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ABSTRACT

DEVELOPMENT OF A PLASMONIC BIOSENSOR FOR DETECTION
OF EXOSOMES

Aim of this work was to develop Localized Surface Plasmon Resonance (LSPR)
surfaces for quantitative detection of exosomes. For this aim, gold nanorods (AuNRS)
with a mean diameter of 40 nm and an aspect ratio of 2.9 were synthesized and
characterized. PEGylation of cetrimonium bromide (CTAB) stabilized AuNRs was
investigated using PEGs with three different molecular weights. PEGylated AuUNRS were
further self-assembled on silanized glass slides. Surface functionalization of AuNR
patterned slides was performed using alkane thiol molecules having carboxylic acid and
hydroxyl functional groups. Specific antibodies (Ab) were conjugated to surface
following two different methods, i.e. click and NHS/EDC chemistry. To perform click
chemistry strategy, ImmuneLink® was conjugated with Abs and the final conjugate was
used to functionalize surfaces prepared beforehand using azide bearing molecules.
Orientation of the antibodies on AuNRs patterned surfaces was investigated with LSPR
in comparison with conventional EDC/NHS chemistry. The click-chemistry strategy
proved to provide conjugation of antibodies through Fc regions exposing Fab regions
better for antigen recognition. Finally, surfaces functionalized with a variety of antibodies
via click chemistry were used to detect a pregnancy-associated protein, PLAP, and
exosomes obtained from human semen samples with pre-determined exosome
concentrations. LoD of biosensor surfaces was found to be between 103-10
exosomes/mL and 5 ng/mL (86 pM) PLAP. Samples having an unknown concentration
of exosomes were further analyzed using newly developed LSPR biochips and exosome
concentration was determined as 10® exosomes/mL for MCF-7 cell line and 107
exosomes/mL for MDA-MB-231 cell line, in accord with the relevant literature.



OZET

EKSOZOM TAYINI ICIN PLAZMONIK BIiYOSENSOR
GELISTIRILMESI

Bu caligmanin amaci, farkli kaynaklardan eksozomlarin nicel tayini i¢in lokalize
ylizey plazmon rezonans (LSPR) yiizeyleri gelistirmektir. Bu amagla, ortalama 40 nm
capinda 2.9’luk boy:en oranmina sahip altin nanogubuklar sentezlenmis ve
karakterizasyonlar1 yapilmistir. Ardindan, altin nanogubuklarin cam yiizeyler iizerinde
kendiliginden organizasyonlart gesitli deneyler ile optimize edilmistir. Paralelinde,
sitrinum bromir (CTAB) ile stabilize edilmis altin nanogubuklarin ti¢ farkli molekiil
agirhigindaki PEGler ile PEGilasyonu ayrintili olarak incelenmis ve altin nanogubuklarin
PEGilasyonu i¢in optimum kosullar LSPR, zeta potansiyel dl¢liimii ve XPS kullanilarak
belirlenmistir. PEGlenmis altin nanogubuklarin silanlanmis mikroskop lamlari {izerinde
kendiliginden organizasyonu saglanmis ve sonuglar LSPR, XPS ve zeta potansiyel
Ol¢ciimii ile onaylanmistir. Altin nanogubuklarin yiizeyleri, karboksilik asit ve hidroksil
fonksiyonel gruplarin1  igeren kiigiik alkan tiyol —molekiilleri kullanilarak
fonksiyonellestirilmistir. Bu, XPS, FTIR ve zeta potansiyel 6l¢iimleri ile dogrulanmistir.
Ilgili spesifik antikorlar EDC/NHS kimyas1 ve klik kimyas1 kullanilarak yiizeylere
baglanmustir. Klik kimyasi i¢in, ImmuneLink ® molekuli spesifik antikorlar ile konjuge
edilmis ve bu konjugatlar 6nceden azid ile fonksiyonellestirilmis yiizeylere baglanmistir.
Bu fonksiyonellestirme XPS, LSPR ve FTIR ile gosterilmistir. Altin nanogubuk desenine
sahip yuzeyler (zerindeki antikorlarin yonlenmesi, EDC/NHS kimyasi ile
fonksiyonellestirilmis yiizeylerle karsilastirmali olarak LSPR ile kontrol edilmistir. Klik
kimyasi ile hazirlanmis yiizeylerde antikorlarin Fc bdlgelerinden baglanma saglayarak
antijen tanimmaya yoOnelik Fab bolgelerini agikta birakacak sekilde yonlendigi
kanitlanmistir. Son olarak yiizeyler, farkli antikorlar ile modifiye edilerek, hem hamilelik
sirasinda ortaya ¢ikan protein, PLAP, hem de konsantrasyonu 6nceden belirlenmis olan
insan sperm eksozomlar1 ile test edilmistir. Yiizeylerin tanima alt limiti 10° -10%
eksozom/mL ve 5 ng/mL (86 pM) PLAP olarak bulunmustur. Son olarak, hazirlanan
LSPR biyocipler, insan meme Kkanseri hicre kdltlrleri icinde bilinmeyen
konsantrasyondaki eksozomlarin nicel tayini i¢in kullanilmistir. Eksozom
konsantrasyonlar1t MCF-7 hiicre kilturii igin 108 eksozom/mL ve MDA-MB-231 hiicre

