of Au structures. The thickness of the layer
depends on the concentration of Au particles, their diameterhandtéraction forces between

the particles and the glass surface. The synthesis, as well as the convective assshavin

in Figure5-2 (a). By varying the size of nanopatrticles and their morphology, the peak resonance
frequency of the ALLSPR band can be shifted to other wavelengths when the refractive index

of thesurrounding 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 nanoparticlegesutsin a shift towards
longer wavelengths. The Au naisdand structures were fabricated by annealing the deposited

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

Nanocomposites seem to be alternative and promising substrates fdrdati@bsensing
[137,176] In this processsilver (Ag) ions from the silver nitrate aqueous solutionradeiced
by the curing agent present in the polydimethylsiloxane (PDMS) matrix, a good reducing agent
of Ag ionsto form the AgPDMS nanocomposite as showreiuations.1. As shown inFigure
5-2 (b) the first step is the fabrication of the PDMS substrate. The substrate is prepared by
mixing the PDMS base (p#golymer) and curing agent in a ratio of 3:1 by weight and sipén
coatedon 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 pm. After theosping, the
polymer is cured at 70C, for about 2 hours. The cured substrates were then immersed in the
Ag precursor solution, prepared by adding 1g of silveiatgtinto 100 ml of DI water. The
immersed substrates were kept in an oven &80T, for about 2 day® increase the rate of
the reduction reaction. The synthesized platforms were annealed &€ ,2f60 10 minuteto

tune the morphology of Ag aggregates to nanoparticles.
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5.3.4.Biosensing protocol

The various steps involved in the biosensing protocol for both platforms are shown in
Figure5-3 (a) andFigure5-3 (b). In the case of the Au nafislands platform, initiallythe Au
nanacislands were functionalized by immersing the substrate into the linker solution, which is
Nano think(11-mercaptoundecanoic acid in ethanol) to form aassiembled monolayer on the
top of Au naneislands. In the next step, the structure is activated by adding a few microliters of
the crosdinker which is a 1:1 mixture of 0.1M 4B-dimethylaminopropybN éethyl
carbodiimide hydrochloride (EDG)h carboxyl activating agent for amide bonding with primary
amines and 0.05M of 4Hydroxy succinimide (NHS), an additive used for the improved

amidations and peptide/protein couplings. The substrateubated for about 3 hours.

Glass _— Bare glass substrate
(a) Evaporation g eirate (b) — B
L i PRMS spin coating at
. == 2000rpm for I0sec
B
Gold NPs—"
Agl précursar
solution Thiermal assisted
= L irn-situ synthesis
Gold s -
« Colloidal " B
Solution * -
! H Silver Nanocomposite

(©) (d)

; == fre="xx _I

Figure 5-2: Schematics of theex-situ and in-situ synthesis (a) Schematic of the convective assembly for the
gold nanopatrticle synthess and the multi -layer formation (ex-situ synthesis) (b) Schematic for the fabrication
of silver nanocomposite(in-situ synthesis) (c) Schematic of nandslands ona glass substrate(d) Schematic of

Ag nanoparticleson the polymer (PDMS) surface

The streptavidisbiotin complex is the strongest known noncovalent complex (Kd'2 10
mol/L). The bonding is very rapid and the bond is unaffected by extreme values of pH,
temperature, organic solventand other denaturing agents. Streptavidin (0.01mg/ml) is
immobilizedontothe activated linker layer and incubated for an hour. Further, the-BiBti
Vn96 (0.003 mg/ml) is immobilized on the streptavidin layer and then incubated again for about
4 hours. In the last step of thmsensingprotocol, the MCF 7 (breast cancer cell line) cell culture
conditioned media, containing EVs/exosonmegnmobilized onto the Vn96 layer, a synthetic

peptide designed to capture themthe concentration of bioiREGVn96 (0.015 mg/ml).
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Figure 5-3: Biosensing protocol (a) For Gold nanésland (ex-situ). (b) For Silver PDMS nanocompositeifi-
situ) platforms.
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5.4.Results and Discussion

5.4.1.Morphological tuning and SEM characterization

To tune the morphology of thexsitu synthesized substrate it was annealed afG66r
an hour. The scanning electron microscope (SEM) images of the gold structures, before and
after annealing are shown kgure5-4. 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 nanopartiflé$] and the glass surface, whereas the
annealed sampleshow well-separatechanacisland 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 et

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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Figure 5-5: SEM image of silver (Ag)i PDMS (in-situ). (a) before annealing (b) after annealing (25C°C for
10 minutes

The in-situ synthesized substrates were annealed at’@5@or 10 minutedo tune the
morphology of formed nano aggregates to particles as shofigune5-5. It is evident from
the SEM images that, before annealing, the synthesized Ag nanopasiriefund to be
aggregates with multiple layers one over the otietl-separategbarticles of around only 80

nm as compared to the size of the Au nastand
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5.4.2.Detection of Exosomes

The AuULSPR absorbance spectrum for #hesitu platform is recorded at each stage of
the biosensing protocol: after the functionalization of the aslaods with the linker, followed
by the cross linker, the streptavidin, and bidRBEGVn 96 using a lambda 650 UVsible
spectrophotometer. The specshow a shift of the AUSPR band of around 6 nm upon the
interaction of biotilPEGVn 96 and exosomes (MCF7) as showifrigure5-6. Similarly, for
the in-situ synthesized platfornthe AgPDMS LSPR band is recorded at every stage of the
biosensing protocol. In this caseshift of 4 nm is noticed, between the bidBBGVn 96 and

exosomes (MCF7) stage as showifrigure5-7.
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Figure 5-6: Au-LSPR absorption spectra corresponding to each stage of the sensing protocex{situ
synthesis)

5.4.3.SubstratesCharacterization using Confocal Microscopy

To determine whether the roughness of substrates @fgyrole 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 seefable5.1 that, in the case axsitu synthesized

Au nanagisland substrates, the roughness value (Ra & Sa) increases considerably after the
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immobilization of the chemicals and biomolecules, whereas, in the case oh-#it
synthesized Ag platform, the roughness (Ra & Sa) does not change significantly. This indicates
that, in the case dhe exsitu synthesized Au platform, the number of Au naslands present

on the substrate is considerably larger as shovingure 5-8 (a-d), thanin the case of tha-

situ synthesized Ag platform where the number of Ag nanopatrticles is low as shéigure

5-8 (e-h). Thus the average LSPR shift in the case ok@M Au platform varies considerably

with the concentration of exosome but thesitu 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 protociol-§itu
synthesis)

Table 5.1: Average line roughness for both the sensing platforms, before and after the immobilization of

analytes

Sample Description Line Roughness Hum]

Horizontal (X) | Vertical (Y) | Surface Roughness fpim]
Au nanagislands substrate 0.443 0.324 0.38
Au nanacislands 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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Figure 5-8: Confocal microscopy image and schematicg¢a) Image of Au naneislands ona glass substrate
(b) Image of Au nanoislands on a glass substrate with the bounded analytggs) Schematic of Au nane
islands on the glass substratg¢d) Schematic of Au naneislands ona glass substrate with the bounded
analytes (e) Image of Ag nanoparticles on the PDMS substratg) Image of Ag nanoparticles on the PDMS
substrate with bounded analytes(g) Schematic of Ag nanoparticles on the PDMS substratéh) Schematicof
Ag nanopatrticle on the PDMS substrate with bounded analytes

5.4.4.Dependene 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 ¥ poe r ml . I n the present
the undilutedsolution. It is clear fronfrigure5-9, that thesensitivity of the Au platform is higher
than that of the Ag one because of the availability of Au aglands €xsitu) on the surface of
the substrateas seen irFigure 5-2 (c). As noted before, in the case of timesitu synthesis
platform, Ag is embedded in the sabrface layer, and thus the nanoparticles are not exposed
to the surrounding medium abBown inFigure5-2 (d). Further it can be seen that the slope of
the graph in the casethifeAunanei sl and pl atform is | arger beca
more the change of the refractive index with the concentration of exosomes than the embedded

Ag.
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5.5.Conclusiors

It is found that the refractive index sensitivity of thesitu synthesized Au nano platform
is considerably higher than that of thesitu synthesized A°DMS nanocomposite and
consequently, this platform is much more performant for sensing exosomes. Two principal
reasons were identifietb account for this difference. It is thought thegcause of théow-
temperatur@annealing of AgPDMS, contrary to the Au narislands, a notsuitable morphology
is formed. It has been demonstrated that rialamd stuctures have a higher sensitivity due to
their morphological characteristics. On the other hand, due to-git formation mechanism,
a large proportion of the surface Ag particles will diffuse inside the polymersigtéice and,
hence they will not be available anymore for sensing. The studies carried out on various platforms
so far show that a lab#ilee LSPR sesing method can be used fbhedetection of EVAxosomes
by using the Vn96 peptid® capturethem through their interaction with the praotgion their
surface.

So, the next chapter (Chap®@rdiscusgsthe effect of the crosslinker of PDMSand
thermalbudget onplasmonicsensing andub-surfacesegregatiorfor the fabrication ofinin-
situ synthesizedyold PDMSplatform
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Chapter 6. Effect of CrossLinking and Thermal Budget on
Plasmonic Sensing and Sulsurface Segregation of In-situ
Synthesized Gold in PDMS

This chapter isreproduced from the article publishedin J Nanopart Res23 21,2021 This
chapter covers objectivgof thefiThesisObjective andscopain Sectionl.5

6.1.0Outline

Surface gold Poly (dimethyl siloxane) hanocomposites are a unique class of composite
materials that feature gold nanoparticles concentrated in-austare layer within the polymer
matrix. This study involves the creation of ssilrface nanocompositdsough ann-situ process
where gold nanopatrticles are synthesized within the polymer. This synthesis occurs through the
reduction of gold ions using the polymer's crtisking agent, which is a vinyl silicon compound.
Subsequently, the gold nanopartictéfuse into the poly (dimethyl siloxane) (PDMS) matrix
through a heat treatment process. The investigation of this process primarily relies on various
analytical techniques, including UVis spectroscopy, Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), Xray diffraction (XRD), and Xay photoelectron
spectrometry (XPS).

The study reveals that the newly formed gold nanoparticles become stabilized as they
diffuse into the susurface layer of the composite, where they tend to aggregate in small clusters.
The research also delves into the kinetics ofrtkstureduction 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 craslsing agent toward the composite's surface is
explored in deil.

Furthermore, the impact of the sabrface 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 hasrdingement of gold
nanoparticles within the polymer matrix affects the overall performance and functionality of these

nanocomposite materials.

88



6.2.Introduction

Nanoparticlepolymer 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 exceptitiletgatical, 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, opticahsors, waveguides, optical strain detectors, and thermo
chromic materials, many of which stem from the remarkable properties ebimatbnoble metals
[1791187] The design, fabrication, and characterization of conducting polydimethylsiloxane
(PDMS) with metallic powder have also been explored for applications like microheaters and
temperature sensdrk88]. Stretchable PDMS structures doped with gold nanoparticles have been
developed and proposed for use in strain serj48&. Furthermore, gold (Au) and silver (Aqg)
nanocomposites have found applications in water purification, targeted drug release, antimicrobial
coatings, and the analysis of environmental pollutgr&Si 195].

The strong Localized Surface Plasmon Resonance (LSPR) bands exhibited by gold and
silver nanopatrticles in the visible spectrum, resulting from the excitation of plasmons by incident
light and giving rise to characteristic absorption, make somergoidconposites 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 @old nanoparticles (AuNPSs) is crucial in determining their

biosensing propertig496].

Nanocomposites can be synthesized using eithen-aitu method, where the polymer
reacts with a precursor to create nanoparticles, ex-aitumethod, where prenade 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 surfacgl97,198]

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 energy199]. 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 re$2@@gh

When nanoparticles are walispersed 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 istated, entirely new
properties can emerge. For instance, in the case of PDMS with a segregatethlaygayticles
form and concentrate within the segregated layer(s), leading to unique prggétiesspecially
in SurfaceEnhanced Raman Scattering (SERS) applica{@d& 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;eftesttiveness, transparency,
and compatibility with biomolecules.

The crosdinking of PDMS is achieved through a process knastydrosilylation In this
reaction, the vinyl groups present in one component, which is thpopnmer, 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 atipum (Pt)206,207] as illustrated inhe
equation6.1. This hydrosilylatiorprocess with platinum catalysis plays a critical role in creating

the crosdinks within the PDMS structure, imparting its desired properties
0ad®Oo Hawi 6
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6.1
Numerous researchef208,209] 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 vinygterminated PDMS and silane crdskers. When dealing with thin
films or coaings, the kinetics of the cro$isking 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 thek&ioss
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 coniexsitd synthesis of gold,
an excess curing agent might serve as a reducing agent for gol@16n211] Zhang's work
examined the impact of altering the curing (crlisking) agentto-mo n o me r ratio (d)
essentially relates to the concentration of the curing agent. The diminished sensing performance
observed in their study was attributed to the lat=fbrmation 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 nanopactes (AuNPs)[212], and there have been various reported

applications for the situ prepared AWPDMS nanocompositR13,214]

Our research group has conducted a comprehensive examinatiomesitinesynthesis of
gold and silver nanocomposites within PDMS, with a particular focus on their applications in
microfluidic sensing[176,215217] To develop these 4isitu nanocomposites for diverse
applications, it is crucial to systematically investigate surface nanocomposites created by reducing
gold ions with an excess of crelgsking agent in thin, sel§tanding PDMS films. Our specific

interest lies in two key aspects:

() The influence of crosknking agent concentration on the distribution amaitu synthesis of
gold nanoparticles after a designated synthesis period, as depicted in the schefigticein
6-1(a).

(i) How the thermal conditions affect the penetration of thessuface layers of the polymer, as

illustrated in the schematic &fgure6-1(b).

In the case of frestanding 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 (AuNPSs) isutfacesegregated layers due

to the crosdinking 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

91



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 thein-situ reaction and the morphology of the RIDMS surface composites. We then delve

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

LT LY T X2

(b)

Figure 6-1: lllustration of diffusion of gold nanoparticles and effect of heatireatment on a nanocomposite
sample (a) Schematic showing AuNPs ithe as-prepared sample. (b) Heattreated sample (only the upper
portion of the sample is shown for simplicity)

6.3. Experimental
6.3.1.Materials

Gold (lll) chloride trihydrate (HAuGI3H20), isopropyl alcohol, dimethylformamide,
chloroform, toluene, and anisole were purchased from Sijdrach. The Sylgard® 184
elastomer kifor the PDMS fabrication was purchased from Dow Corningidd&ed (DI) water
with a resistivity of 18 Mq, used in all t he

ultrapure water system (Barnstead). Ethanol was purchased from Fisher Chemicals.
6.3.2.Fabrication and synthesis of the golePDMS 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, wagptifor curing intheoven at

60 °C for 12 hours. After curing, the ovevasallowed 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 mqldnd imnersed vertically in the gold precursor solution

The gold precursor solution is prepared by dissolving gold (l1l) chloride trihnydrate (HAuCI
4-3H0) 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 telickoss agent,
specifically, in ratios of 4:1 and 10:1. To synthesize PAlbMS nanocompositeshe prepared
PDMS films were vertically immersed in the gold precursor solution and left to incubate for
approximately 4&ours.Figure6-2 (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 "gwepared sample,” indicating that theemple was removed after a synthesis
time of 48 hours at room temperature and was not subjected to any heat treajmentghrs,

no heattreatment).

Following thein-situ synthesis, the morphology of the gold nanoparticle aggregates in the
asprepared sample is modified by subjecting thePRRMS nanocomposite samples to a heat
treatment at 200C for 30 minutes. These treated samples will be referred to asttbatsd

samples" @ni= 48hrs, Temp = 208C, 30min heatreatment).
6.3.3.Characterization methods

The AuUuPDMS nanocomposites were characterized byvisible spectroscopy, Scanning
Electron Microscopy (SEM), Atomic Force Microscopy (AFM}ray diffraction (XRD) and X
ray Photoelectron Spectroscopy (XPS). Perkin Ellmebda 650 UWisible 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 ugingP ANal yt i c al XoPert P
characterization was performed using a VG Scientific ESCALAB MKII spectrometeanih*
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 absorpttom siiec 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 afterithsitu synthesis, a portion along
the thickness od4:1 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 shewn in
schematic ofFigure6-2 (c).

Gold precursor
solution

solution

" © @

nanoparticles

|.II'_I.I'I1. T

Figure 6-2: In-situ synthesis and slicing of the sampl€a) Schematic ofin-situ synthesis the PDMS film,
immersed in the gold precursor solution (b) Au-PDMS nanocomposite (red), after 48 hrgc) Schematic of
slicing the Au-PDMS nanocomposite samplgd) Image ofsliced 1mm thick heattreated sample at 200C 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 experimentalFgane6-2 (d) andFigure6-2 (e) show the
images of the sliced 1Imm ARDMS nanocomposites for both the@spared and heateated
samples. The same qualitative assessment has been done for nanocomposites prepared with an
even higher concentration of the precursor and the resultsfovare the same. They confirmed
that, under the conditions of the experiment, no matter the concentration of the gold precursor,
nanoparticles aren-situ formed and concentrated only at the interfaces. This qualitative
observation prompted us to undertake a detailed investigation-8DAMIS nanocomposites, by
using a variety of methods, suitable for their characterizati@uantify the influence of cross

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

During thein-situ synthesis, the gold ions in the precursor solution are reduced to AuNPs
by the excess curing agent in PDMS. The amount of curing pgesgnin 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 (crdisking) agent in PDMS, by keeping the concentration
of the precursor molecule constant,rmAuNPs will be formed at the interface(s) of the polymer.
Therefore, it is expected to have more gold ionseedin 4:1 PDMS samples where the reductant
is in a higher concentration than in the 10:1 sampleuhprevious work, we found that the-
situ synthesis of nanoparticles in the PDMS matrix by using the ethanol solution of the precursor
is faster than in the aqueous solutji@h8]. This was accounted for by the high rate of permeation
of ethanolbased precursor solutiofio 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 fRigure6-3 (a) andFigure6-3 (b). The reaction of the formation of gold
nanoparticles is shown theequationt.2.
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To better understand the kinetics of itvsitu reduction, the variation of absorbance values
of the AULSPR bands at each time interval is showFRigure6-3 (a) andFigure6-3 (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 hounghecase of4:1 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 -A8PR band is shown against the time, for the
concentrationsf crosslinking agents namely 4:1 and 10Figure6-4 (a) shows the three phases
that describe the progress of kinetics: induction, the actual formationastegpsaturation. As
shown inFigure 6-4 (a) the induction step is around 5 hours in both cases, while the actual
formation step takes around 100 hours in the casleeaf:1 sample and 140 hours for thé: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 filmand the gold ions are reduced, forming AuNPs, until the whole surface
area is filled. After this, AUNPSs start to aggregate inside the film, giving rise to a broad absorption
peak in theUV-visible spectrum. The aggregated state of the nanoparticles is reflected by the
broadening of AtLSPR bands, after around 100 hours of reaction. The evolution of the
aggregation of gold nanoparticles is shawirigure6-4(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 the10:1 sample, where the amount of the reductant is significantly lower.
6.4.3.Morphology of the Au-PDMS Surface Composites

The SEM images shown iRigure 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 sddgure6-4 (a),andFigure6-4 (b). At the
same time, the formation of large aggregates is reflected in the widening of the absorption bands,
as shavn in the imagesThe SEM images of the 10:1 sample at 48hrs and @&hrm®t 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 rateiafsitu synthesis is considerably slower in the 10:1 sample than
in the4:1sample, as the amount of the reducing agent is léks I9:1 sample. The SEM images
confirm the formation of significantly more AuNPs in the case of the sarppéared with a
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higher concentration of curing agent (4Eigure 6-5 (a) to Figure 6-5 (c)) as compared to the
(10:1;Figure6-5 (d) toFigure6-5 (f)) samples.
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Figure 6-3: The Au-LSPR bands at each time intervahre plotted against the synthesis timg(a) 10:1 PDMS
sample (b) 4:1 PDMS sample
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Evolution of absorbance around 540nm against synthesis timeytn). (b) The bandwidth measured at 90% of

the spectral peakcorrespondsto two concentrations of the crosdinking agent.

In previous workby our groupmembersseveral golebolymer surface nanocomposites
were prepared and characteriZ&@d6]. Morphology investigations of these samples have revealed
that asprepared nanocomposites always had @olgregates on the surface. The heat treatment,
in general, reduced the size of the aggregates, or even disaggregated them completely, releasing
individual nanopatrticles. To better observe nanoparticle aggregates morphological changes AFM
studies have beeararried out on both the gsepared and he#éiteated nanocomposite samples of
10:1 and 4:1composition In the case of thén-situ prepared AtPDMS nanocomposites, by

comparing the AFM images of -ggepared and he#tteated samples iRigure6-6 (a) andFigure
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6-6 (b), it can be seen that the aggregates are prestiet surface and a complete disaggregation

through the heat treatment process does not happen

Figure 6-5: SEM images of 1mm thick samples at different synthestsmes, along with their absorption bands
(inset) (Images (ac) 4:1 sample at 48 hrs, 96 hrsand 216 hrs, and images () 10:1 sample at 48 hrs, 96hrs
and 216 hrs, respectively)

99



fi ] 1o 12 14 (1 M um

Figure 6-6: AFM Phase contrast images: () 10:1 asprepared (tsyntn= 48hrs, no heattreatment) along with
the topography image (inset) and heatreated (tsynth= 48hrs, T = 200°C, 30min heattreatment) PDMS
sample (ed) 4:1 asprepared, along with the topographyimage (inset) and heatreated PDMS sample

Figure6-6 (a) shows the phase contrast image with its topography image (inset) of-10:1 as
prepared aggregated samples va#iticlesizes ranging from hundreds of nanometers to several
microns on the surface of the nanocompositewvever,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 tedsgaeized and distributezh the surface
as shown ifFigure6-6 (b). Figure6-6 (b) shows the presence of smaller aggregates, even after the
heat treatmenfThe 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 shigurei®6 (c) and
Figure6-6 (d).
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6.4.4.Sensitivity Measurements of thd”latforms

The refractive index sensitivity of 1mm thick 10:1 and 4:1 nanocomposite sarptb
in asprepared and he#teated (at 200°C) conditions, was measured using various solvents, as
outlined in the experimental sectidrigure 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-lRDMS nanocomposite samples
confirms that the majority of nanopatrticles are located beneath the surface, covered by a thin
polymer layer. In other words, they are not readily available for sensindemsted in the
topography image (inset) iRigure 6-6 (a) andFigure 6-6 (c). When gold nanopatrticles are
prepared througlexsitu 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 sams;prepared (tsynth=
48hrs, no heattreatment) and heattreated (tsyntn= 48hrs, T = 200°C, 30min heattreatment).
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However, in the case @ii-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 nanopatrticles 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 wheim-situ synthesis of Au NPs is employed.

Furthermore, for this platform, th€ has been calculated, and it is in the order of 13.31,
and10.94 for 10:1 aprepared, and he#teated samples, respectively. In contrast, for theg:1
prepared and he#tteated 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-RIDMS nanocomposite was analyzed by
XPS. Figure6-8 (a) shows the elemental composition of thepaspared 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 andljieedold
atomic percentage was plotted against the depth as shduguie6-8 (b) andFigure6-8 (c) for

the asprepared and he#ateated samples, respectively.

It can be observed from the XPS analysi&igure6-8 (a), Figure6-8(b), andFigure6-9
that most of the reduced gold nanoparticles are just below the surface layer, concentrated in a strip
of around 100 nmin the case of both ggepared and he#teated samples. However, gold at an
atomic concentration aibout0.9% was found in the heateated 10:1 sample until a depth of
around 1 um while, ithecase 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 tkHecla¢ad sample, the
strip of AuNPs is found deeper and some more AuNPs can be seen in the deptaoiiee

A part of the AuNPs has diffused to a depth of almost 700 nm in theepared samples
of 10:1 and 4:1 ratios and to a depth of more than 1200 nm in thé&rdeted samples of 10:1.
The XPS measurements show ttiet morphology is changed when the samples aretiezdéd
at 200°C, (see the AFM imagEgyure6-6 (b) andFigure6-6(d)). Theaggregates become smaller
and the nanopatrticles are-distributed over the surface and in the depilgure 6-9 shows the
schematic of the rdistribution of AUNPs and the gold atomic percentage in thesstfiace of the
asprepared and he#tteated samples with 10:1 and 4:1 composition.
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Figure 6-9: Schematic showing thalistribution of AUNPs and gold atomic percentage in the sulsurface 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 interthedfigfestanding 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 themple 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 fstending sample, the diffusion is not unidirectionatj an
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 treugdialse layers are redistributed
upon heattreatment. It can be inferred that the cgriagent in sefstanding 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.

Au* U’
(@) 0% e e% & o ()
B, ".. 5§ ¥ ¥ ¥ i T
EF 58 F 3 reregeToy T oS
L ! x _ By ot
"
p= 'SI'H - # [=| B e Fy
<
& j : B - =g
o ¥ % b oA e e 0 00 O ol o B

A2 '

Migration of cross-linking 5 ¢ [t L L B ® Reduced gold nanoparticles
i R o ¥
agent towards the interfaces Au Au
In-situ synthesis of gold

200°C

L d T ' e
(d ) f..__.‘.:-.:ﬂrg--:-.- o E.'I:':.‘j"*'l.':l = ( ?_-

o wgwqurj}
f

FoC e N Ll _mi
T Annealed nanocomposite

be 2 -

00*C

)

#— ' 4

4

/ TR, T

s e ol G0l on BN
k [

[P T S

20000
Heat-treated at 200°C

Figure 6-10: Schematic ofin-situ formation, sinking, and re-distribution of AUNPs. (a) The excess of cross
linking agentsmigrates to the interfaces(b) Reduction of gold ions (Ad*). (c) In-situ formed AuNPs sink
under the surface (d) New crosslinking molecules migrate toward the interfaces and reduce the remaining
gold precursor molecules during heat treatment at 200C for 30min. (€) 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
crosslinking agentsduring heat treatment
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To better understand the synthesis of AuNPs on the surfatee #DMS sample, a
schematic of then-situ synthesis of AUNPs on the surface of the polymer is showigire6-10
(a) toFigure6-10 (e). The excess of the free crelazking 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 structurdo@iimbeddenh the polymer. Heat treating
the nanocomposite sample at 2@for 30 minutes, would drive more cregiker molecules to

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

Table 6.1: Relation between the concentrations of crodinker, the atomic percentage of synthesized goldnd
their sensitivity

Total gold Normalized o
_ _ Sensitivity
Nanocomposite sample type synthesized amount of gold (nm/RIV)
nm
(AUtotaI %) (%)
10:1 asprepared sample
158.83 100 46.6
(tsyntt= 48hrs, no hedreatment)
10:1 heatreated sample
(tsynt= 48hrs, T = 200C, 30min heat 327.10 206 38.3
treatment)
4:1 asprepared sample
400.63 252 55.7
(tsyntt= 48hrs, ndheattreatment)
4:1 heattreated sample
(tsynt= 48hrs, T = 200C, 30min heat 1374.52 865 40.8
treatment)

tsynttr Synthesis time; Theat treatment temperature,ii Gold nanoparticles synthesized over
1200nm in %

When the nanocompositeds sensitivity is
that the sensitivity of the nanocomposite depends on the amount of gold present in the sample.
Table6.1 shows the amount of gold synthesized represented by the area under the curves for the
asprepared and he#atteated samples of the composition 10:1 and 4:1. If theafaf 10:1 as
prepared is set as reference, considering the curvesFigume 6-8 (b), andFigure6-8 (c) and
normalized to 100%, the process of heaatment at 200C for 30 minutes results in the formation

of more gold, that is, 2.06 times more than in thprapared sample. By analyzing thei/uand
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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 Heaated sample is reduced when compared to the
10:1 asprepared. A similar trend is observed in the case ofithe@spreparedand heatreated
samples. Also, the normalized && shows that the 4:1 ggepared sample has a 2.52 times higher
percentage of dd than that of the 10:1 ggepared sample, because of the higher amount of cross
linking agent present ithe4:1 sample. Thus, due to the higher percentage of gdlterl as
prepared sample, the sensitivity is higher, than the 16ptegmared sample. Therefore, if a given
application requires a higher sensitivity, the cAogsng agent to base ratio in the PDMS has to

be 4:1 or more. If the application requires ferthdistribution of nanoparticles in the

nanocompositeheat treatmentould be cosidered as well.

In addition to sensing applications, Adg)-PDMS nanocomposites, with the addition of

carbon nanotubes, can be used for shielding from electromagnetic interf@#5d&5]
6.4.6.ldentification of Gold by XRD

To identify the gold nanoparticles in the nanocomposite samples and to #ssiess
crystallinity, X-ray diffraction (XRD) analysis has been utiliz&gure6-11 (a), Figure6-11 (b),
andFigure6-12 (a), Figure6-12 (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), (20Q)ari@20)

(311) crystal faces of gold, revealing that the nanoparticles synthesized at the interface of the
polymer are composed of crystalline gold [JCPDS No0OD&4]. The intensities ofhe 4:1
nanocomposite sample are relatively higher than thabhefi0:1 sample, which confirms the
formation of more gold in the case of the 4:1 sample. As the peak corresporntie.id) plane

is more intense than the other planes, it seems that the (111) plane is the predominant orientation
of the synthesized gold ngparticles

6.4.7. Mechanism ofFormation of Sub-surface Segregated AuNPs

Unusual suisurface structures, prepared by vacuum deposition onto heat or solvent vapor
softened thermoplastic polymer substrates, have been repdi@®21]. 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 surfatbe detailed calculation of surface and interfacial

tension forces demonstrated that the completely embeddeesudabe structures are
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thermodynamically the most stabM/e hypothesized that the gold nanoparticles formed at the

surface byin-situ synthesis, would also diffuse and completely embed in PDMS.

Meas. data:Sample-1 ——
(@)
1000+
@ 500+
o
S
2
‘B
c
£
0,
-5004
T T T
20 40 60 80
2-theta (deg)
(b ) Meas. data:Sample-3 ——
3000+
2000
m
[=%
o
2
k%)
c
2
= 1000+
O,

20 40 60 80
2-theta (deg)

Figure 6-11: Indexed XRD pattern of gold synthesizedn 1mm thick samples (a) 10:1 asprepared. (b) 10:1
heattreated at 200°C for 30 minutes
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Figure 6-12: Indexed XRD pattern of gold synthesizedn 1mm thick samples (a) 4:1 asprepared. (b) 4:1
heattreated at 200°C for 30 minutes

The surface free energy associated with a patrticle is:

Wherel

is the surface tension of the particle and A is its surface area

O or

When the particle is embedded, the surface free energy change will be:

Whereg'

YO o7

[

is the interfacial tension and A is the interfacial free energy
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Embedding is favorable, that is, pFs< 0 wh

than the interfacial free energy so that the sinking prasesgergetically favorable

The interfacial tensiorf ) between PDMS and the gold nanoparticles has been reported
to be around 4.0 mN/fi222]. In comparison, the surface tension of AUNP9 was calculated to
be 8.78 N/n{223]and’ = 6.3 N/m for AUNP in a polymer matrj24]. According to these data,
the interfacial tension is inferior to the surface tension of the gold nanoparticles (WEdkMS
interactions) and, consequently, the thermodynamic criterion for sinking is fulfilled.

6.5.Conclusion

The distribution ofn-situ prepared AuNPs on the surface of PDMS-st&dhding films has
been investigated by SEM, AFM, XRD, XP&hd U\tvisible spectroscopy. It was found that
nanoparticles are formed lblge in-situ reduction of gold ions on the surface of the film by the
curing (crosslinking) agent and, right after formation, they are segregated in therfade layer
of PDMS, and only a few nanoparticles in the depth. The pattern of distribution at room
temperatee and afteheat treatmenat 200°C wa studiedconcerningthe amount of the curing
agent in the PDMS composition. It is inferred that in thin-selhding PDMS films, the excess
curing agent migrates toward the interfaces with the atmosphere and reduces the incoming gold
ions. The influence of the amount andtdbution 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 formatiorof the subsurface structure in a thin seffanding nanocomposite film is accounted
for by the weak AtPDMS interfacial interactions, permitting the gold to sink under the surface
and embed in the polymer.

6.6. Evaluation of the tested plasmonic platforms for futureperspectives

The platforms tested in the first part of this work, that is, gold #islaads, fabricated from
a colloidal solution €xsitu method), and goldPDMS nanocomposite as well sgver-PDMS,
fabricated through am-situ method have not shown a high refractive index sensitivity for
analytical purposes. However, the sensitivity of the gold 1islaads fabricated on glass byea
situ method has proved to be considerably higher than the sensitivity of théAgdldndsilver
(Ag) nanocompositplatformsprepaed by arin-situmethod. The reason(s) for this behavior have
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been accounted for by the slayer 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 ABDMS nanocomposite. Thesesults, however interesting and

useful for different purposes, do not completely answer the problem of developing a highly
sensitive detection methadidr EVs in varying environments. For this reason, it was found
necessary to orient the work in anotheediion, that is, using physicahpordepositionrmethods

for the deposition of gold.

So, the next chapter (Chapterdidcussesne of the possible applications to useliB®R
of the silver (Ag)PDMS nanecomposite platform suitable for the detection of extracellular
vesicles (EVs) andvhich could be potentially used for sensor netvgoihis work is an attempt

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

PDMS nanc-composite platform suitable for sensor networks

This chapter isreproduced from the article published in Enterprise Information Systemsl 4,
4, 532541,2020

7.1.0utline

A novel met hod for the detection of exoson
developed. The method is an optical method, based on LSPR of silver nanopatrticles. The method
was extended to a micropui di c e nsensormetwole nt ar
However, their isolation, debectdsoareactdabgquen
clinical applications. Herein, we present a simple Hisd method based on the LSPR
technique to capture and detect the EVs quantitativehg s 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, loast sensing, and high levels ohoectivity permitted
by the internet, is making Industry 4.0 the next great step in industrial advancement. The concept
of networking and data storage is inyltrating
line of the fourth industrial revolutigrand they must advance further to make Industry 4.0
e ective. Advances in chip technology have n
become both the data collectors and analysts that share,-timreatheir knowledge through
[O-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 digitalizaticinagles, conventional
chemical, and physical sensors are now ready for Inddfigndunderlinethe need for better
quality and quantity of data, intelligently communicated by using the power -&finkO

communication protocol. This is a universal, pdmpoint 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 i s pos s ingahdancreaBes datatvailalityny g ur
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 willbed el i ver ed more e ectively and at | ow
collection of patient data for preventive care but also diagnostics and treatment results.
Automationandreal i me aspects will reduce error,s and |
wireless sensebbased 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 setkierdloud 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 adequataltheare. 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, ignal transducers, actuators will broaden too. Some examples oefer@vation

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 oper at ecostlsensiegraacht | vy,
new levels of connectivity enabled through the Internet. Some of the tegheskupporting

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 poinbf-care (POC) biosensor networks, capable of automatically delivering results.
Biosensor networks are generally a multidisciplinary technological wodedban Biological
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Mi cro El ectromechani cal Systems (Bi oMEMS) . Th
biosensing applications to meet the requirements of-iagtalabelfree detection, shrunken

sensor size, and portability.

To meet the needs of the biosensor market,
across the world are focusing on the development of complet@alchip (LOC) devices,
taking advantage of | aminar pow, | owtinseampl e

to achieve higtthroughput 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 patienttnee and remote health
moni t or i ng.-tim®feadlacknsgachievalael with biosensors ndtavahrough 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 biosensawaks as shown ifigure7-1.

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 shaEaof
the formed nanopatrticles. The use of polymers for the fabrication of nanocomposite is growing
rapidly since the polymers have good optical
they are, generally, biocompatible. When compared ta pthlgmers, poly (dimethyl siloxane)

(PDMS) proved to be one of the best polymers for the fabrication of gold and silver
nanocompositef225] due to the ease of fabrication, low cost, elasticity, moldability, chemical
inertness, optical transparency, and-@oonpatibility. In addition, it has a low glass transition
temperature. Silver (golefDMS nanocomposites are useful materials with intiege®ptical

properties and applications as sensing platforms.

Al l bi ol ogi cal puids, including urine, blo
body puids such as serum and pl asma, as wel
composition celderived vesicles (EVs). They are heterogenic, mostly spheactcles and
are enclosed by a phospholipid bilayer. The typical diameter of these vesicles ranges from 30
nm to 1um, which is about a hundred times smaller than the smallepti&R26] 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 gradief87]. Currently, very few techniques are in practice for the

i sol ati on, puriycation, and c hdorusedechmigue sat i on
required to quantify and characterize Bgsfurther diagnosis at the clinical level

Device

Figure 7-1: Biosensingnetwork 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, ithercaptoundecanoic acid (Nano Thinks Acid 11),
phosphate bu er e d-(3dsnathylamirepropyl® &@tBy) ,carboliimide
hydrochbride (EDC) and Mydroxy succinimide (NHS) were obtained from SigrA&drich,
Canada. D¢ oni zed (DI) water with a resistivity
obtained by using the NANO pure ultrapure water system (Barnstead). Streptavidin was
purchased from IBA GmBH and BioHREGVn96 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 nanocompositesiitswnt aeme d o y silver

polydi methyl sil oxane (PDMS) matrix by the
aqueous sbDButaadnti dmei s performed by keepi

re

ng

50Ct o °Gt0o0 i ncrease thRl8raTbeotuthagragent opr es

matrix is found to be a good reducing agent
with silver nanborpaawn)i cHaes Joced | otwiwsdt ur al pro
mi cropui dic agpeil ticanj oPDMSI|I masa excell ent op
transparency in UV and visible Iight thus ma
opti caikc hL b (LOC). The fabrication of nanocomp
precsons$ation by adding 1g of silver nitrate |
basepoOpymer) and curing agent are mixed in a
was placed in a vacuum desiccator PDME dveagas s ¢
spun on a glass substrate of dimensions (25 m

machine to obtain a ylm thickness of €0 Om.

for about 2 hours. Then, theignmassedubatnt

precursor solution and kept in the oven be

dhtee

t we

The silver nanocomp6otelOsmanneasedThe 260s

carried outFiguees-2.s hTomen dent ecti on of eXo0some
interacti ool wiettthybbiemtei gl yc ol (PEG) Vnoe6.

7.3.3.SensingProtocol

To carry out the sensing protocol, the
solution, which is 5mM Nano Thinks (dhercaptoundecanoic acid in ethanol) that forms the
selfassembled monolayers (SAMs) around Ag Restends. SAMs are activatdry adding a
crosslinker solution and incubating for 3 hours. The criigker is N (3-
dimethylaminopropybN éethyl carbodiimide hydrochloride (EDC) of 0.2M concentration and
N-hydroxy succinimide (NHS) of 0.05M concentration, mixed in the ratio of Affer
incubation, a streptavidin solution (0.1mg/ml) is deposited on top of the activated linker layer
and incubated for an hour. Further, the bi®BEGVNn96 solution is deposited on top of the

S i

sub

streptavidin | ayer and i epoolthediesendingfprotocol,4dheh our s .
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MCF-7A exosomes solution is deposited onto the top of Vn96, a synthetic peptide that is

speciycally designed to capture them.
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Figure 7-2: Schematicrepresentation of the steps involved in the biosensing protocol of silver nanocomposite

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

The substrates appear to be transparent, before synthesis asKgenei-3 (a), and
light yellowishtbrown, after then-situ synthesis as seen kigure7-3 (b). The substrates were
annealed at 250C, for 10 minutes to tune the morphology of the silver aggregates te nano
islands[228,229] Scanning electron microscope (SEM) images for the silver nanocomposite,
before and after annealing, are showkigure7-4. From the SEM images, it is noticeable that

before annealing, the nanopatrticles are aggregated, whereas the annealed samp¥ed-show
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distributedindividual particlesislands in the range &0 - 100 nm.The morphology of the Ag
nanoparticles is tuned during the process of annealing. Annealing will change the aggregates to
nanacislands weldistributed in PDMS. They are known as highly sensitive enf{iliés,228]

The absorption band of the Ag nanocomposite, before and after annealing, is sltaguran

7-5. It can be seen that the brobdndof the Ag-LSPR peak is converted to a narrow band
throughthe annealingprocessindicating the presence of individual Agrticleshanaislands.
Therefore, his narrow band is much more suitable for sensing purposes and the spectral shifts
due to the binding of moleculesin beobservednore precisely than in the case of a broad band.

a
v

H

Figure 7-3: Photo of the samples(a) Beforethe synthesis (b) After the in-situ synthesis
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Figure 7-4: SEM images (a) Silver (Ag) nhanocomposite before annealin@aggregates)(b) Silver (Ag)
nanocomposite after annealing at 250C for 10 min (distributed).
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Figure 7-5: Ag-LSPR absorption spectra of norannealed and annealed Aganocomposite
7.4.2.Characterization of Exosomes

The characterization of the MEF exosomes is done in an SEM as shawmand from
the micrographit is noticeable that the typical diameter is of the order ofi1280 nm which

is within the range of the sizes of exosomes reported in the litefdjure

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 meadgre&PR band at
each stage is plotted and the shift is measured upon the interaction ofFE@IYN96 and the
diluted MCF7A exosomes from the stock solution as showRigure7-7. From this figure, it
is noticeable that the shifts tife AQ-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 slaftelengtidue

to the binding ofBiotin-PEGVn96 and the MCHA exosomess consideredand which is

around4 nmas $own inFigure7-7.
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Figure 7-7: Ag-LSPR absorbance spectra showinghe LSPR shift corresponding to the different steps of the
biosensingprotocol.
The next step is the transfer of the sensing protocol to a microfluidic environment. The
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device as shown iRigure7-8 is composed of PDMS polymer with an embedded chaanel

inlet, and an outlet tube, respectivelyypically, the channel is 500 um wide, its depth is 200
pm, 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 d the compounds flowing in the channel to the gold Aatands.

37 min

a
v

12.

l¢

Figure 7-8: Nano-integrated microsystem for biosensing

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 irthe case of the “substrate detection method. Due to the continuous process, the
devices can be connected easily and integrateda network and the results can drealyzed
and transmitted to the interesteatties 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
integratednto a network of sensors. The preliminary results showed that aftakelechnique,
based on the sensitivity of the AGPR band to the surrounding environment, is promising for
the detection of exosomes. Instead oframune affinityapproach, this work makes use of the
affinity of exosomes toward the Vn96 polypeptides the shift of the Ag.SPR band is
proportional to the concentration of exosomes, the method can be used for their detection in

122



varying environments. This method, once completely optimized, can be easily performed in a
microfluidic environment as well. By integrating the microfluidic semsiora network, the results
of theanalysis will be widely distributed. This work is an attempt to bring a plasmonic biosensing

met hod to a superior level, in line with Indu

So, the next chapter (Chap&rdiscusseshe Developmenbdf gold nancisland platforms

prepared through dewetting ofbeamdeposited films for the detection of extracellular vesicles
(EVs).
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Chapter 8. Development of Gold Nanesland Platforms Prepared
Through Dewetting of ebeamDepositedFilms for the Detection of

Extracellular Vesicles (EVS)

This chapter isto be submitted toa journal: This chapter covers objective(ae) ofthefThesis

Objective andscopea in Sectionl.5.
8.1.O0utline

The platforms tested in the first part of this work, that is, gold Aaltamds,that are
fabricated from a colloidal solutioeXsitu method), and goldPDMS nanocomposite as well as
silve-PDMS nanocompositefabricated througln-situ method have not shown a refractive
index sensitivity high enough for detectiohEVs. 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 depositioa kapt constant
during deposition. In addition, in the physical methods of deposition, espe@dibam
deposition, it was possible to use adhesion layers between the substrate and the gold film,
considerably increasing the stability of the systent. &bthese reasons, it was decided to
investigate the behavior ofleamdeposited thin gold films, consolidated by the presence of
adhesion layers, as starting points for the fabrication of-isaad 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 raedctric interfaceslhis interaction
leads to the excitation of localized surface plasmon resonance (LSPR)itrakimlet UV) to
visible (Vis) spectral rangewhich amplifies the local electromagnetic field and enables the

manipulation of optical energy at the nanosc@lee plasmonic properties of these materials
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depend on several factors such as the size and shape of nanopémticlegerparticle distange
and the surrounding medium's dielectric properties. Experimental evidence has revealed that the
binding of organic or biomolecules to the nanopatrticle's surface increases the local refractive
index resulting in a red shift of the LSPR baradlowing for the monitoring of molecular
interactions. The spectredsponsés described byquation8.1
Y a¥sp Qondga

8.1
where OR06 is the sensor response (shif;t of tI
omdé i s the r efr (RiS)thavigspectral chtensity shangespertrefractive iydex
unit (RIU)changep pd 6 i s the change in the refractive
the binding of the adsor batdielectricd dady eirs, tahned toéhlidc
plasmoreffectivedecay length

The fhapdasmonic pl atsh@mrcrharviecarobceasadgmi c |
The recent focus has been on the devsllammdent
for use as pl as mofnriece psleantsfiorldsda0Ppor33]cl aalNbaenl o s
I slands are highly stable nanostructures that
continuous metal films, deposi teeddamyephysc:ni atall
and sputtering. Thisd apreo decsweurtk magtwnt earap esrod ti wr
mel ting point of the fil m, and an ensemble o
pillars, may form throuwighl arnugpd uarees foomr méerck wiua
and subsequent cgnoewbhhentThsegnaireg pl atforms a
empl oyed i n nunEsaB4uzsslapplications

Gold exhibits a high surface diffusivity and is capable of dewetting to formiskmuls
but its chemical inertness results in poor adhesion, which can lead to film delamination and
peeling during sensing protocolso enhancel GdrmhmsdfonGr ,2 Ti, Ni, P
(seed) or figlueodoramess hapmegarcioup( amignd ayer s,
evaporated on the substr di32236G289 Go lecdadiepelsy t i n

used met al i n plasmonic platforms due to it
properties. Mor eover, gold can be easily func
functional groups. However r atddhechemicalhiimen
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film del amination and peeling during sensing
of conti-nbhon-S(@/ 8Bmp gold films on bare gl ass
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The objective of the current study is to developt n o v e | pl atforms wut.i
i slands that are obtthaiinnegdo |fdr ofm | dresweftotri nbg ousletnrs
pl atforms comprise boromi dadecas elomdiibam e Ritre 50X iv
I TOChr omCyuyma(ind a (2Adnany egro, | dde-peamt edapornati on
pl atforms were subjected to varying temperat
| ohgstinigslmamo pl asmoniemsipha@gt fagprprhd c &4 oir o nss .
performangleatofivdos dimpsaer ed to thoBenwgohdpluagewus

adhesion | ayers, allowing-dasnpt mgqedmticty tolet
| ayers. To characterize the platforms, Field
EnergperbDsiisve Spectroscopy (EDS) , At oRra yc For c

Diffraction (XRD) were used to analyze their
Further mortei,vet hiendreexf rsaecnsi ti vity of both pl at
resul ts of the characterization and sensitiyv

guantitative LSPR detection of EVs/ exosomes

Recenteéty [2Dldievel opedbaandL SHRPR sensor. They
I stri mstsednbd eeldf gol d-AndNn i) s | pmepar 8AMby t her |
t hor s used a spectral phase detection LSP
i os e 24Blgnst ead of wusing the shift of the pl

o 99 Qo
c

1
()

ported that t-dertweddEVs§prerndbsommerand Micr
I stinguishRUWNIusi PR AWM t hout functlimnaheizat i
tudy, they have r epordeerd vtehda tE Msh;e etxwos odmefsf earn
MVs) , can be di sAAuNgsi dB5PR wsitrmgppuBAMuUuncti o
nti body. Therefore, in ouAu pirlfecemsh isttu doyf wti H ¢
SPR plasmon band was calcul ated by directly

nto the nanoplasmonic platform, without any

o o r 9 — 0 o

ewetting temperatures. Feurret hea nmpot heleedt eveietiho b t

-~
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8.3.Methods and Materials

8.3.1.Principle of Operation of Electron Beam Deposition System

During the electron bear(e-bean) evaporation processa tungsterfilament wasfirst
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subjected to currenleading to joule heating and the emission of electrons. A high vollage
then applied between the filament and the hearth to accelerate these emitted e@gtahs
the crucible containing the material to be deposited describedn Figure 8-1. A strong
magnetic field focuses these electrons intondied beam which, upon reaching the crucihle
transfers its energy to the deposition matedalsing it to evaporate or sublimate and deposit
onto the substrate. Introducing reactive, gash as oxygen or nitroggnto the chamber during

evaporation enables the reactive deposition ofmetallic films.

e-beam evaporation claims several advantages over resistive thermal evaporation.
Firstly, the ebeam source can heat materials to significantly higher temperatures thamashat
achievable using a resistive boat or crucible heater. This facilitates very high deposition rates
and the evaporation of higemperature materials and refractory metals like tungstetalum
or graphite. Second)yilms deposited through electron beam evaporation can better maintain
the purity of the source material; water coolinghaf trucible confines the electron beam heating
solely to the area occupied by the source matgaialenting any undesirable contamination

from neighboringcomponents.
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Figure 8-1: Schematic of the ebeam deposition system
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8.3.2.Structure of the PlasmonicPlatforms

I n the prtedeemtarvosfbutdwo di st i nwas rmderetsii gant € d
speci,Crcahnldnt dgsQtbhsetbredtoe e t he deposkFduiedh of th
Sshows the configuradof onbm Btfhifctken esseenp&@ P s i Field ms
on tompmoaogfostiHa cat e tgh edds garhdiund ggiortvlltse dempd si t ed.

t wo conf i g,uroantpiamingsch wtelr e stuhbes tdeapt ces i2tiitggm!| dbf on
fi.Spreci al i z eadnoke gtumapdree ndtepampteersen r.€gai depPosi ti @
wadone by Angst rlomc.Enugsiinnegera-b@aemmulevambratdi @n

sputtering system for FigureB-3t he depositions as

I Gold Layer Guald Layer Crold Layer

_ RS e e
Botosalieate Glass Cheoenimm sihicsive layet 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. (c) ITO -Au layer.

8.3.3.Specification of Substrate and Deposition System

A 1 mm thick, 25 x 75 mnNexterion® borosilicate glass B was used as substrate. The
adhesionCr orITO) 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 uskhiigam &aporation

process.

The deposition of the layers was carried out on glass slides attacheditchrdBmeter
sample holder. Throughout the deposition process, the thicknesses of deposited layers were

monitored using a quartz crystal microbalance (QCM) incorporated ingy$tem.
8.3.4.Pre-treatment Process

Ast he first step of t he waesgad s iftoironi omr occl eesa
keeping the di schlaegei yoh a age eaterm3 &iti Wbant clu rA e

and the i on clean time 300 seconds before dep
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8.3.5.Deposition Process of the Cr and Au on th&ubstrates

After the compl et i othhe fc Wwaimh enppend cd eevam i lnege p
the substr ataen ds hountctee rt hcel ocsheatihb &%ThpE rre stshuer es urbesa
shutter will open. Thr otuhgeh osuwlas thtea tpea oa erscst atf i
rpsmuch thawewme floaynwérys deposited onto the sub:
Cr adheswase ploasyietred wusing an electron beam e
adhesion | ayetrhée¢ ot gredetdepowernt emdlas set to 240
reached tthleessbhsttrat ewi | | be opened and the C
until the target thickness whaddpogihtme ddai hadger
wadeposited at threaahteed olargkdepbsofi RO ijt by
target power to 700 W.

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

T

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 systeniP[cture courtesy
Angstrom Engineering Inc].

8.3.6.DepositionProcess of the ITO and Au on theéSubstrates

Once the i owacsdm@ine tnegd swtdggu ncpheadmbdeorwn keepi |

substrate shutter closed and®Tomae tthhee sathasmb art
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wi || be opened. During ,(the swmhstektatpowoaegotatft

10rpm so that | ayers get deposited uniformly
adhesi wadépygerted using a RF ,spatAegomgampd oOx
gases are flown intosctamedscitaendee c taitveal y.atTehef
wasamped up to 125 W Once the mentioned tarcg
wi || be openedwaatred otaltd €ldTeO rlaaiyggriof Oha&alt ar get
of MwWaasittained by setting up the target power
the | TOadayesi t ed welhrieenmsednpdteesl y exposed to t

evaporati onwalsowsed wihtircihn t he same high vacu
the |l ayer of wadepbDlse tAhud ladydrher eattbheed ft alr.g2t |
thickness of 20 | by setting up the target po

8.3.7.Characterization of the Platforms

Thel at wer ms c har a JtVéirsspzeecd roSSSEHOYRFM and
XRDAI'l the LSPR spectral measurements were cal
UWispectrophihbeom&EtMeri mages were takemi eddi ng
Emi ssTramsmi ssi on E|lEETHM) M qguioppreodlewct hormxf
Backscatter Diafnfdr alcNGA nEQSEBISrTDOm t he Facil ity
Res e, akcdGh | | UMmhee AbeMtsyu.r evmeactqsui red i n ambient
usiangNanosDd opeen\s i At olf@@Nc e mi croscope (Bruker,
USA) from the Laboratoire @A&EMCaD®pa®tiesnanit
chimie/ Univer Alitn®a gdecsaedMouit r ®& | usi ng t he PeakFc
(Peak FWME)e uWsing RTESP probes (aluminium coat
radius rangli2zngnnbeamde emon nal spring constant
were obtained using ¢t NMal Bedn gRaralayt omalEmprys
D®partementUndee€bi mPede Montr ®al . Al I t he mee
grazing an@féxmddOmefedhranyg |l ki ffract dmmdevor ks
with the CuKa radiati éhgstehte as ewmasvielievn gtyh odf tih
measured using various solvents with differen

6 50MWispectrophot ometer.
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8.4.Results and Discussion
8.4.1.Morphology of the asdeposited thin films

The morphol-dogyo ift aches ampl es can be seen i
Figure 8-4. The i mages show t hadte ptotsa tteairnfuHAmhassgy o f
di fferenwawbpasgbéed directly to the glwasss sub.
deposited on top,uonfdetrhes iamihleasri ocno nldaiyteirosn s . Wh
adhesiagamel gypodrd (Au) -l aker mehptwel agghasncoul d
i magemil ar to the ones when usi ng -itshlea ngdosl do nc ot
gl ass substrate as pi9%Mr]ehet gast udihieddibwma sTairro |
Oxide (1 TO) ,qgaudihtees iuonni floarynelry di stri buted small
seen in the inset | mawerad The hditefefdle rnfanetr enma r pphhoy
chemical opgr apheer tGresand | TO adhesi ondd mo/sirtsi, oni
processes used.

200nm

Figure 8-4: SEM Image of norrannealed 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 m.
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8.4.2.PlasmonicProperties of asdeposited thin films

The plasmonic properties of -Vtilse spaemplres cwe
s h o whRigune8b. 't coul drigwe8-5tniofadirc e dpli @at f or m wi th on
and the platform with the |1 TO adhediS&®R baydar
could be betarredaaleivieqd. On the other hand, the

and the gold (Au) | ayer-L8RRtbpandf it doesnot
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Figure 8-5: Au-LSPR spectral characteristics of theNon-Annealed (as-deposited films) for the Au layer, Cr
Au layer, and ITO-Au layer.

8.4.3.Visual Inspection and AdhesionQuality of the as-depositedthin films

The glass slides for each of the studiethis workwere cut to the size of around 12.5 mm
x 18 mmfrom a 1 mm thick, 25 x 75 mm Nexterion® borosilicate glas§Hg visual inspection
of the asdeposited film for all three configurations is showrrigure8-6. From Figure8-6 (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 padigtachedvhile handling the sample, as compared to the

other two configurationsigure8-6 (b) andFigure8-6 (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.

(»

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

8.4.4.PlasmonicProperties of the Cr-Au and ITO-Au Platforms

Gold naneislands, 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\dsifig spectroscopy
as shown irFigure 8-7 and their visual characteristics, specifically, their colour transformation
could be observed as showrFigure8-8.

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 seerigure8-8.

The spectra of the lowdemperature 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 &G0 broad band at 600 nm emerged,
which corresponds to the AUSPR band. Further increasing the annealing temperature to 550 °C,
600 °C,and650 °C resulted in a blue shift of the broad Au plasmon band to 580 nm, 560 nm, and
555 nm, respectively, and the narrowofghe 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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Figure8-9 for a better understanding of the Au plasmon band shift towards the shorter wavelength
as the temperature was increased. Frigure 8-9 it can be observed that the narsbands

formation starts at an annealing temperatu®06f°C for the platform with the Cr adhesion layer.

Conversely, annealing does not change the pattern of tReSR& spectrum of the
samples with an ITO adhesion layer as showhigure8-10. Additionally, it could be seen that
the spectral pattern doesndt change with the
case of the substrate with the Cr adhesion layer. This was due to the presence of nanoparticles
instead of nanaslands which was noticeable frorRigure 8-11 that the pink colour started
appearing even when the samplegseannealed at, 250 °C for 15mifhe evolution of the spectra
of the samples, containing the ITO adhesion layer that was annealed for 1lhr for various
temperatures is shown Figure8-12 for a better understanding of the Au plasmon band shift as
the temperature was increased. Fréigure 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.

845Cal cul at i-uBBR Pedk &/avAlength Bandwidth for the Cr-Au & ITO -Au
Platforms

Further to the study of plasmonic properties of both the platfortngas decided to find
out the AULSPR peakdandwidthat 90%( a4 of the maximum peak @y for both the
platforms for the times and temperatures at which th& 8l8R peaks can be noticed. For @re
Au platform for 15min of annealing time well-definedAu-LSPR peak will be noticed starting
from 55(°C as seen irFigure 8-7 (e) whereas for 1hr annealing timne well-defined Au-LSPR
peak will be noticed starting fro®0CC as seen ifrigure 8-7 (f) and for 5hr annealing tima
well-defined Au-LSPR peak will be noticed starting froAD’C. asseen inFigure 8-7 (g)
However, for the IT@Au platform, the AULSPR peak was noticeable for all the annealing times
(15 min, 1hr and 5hr) and temperatures considered for the @y, 300°C, 400 °C, 500 °C,
550 °G 6 °C, 650 °C) as shown irFigure8-10. The schematics for the calculation of the-Au
LSPR peak are shown Kigure8-13 (a). The plots inFigure8-13 (b) andFigure8-13 (c) show
the calculated AWLSPR peak average wavelength bandwift®0% of the maximum peak for

the CrAu and ITQAuU platforms respectively
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Figure 8-7: Evolution of the Au-LSPR spectral characteristicswith different annealing temperatures for the
platform with the Cr adhesion layer. (a) 250°C. (b) 300°C. (c) 400°C. (d) 500°C. (e) 550°C. (f) 600°C. (g)
650 °C
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Figure 8-8: Evolution of the color changewith the annealing temperature and time for the platform with the
Cr adhesion layer.
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Figure 8-9: Evolution of the Au-LSPR spectral characteristics for the platform with the Cr adhesion layer for
the different annealing temperatures annealed at 1hr
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Figure 8-10: Evolution of the Au-LSPR spectral characteristicswith different annealing temperatures for the
platform with the ITO adhesionlayer. (a) 250 °C (b) 300 °C (c) 400 °C (d) 500 °C (e) 550 °C (f) 600 °C. (g)
650 °C
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Figure 8-11: Evolution of the color changewith 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 frontigure 8-13 (b) that the averag@u-LSPR peakswvavelength
bandwidth verearound 75 nm, 58 npand 49 nm for the GAu platform when annealed 860
°C, 60 °C, and 650 °C for 1hr respectively However, fromFigure 8-13 (c) the average
wavelength bandwidth was around 54 nm, 56 and 56nm for the ITOAu platform when
annealed ab50 °C 60 °C, and650 °Cfor 1hrrespectively Therefore, based on the AISPR
peaks average wavelength bandwidth study at 90% of the maximum peak it was decided to
consider the annealing temperaturess60 °C 600 °C, and 650 °C time for 1hr for further

characterization studies of both the platforms.
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Figure 8-13 Au-LSPR peakat 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 .

846.SEM andChAaFrMact er i zCGarA uvaonrd Tadf uPlt ahtef or m

For both platforms, te SEM characterizationvas carried out for the annealing

temperatures 0650 °C 600 °C, and 650 °C for 1hr. The SEM images for the annealing
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temperatures 0600 °C and &0 °C for 1hr are included in Appendix.AVhereas the AFM
characterization for both the platformssdone for the samples that were annealégbat®°Cfor
lhr. This was because at this temperature only for both platforms therewedisfaamed Au-
LSPR peakAdditionally, the SEM and AFM characterizatioragcarried out for both platforms
at 250 °Cfor 1hr to understand the formation of nastands and nanoparticles. The SEM and

AFM images for the samare included irAppendix B

|t was aphpouregd(aframd (b) f or chtrhoem(pdm)t f or
adhesion | ayer and §bTWHo( Al hel & meamesdlnanrechd ear ea

widdhapesiard

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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8.4.7.Patrticle 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.
anopensource software that is availabledgoantify, and validate scientific imageta that was
created at the National Institutes of Healthe obtained SEM images were used to do the patrticle
size distribution analysis for each of the platforifise stepby-step procedure to perform the
particle size distribution analysis in ImageJ software is provided in Appendiig@e8-16 (a)
to Figure8-16 (c) shows the presence of naistands of wide size with an average size of around
35.21 nm, 30.30 nm, and 30.46 nm respectively for th&Qulatform when the samples annealed
at 550 °C, 600 °C and 650 °The size of the naniglands issignificantly smaller than those
obtained from gold colloidal solutions, and the density of figlamds is higher than the ones that
have been previously reported using the colloidal solution deposition pfe8ek37] The small
diameter of the nanslands is attributed to the low amount of gold available due to only depositing
a very thin film of gold (Au). Also, fronfrigure8-16 (d) the cumulative percentage of distribution
of the naneslands for the GAu platform when the samples were annealed at 550 °C, 600 °C,
and 650 °C 50% of naniglands 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 naneislands for the Cr-Au platform at different
temperaturesannealed for 1hr.

Sampl e Mean| Stand|{Mi ni mMaxi m Med i
(nm)| Devi a ( nm) (nm)| (nm
CrAu Anneal~A@35.21/17.13|5.44 (79.96(32. 8
CrAu Anneal ed30.30/16.72|8.09 |80.20(26.9
CrFrAu Anneal ed30.46/17.16 |5.56 |83.33|27.6

t h

ar ¢

Table81lpr esestat dheacafi 4lhenchseAi@apl atf orm at d
anneal i ng arenmgeaelread Hraan lthre dat a, it I's clear
nansel ands is in the range of 5 to 8 nm wherea
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 ITGAu platform at different
annealing temperaturesfor 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 thdéagmonic properties and SEM
characterization, it could be concludduht the gold layer does not form nastands when
deposited on the ITO adhesion layer. The presence of gold nanoparticles on ITO has been
accounted for by the formation of naistands and subsequent breaking due to the long duration
of annealing at higlemperature§250,251] An alternative explanation would be assuming that
the gold atoms enter the ITO surface layer during the deposition. Due to tsrfade
segregation, dewetting would be impossible.

Figure8-17 (a) to Figure8-17 (c) shows the presence of nanoparticles of varied size with
an average diameter in the range of 7 to 8 nm for theAti@latform when the samples were
annealed at 550 °C, 600 °C, and 650 °C. Also, frogure8-17 (d) the cumulative distribution
percentage of distribution of the nanoparticles for the-At(platform when the samples annealed
at550 °G 600 °C and 650 °Gare50% nanoparticles withithe size range of 7 to 8 nm.
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Table8.2 presents the particle size distributistatisticaldata of the nanoparticles for the
ITO-Au platform at different annealing temperatures. From the, tle¢gaminimum 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 spectralsensitivity of theplatformscan be calculatedising solvents with different
refractive indiceso understantheir usefulness for sensing application. Bay senmg platform
the spectrakensitivity isdenoted by Sanditi s def i ned a sap#@sthegsft/otpn whe
sensor resonance in nm, aulidis the changn refractive indexbetween the solventsherefore
the measurements were performggdimmersing the sample in a quartz cuvette, filled veiéich
of thesolvenst as listed inrable8.3 for 1 hourand thermeasuring the absorption speatising

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 Dimethylformamidg DMF) 1.43
7 100% Glycerol 1.47
8 Toluene 1.49
9 Anisole 1.52

Measurements of the sensitivity of the-&u platform annealed at 550 °C, 600 °C, and
650 °Cshowed a slight reduction in the RIU/nm as showRigure8-18 (a). It is noticeable from
Table8.4 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 illustratedrigure8-18 (b). It is also clear fronTable8.5 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.

a B Annealed at 550 °C —— Linear Fit of 550 °C b | W Annealed at 550 "C —— Linear Fit of 550 °C
@ Annsaled at 600 °C —— Linear Fit of 600 °C| ® Annealed at 600 °C Linear Fit of 600 °C
24 A Annealed at 650 °C — Linear Fit of 654]_}‘::24 | & Annealed at 850 “C Linear Fit of 850 *C
- g - =
1 Tm:mr'grl::] dinpe R 1 Tﬂn‘pl::uzl“c] Slope R
550 721210 D.BB 280 211 x139 037
20| & mee ox 201 %= ey e
: £80 ei=100 03 |
p— ]
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An (RIU) An (RIU)

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

Table 8.4: Dependene of the sensitivity on the annealing temperature for the GrAu platform

Annealing CfAu LSPR| Average
_ RI U/ nm
(°C) ( nm) size (1
550 637 35.21 72.1 N
600 588 30.30 67.0 K
650 572 30. 46 53.8 N
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Table 8.5: Dependene of the sensitivity on the annealing temperature for the ITOGAu platform

Annealing {1 TQAuUu LSPR| Average
_ Rl U/ nm

(°C) ( nm) size (
550 562 7.81 21.1 N
600 573 7.92 17.7 N
650 578 7.01 16.1 N

8.4.9.Elemental M apping and Compositions

The elemental mapping and its composition graphs are generated from th&[ZEM
(Energy Dispersive Spectroscopy) measurements. These graphs reflect, globally, the presence of
the elements in the samples, no matter the place they are. Because of theriolits¢nsitivity
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) adinen layer that was used for detection experiments.

The elemental mapping and its corresponding compositions for theAGrplatforms
annealed at 250 °C, 400 °C, 550 °C and, 650 °C are shofigune 8-19, Figure8-20, 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 dastrilithas to be
mentioned that, in agreement with the SEM and spectral results, théstearts 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 thecomposition 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 naistands 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 5&fy 3@r as shown ifigure8-23 was

carried out. Therefore, on this image four different areas/points were chosen that are considered to
be spectrum 1, 2, 3, and Bigure 8-23 (b) to Figure 8-23 (e) corresponds to the elemental

composition for each of the spectrums respectively.

T
1 v ' ] ) L 1 a 3 i 5 ]
Trergy |ha'y Eraegy ||

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 lelemental compositions(c) Spectrum 2
elemental compositions(d) Spectrum 3 elemental compositionge) Spectrum 4 elemental compositions
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Table86shows the dispersion of Chromium (chr

el ement s, i ncluding gol d, along the different
means that the spatial i1 dentity of té@aedechrogi
t he -theengpher at ure annealing process.

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

Spectr Oxygel Al umin Silig Chr omi Gol d
Spectr 4. 38 0.50 4. 06 2. 37 88. 6
Spectr 27 . 7 2.43 54. 6 10. 00 5. 23
Spectr 27.9 2.51 54. 3 10. 72 4. 46
Spectr 13. 81 1.05 18. 4 - - 66. 6
Me an 18. 4 1.63 32. 8 7.70 41. 2
Si gma 11. 49 1.00 25. 6 4. 63 43.0
The el ement al composition graphs for each
amounts of gol d, chr omi um, and el ements from

chromium may diminish the sensitieitypy bohepl at
its plasmonic properties. Overall, the findin
i mpact-doff fiusti em on the sensitivity of the det
chromium coex-i st amwid gjhnag mpmdrniafofrusiinotnerd-usli agd t h
formati on. Further investigation was <cruci al

affect the sensitivity of detection in sampl e

8.4.10.Characterization of the Substrates by XRD

The XRD patterns of th€r-Au platform are shown irFigure 8-24. From the figure, it
could be notedhat in the agleposited(non-annealedplatform, thepeaks are very broad and
suggest very small nanocrystalline domainfievithe platformis annealed a50 °C distinctive
peals of Au at 38° and 64, corresponding tol(L1) and(220) orientatiors observed respectively
(along with smaller peaks at 44.&8nd 74.8) accompaniedby distinctive peak for the CpOs at

34° corresponding to (@) orientation(asecond peak is observable at 51.8
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Figure 8-24: XRD patterns of the Cr-Au platform, as-deposited (nonannealed) and annealed at 550 °C for
lhr.
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Figure 8-25. XRD patterns of the ITO-Au platform, as-deposited (nonannealed) and annealed at 550 °C for
lhr.
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Table 8.7: Main XRD peak position and its orientation for the Cr-Au and ITO-Au platforms

properties.

Observed| Corresponding | Direction Crystallite size (nm)
peaks phase (h, k, | Cr-AL TO AU
(degree 2 index)
theta)
Non- Annealed | Non- Annealed
annealed |at5 50 |annealed|at550
29.9 ITO 222 - - - -
33.5 Cr.03 210 - 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 Cr.03 116 - 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
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8.5.Direct Detection of EVs/exosomes

Based on the results of characterization methods and the refractive index sensitivity studies
it wasdecided to use the CrAu platforms for the detection of EVs/exosonuesivedfrom the
MCF 7 breast cancer cell linbat was extracted from a bioreactor, filtered, utteatrifuged and
suspendedn the cell culturemedia So far, with the different substrate matrixes that were
developed viz thexsitu andin-situ the detection of MCF EVs/exosomesvas carried out by
functionalizing the formed narislands through linkers and then activating it through eross
linkers; then the interaction of the polypieles 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 detecion and cost. Also, in a recent stU@y9] it was proven that with bare SAMuNIs chip
without any functionalization could generate LSPR phase responses to the exosomes and
microvesicles (MVs) in a concentratiolependent manner, like the response via an antibody
functionalized SAMAuUNIs LSPR sensp 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 nancislandsusing thevan der Waals forcef attraction ¢hargebasedaffinity). Thus, in
the currentstudy, the detectionperformanceof the substrates annealed at two different
temperature§00 °Cand650 °Cwerecompared with the performance of the substrates that were
developed and studied earlier using the gold colloidal solution and the waffinity method
[98,149]
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8.6.BiosensingProtocol 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 naslands is demonstrated igure8-26 (a) to Figure8-26
(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
shownin Figure8-26 (d).

The pictures of the substrates with the steps involved as per the biosensing protocol are
shown inFigure 8-27 (a) to Figure 8-27 (c). The first step involves measuring tAe-LSPR
absorption spectrum diie prepared substrates as showRigure8-27Figure8-26 (a) using the
Perkin Elmer spectrophotometer (Lambda650). The second step is immobilizingCihé
EVs/exosomesonto the Au naneslands by depositinggOul of the CCM containing the
EVs/exosomes is immobilized onto the substratsshownin Figure8-27 (b). Then the substrates
are incubated for about 1 hour as showhRigure8-27 (c). After this step, the absorption spectrum
is measured ashown inFigure8-26 (d), the schematic of the biosensing protocol.

- cell cultore media
(a) (b L 'uumm:'r‘

e

. » 1
123456

Figure 8-26: Schematic of the biosensing protocol anthe LSPR measurements(a) Glass substrate with the

nanc-islands (b) Immobilization of the MCF 7 EVs/exosomes to the nanslands (¢) Binding of the MCF 7

EVs/exosomes to the nandslands (d) Schematicfor the LSPR measurements carried out on the prepared
substrates, before and after the immobilization of the MCF 7 EVs/exosomes.

157



8.7.Direct Detection of EVs/exosomes an@ptimization of DI Water Rinsing

The AULSPR absorbance band for each of the substrates is re@ielethe incubation
step The shift of the Au plasmon band towards longer wavelengtdsiiif) confirms the
immobilization of the EVséxosomeonto the surface of narislands as shown iRigure 8-28.
However the substrates were rinsed with DI water and after that, the measurements were repeated
for each of the substrateBhis step was carried out to remove any of the nonspecific binding of
the MCF 7EVs/exosomes to the Au naslands.The DI water rinsing step was repeated thiice
determinghe numbering of times the rinsing is required to remove the nonspecific binding such
that a further blueshift is not noticethe measured AUSPR band on the substrate before, after
immobilizing the MCF7 EVs/exosomeand after rinsing the substrate with the DI waeshown
in Figure8-28. It is clear fromFigure8-28 that there is no noticeable blue shift of thee AGPR
spectra between the first rinsing of the substrate and the third rinsing of the substrate with DI water
as compared to the AUSPR 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 MCEVs/exosomes to the Au narsbands.

©

i

Figure 8-27: Pictures of the pepared substrates for thedetection of MCF 7 EVs/exosomega) Substrate
before immobilizing MCF 7 EVs/exosomes(b) Substrate after immobilizing MCF 7 EVs/exosomegdc)
Incubation of the samples after immobilizing MCF 7 EVs/exosomes onto the substrates
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Figure 8-28 Au-LSPR band absorbance spectraat each stage before immobilizing the MCF7 EVs/exosomes
onto the substrate, after immobilizing the MCF7 EVs/exosomes tthe 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/ exosomasdone in arfFESEM and it is shown
in Figure8-29 (a) andFigure8-29 (b). It is noticeable fronfrigure8-29 (b) that the MCF 7 EVs/
exosomes are immobilized onto the Au naslands and hence those naslands appear to be a
brighter spotas compared t&igure 8-29 (a) that corresponds to the substrate with only the Au

nanaoisland. 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 naneslands with and without MCF7 EVs/ exosomegqa) SEM image of
the gold nanoislands without MCF7 EVs/ exosomegb) SEM image of the gold nandslands with MCF7
EVs/ exosomes

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

exosomesnd the Annealing Temperature

To quantify theMCF7 EVs/ exosomes, experiments were carried foutdifferent
concentrations of exosomes tltatrespondo the dilution factors of 1x, 5x, 10x, 25&nd50x.
The concentration dfICF7 EVs/ exosomepresent in the cell culture media is of the order of 1.33
x10®per ml . The 61 x 6soldiennt s tleasfrontFiguses-80ithdt thé averagel

shift decreaseas the dilution factor increasés.addition from Figure8-30, 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 formediskamals as the annealing temperature

increases.
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Figure8-30 Average LSPR shift corresponding to the di erent
different annealing temperatures.

8.10.Comparison of the LSPR shifts for MCF7 EVs/ exosome®Betweenthe

Methods ofDirect Detection andl mmunoaffinity

Figure8.31 demonstrates that the LSPR detection of the developed platform, with direct
immobilization of MCF7 EVs/exosomes onto the Au naslands, exhibits superior sensitivity
compared to our earlier method using the immunoaffinity approach. Therefore,zopgirand
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 immunodffimethod.
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Figure 8-31: Comparison of the average LSPR shifts for MCF7 EVs/ exosomes between the method of direct
detection and immunoaffinity [98].

8.11.Conclusion

In this chaptg 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-beam deposition, that is, a physical method not prone to corgaom
This methodhas many advantages over chemical methods and other physical deposition methods
as well. The déeam source is capable of heating materials to much higher temperatures than is
possible using a crucible heater. This alkdar 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 contaminati@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 (TO), respectively, have beerbeamdeposited on a
borosilicate glass substrate, before the deposition of gold, to improve the adhesion of gold and
consolidate the whole system. To prepare the 1sland films, the gold films were dewetted by
annealing undevarying temperatures and duration conditions. The results proved that thin nano
island gold films can be prepared frorbeam depsited 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 filn strongly depends on the adhesion layer. Gold forms a-tkaimorphology 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 evidencedpailtyc
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 layewnvareversaakes 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 annggbrocess, Chromium was oxidized by the air from
the oven and formed chromoxide (CsOs). The SEM images have been analyzed and the size
distribution of nanaslands, 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
nanaoislands on the Rromium layer was found arou@® to 35nm and that of nanopatrticles (by
using the ITO adhesion layer) wagd8 nm.The density of the narslands was much higher
than that of the nanlands fabricated by thermal convection of gold colloids. Thesdtses
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 futdre.ré&fractive 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
(around21.00 RIU/nm, compared th around 2.00 RIU/nm, the sensitivity of the platform with

the Chromium adhesion layer). Because of the iewysensitivity 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 lagteowing that the spatial
identity of the chromium adhesion layers is not preserved anymore during thesinigérature
annealing process. These results show that, in the case of very thin gold films, the efficacy of
adhesion layers is lower than in thesea&f thicker gold films.

Therefor, based on the characterization results th&€platforms annealed, @ 0 A C
and& 06weCde c itausedor thedetecion of the EVsby 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 obtairfammn solutions. Each solution was
carefully put on the surface of théagjorm and the experiments were carried dutould be
concluded that based on the comparison of the sensitivity thessaleddewetted platfornee
more sensitive tharnn-situ and exsitu platforms that were studied for the detection of
EVs/exosomes derived from the MCF7 breast cancer cellAise, the direct detection method
seemed to be more sensitive than the immunoaffinity method that has been studied as part of this
thesis work. Thughrough this developed novel platform the sensitivitylheen improved by 1.5
times and the detection time has been reduced by almoesbuntie 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.Conclusiors

The major goal of thisloctoral researctvork wasto identify anddevelop many sensing
platforms for early diagnosis of breast cancer through exosdroesthe detection of EVs
exosomes derived from the M&Fbreast cancer cell lingheinitial research wasarried outon
the exsitu synthesis of gold and then-situ and fabrication of gold (and silvePDDMS
nanocomposites to determine their potential utility as plasmonic platforms. The platforms
underwentfabrication, structuralanalysis, and performance evaluation fbe detection of
EVs/exosomesThe exsitu gold and in-situ silverPDMS nanocomposites, respectively, were
foundto be sufficiently sensitive for detectiddowever thein-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 detectiorf EVs/ exosomewith better sensitivity than thexsitu synthesis
of gold and thén-situ synthess of silve-PDMS nanocompositgdatforms a new platform based
on thee-beam deposition, a physical vapor deposition technique that minicoiaesmination was
developed. The-beam evaporation offers several advantages, includmgher depositiomate
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 [@pergfore to
enhancehe adhesion ofjold, Chromium(Cr) or Indium Tin Oxide (TO) layers were @eam
deposited on a borosilicate glass substrate before gold depositiorCrAe and ITGAu
platformswere then annealeat different temperaturd¢e form naneislandsor nanoparticles.

Both theplatformswere characterized usingV-Vis spectroscopyFESEM EDS,AFM,
andXRD to analyze theiplasmonic propertiestructuremorphology, and elemental composition.
Furthermore, the refractive index sensitivity of both platforms was determined based on the results
of the characterization studyhe refractive index sensitivitystudy revealed thathe Cr-Au
platform is significantly more sensitive 2700 RIU/nm) than the IT@u platform @100
RIU/nm). Thus only the Cr-Au platform was considexd suitable forthe quantitative LSPR
detection of EV#xosomesin addition, the other novelty in the present study is to directly
immobilize the EVs/exosomes to the formed naslandsusing thevan der Waals force of
attraction (chargdased affinity)without any surface chemistry modification of the plasmonic
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platform asin our earlier studieslt is importantto reduce the time taken for the detection of
EVs/exosomes and to lmesteffective Further detection studies were carried out for various
known concentrations of the MCF7 EVs/exosonB3scomparinghe detection sensitivity results
with the current method and the previously developed immunoaffinity mettvad, beconcluded
that solidstate dewetted platforms are more sensitive tham-situ and exsitu platforms that

were investigatetb detectEVs/exosomeslerivedfrom the MCF7 breast cancer cell line.

9.2.Future works

Thepotential ways to exparehdenhance this researalork are:

(1) To further validate the direct detection method using theoa of the new platform to
isolateMCF7 EVs/exosomesom the substratesndthenperform the characterizatiaf
it usingNanoparticle Tracking Analysis (NTATunable Resistive Pulse Sensing (TRPS)
and Transmission Electron Microscopy (TEM)

(2) Studesto explore the sensitivity of the new platfousing antibodieto detectand isolate
the EVs/exosomes

(3) To explore the integration ahe developed new platforimto Lab-onaChip (LOC)
technologyand apart of this work has been already completad, it is not included in
the thesis.

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

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

(6) Molecular analysis of captured EVs/exosomesDigplet Digital PCR (ddPCRbpased
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 CrAu platform annealed at 600°C
and 650°C for 1hr

SU8230 1.0kV 2.1mm x200k LA20(UL)

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

SU8230 1.0kV 2.0mm x206k LA20{UL) 200nm

Figure A-2: SEM imagefor the platform with the Cr adhesion layer and gold layer annealed at 650°C for
lhr.
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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

SUB230 1.0kY 2.6mm =100k LA2O{UL)

Figure B-1: SEM for the platform with the Cr adhesion layer and gold layer annealed at 250°C for 1hr

L
SUBZ30 1.0kY 1.9mm 2100k LAZO{LY 500nm

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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L]
2.0 um
Figure B-3: AFM image for the platform with the ITO adhesion layer and gold layer annealed at 250°C for
lhr.
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Appendix C. The stepby-step procedure to perform the particle size

distribution analysis using thelmageJ software

The stepby-step procedure to perform the particle size distribution for an SEM immage
describedFordiscussion and explanatipanrpossthe SEM image of the €u platform that was
annealed at 550°C for 1hr considered

Step 1:To open the ImageJ software as showRigureC-1.

o —— |
* ImageJ M= .

Menu Bar —= File Edit Image Process Analyze Plugins Window Heip
Tool Bar — |0 Qlz|o|<l4 4|\ |AlQ|@Lloxiswjunl §l g7 |=

Status Bar — fmaged 1.38e / Java 15.0_09

Figure C-1: ImageJ software menu, togland status batr.

St @:@0 open the obtained SEM image as shawrigureC-2.

500nm

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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St e p\fteBopening the SENmMage in the ImageJ softwaremove the existing scale using the
analyze menu and then set scale under this yaamuthen click on remove scale as shown in

— ( a ) Fle Edt Image Process Ang
iien ’ . 1 felfaf[CIFAV A

Irainrre m prisls ] -
R 4 Cr5: 0008 LAAOUILLEF (75%)
Funl aapecinms [19 i ' a 12802960 sizels 8-t 1.2WE
Lot oflpngiy  [wm =
SR i v SClle |
I

Tade IR s siace

On | Cone | b

FigureC-3 (a). Once this step is completed the opened image will get convettegshiamber of
pixels as showin FigureC-3 (b).

& Imacs
Fle Edt Image Process Ang
) B ] +
- . 1 [elfaf[CIPAV A

=] .
o cs. [T £ Cr3: 000 LASO{ULLEF (73%)
. 1280960 sixels 85t 12UE

CRe L i Pl Soide |
fea

Tade IR s siace

On | Cone | b

Figure C-3: Image scale remoul and pixel conversion (a) Removing the existing scale of the imagéb) Image
converted tothe number of pixels

St d:@he 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 showigiureC-4 (a), and then

set scale was set to the known dimension of the image as showrFiguheC-4 (b) and

calibrateit.
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Figure C-4: Calibrati on ofthe image (a) Drawing a line to the known dimensionof the image. (b) Setting up
the scale tathe known dimension with the corresponding unit

St &:nce the calibration step is completed the image will get converted into the unit that was
set in the calibration step as shownhafigure.

'I-ie Edit Image Process  Analyze

[mitell{ic] PFARIENY

£ Cr'i0 0003 LAIDOUL)AH [T5%)
1267 2885 AT ne (130, -0l 1.2HE

Figure C-5: Calibrated image as per the set scale

St &:p-or particle size analysis an evenly illuminated area of the image is important therefore it
is suggested to select the area as skagume C-6 (a) that has better illumination and duplicated
as shownn FigureC-6 (b).

200



Wil Dlapdtn
k] |0 reirlay
A 15 FCA W gy

Figure C-6: Selecting the area of the imagéor particle analysis. (a) Selection of the area(b) Duplication of
selected area

St é&:pro flatten the image by applying a bandpass filter using the process menu as shown in

FigureC-7.
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Figure C-7: Applying bandpass filter to flatten the image
St &:setup the threshold for thenage ashown inFigureC-8 (a) and once it is completed the

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

St @:plo analyze the number of particles for the image as shoWwigure 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

St & PThe number of particles present in the image aplbearas shown irFigureC-10.
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Figure C-10:Number of particles present in the image

St & fThe datafor all the particles present in the image as shdviguireC-10will be available
as shown irFigureC-11 after this the data can be saved as a tekikoel file.

¢

File Edit Image Process Analyze Plugins Window Help

Holc|o|/|«E Ao 4 o= £]o]#] | | |
wnale tonl
f Results = O =
File Edit Font Results
|Area |Mean |Min |Max | B
75 1922 255 255 255
76 2883 255 255 255
77 41325 255 255 255
786 9610 255 255 255
79 25048 255 255 255
80 7688 255 255 255 —
134 AQC NEN NEE NEE NEE |4:‘

Figure C-11: Particle data file.

St e pThé& @ta will contain the area for each of the pagigfesent 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 showRigureC-12
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Figure C-12: Particle size distribution for the analyzed image
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