Kiiltiird icin 107 eksozom/mL olarak bulunmustur.
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CHAPTER 1

INTRODUCTION

Extracellular vesicles (EVs) are defined as vesicles that are released from the cell
membranes. They can be in three different forms as exosomes, microvesicles and
apoptotic structures. All these types of vesicles play an important role for cell-cell
interactions through their protein and RNA contents. Recently, the important role of EVs
have been discovered during formation and progress of diseases (Raposo and Stoorvogel
2013). EVs are mostly found in biological fluids such as blood, saliva and urine (Thakur
et al. 2017). The role of EVs for the detection and treatment of a disease has gained more
and more attention during recent years (Munson and Shukla 2015). Exosomes (EXx), which
are subtypes of EVs, have nanoscale sizes (40-120 nm) and have densities of about 1.12-
1.19 g/mL. Ex have roles in translation, angiogenesis, proliferation, metabolism and
apoptosis activities of the cells (Mitchell et al. 2015). Purified Ex exist in concentrations
around 10°-102 particles/mL in all body fluids and exosomes bearing disease-specific
protein markers are found to increase in concentration throughout diseases (Fernando et
al. 2017). In conclusion, detection of EVs including Ex emerged to have great potential
either in normal or disease related biological processes.

Exosomes are known to have an enriched amount of tetraspanin proteins (CD9,
CD63, CD81) on their membrane which segregate them from other generic plasma and
lysosomal membrane proteins (Pegtel and Gould 2019). Most of the techniques for the
separation of exosomes focus on isolation of exosomes using their tetraspanins. There are
several techniques for the detection of exosomes. These can be listed as follows:
molecular imaging techniques (Gangadaran, Hong, and Ahn 2017), nanoplasmon-
enhanced scattering (nPES) (Liang et al. 2017), normal or microarray based plasmonic
techniques (Grasso et al. 2015; Im et al. 2014; Rupert et al. 2014), fluorescently labelled
exosome detection via a standard plate reader through microfluidic chips (Kanwar et al.
2014), using calorimetric methods with alternating current electrohydrodynamics in
microsystems (Vaidyanathan et al. 2014), graphene oxide microfluidic platforms working
with enzyme-linked immunosorbent assay (ELISA) principle (Zhang, He, and Zeng

2016) and conventional methods like ELISA or polymerase chain reaction (PCR). There



have been also a number of studies reported to improve methodologies for the isolation
of EVs (Liga et al. 2015). Among these isolation studies, two articles reported the
detection of genetic material from exosomes using Localized Surface Plasmon Resonance
(LSPR). These studies focused on exosome material detection (already isolated) such as
RNAs (Joshi et al. 2015; Shao et al. 2015). The studies about direct detection of exosomes
via LSPR is based on creating self-assembled gold nano-island (SAM-AuNIs) surfaces
and distinguishing cancer exosomes from other exosomes (Thakur et al. 2017) and
creating gold nanopillars to detect exosomes (Raghu et al. 2018). Raghu et. al.
successfully detected exosomes with a limit of detection (LoD) of 10° particles/mL using
CD63 proteins on exosomes that are derived from MCF7 breast adenocarcinoma cells.
Thakur et. al. found a LoD of 0.194 pg/mL for A549 cancer cell derived exosomes using
CD?9 proteins. A recent study using LSPR to detect exosomes via anti-CD63 antibodies
showed a limit of detection of 1 ng/mL (Lv et al. 2019) (calculated as approx. between
107-2x10° particles/mL with calculation of assuming all exosome diameters are same and
between 50-100 nm along with an average density of 1.2 g/mL (Konoshenko et al. 2018)).

LSPR method has been widely used for detection of biomolecules because it has
high sensitivity to short range environmental changes compared to bulk changes (SPR).
This phenomenon is explained by the shorter electromagnetic decay length (EM) of
nanoparticles in LSPR compared to metal coatings in SPR. EM of nanoparticles is 40-50
times lower than metal coatings and this enables the application of the LSPR technique
to smaller volumes (Haynes, McFarland, and Van Duyne 2005). Furthermore,
incorporation of nanoparticles to a sensing system has the advantage of flexibility in
designing the experiments such as application to smaller volume of analytes, ease of
alteration for the size and shape of the nanoparticles which finally yields to enhanced
response, etc. (Sherry et al. 2005). In summary, the LSPR technique has advantages over
the SPR technique by means of design flexibility and small volume detections.

The aim of this thesis is to develop LSPR biosensor surfaces with enhanced
sensitivity for quantitative detection of exosomes. For this aim, different types of glass
wafers were first silanized with different types of silane bearing molecules. Separately,
gold nanorods (AuNRs) were prepared via seed-mediated synthesis method and
PEGylated using three different molecular weight PEGs (1 kDa, 2 kDa and 5 kDa). These
PEG-stabilized AuNRs were then self-assembled on silanized glass wafers with different
methodologies via bottom-up surface development technique. The AuNRs patterned

surfaces were checked for their sensitivity via LSPR. The results were supported with



SEM and XPS experiments. After the optimization of the methodologies to obtain
repeatable and homogeneous AuNR patterned glass wafers, the study continued with the
surface functionalization of AuNRs on glass wafers with antibodies. Different than the
current methods applied in literature, surfaces were not plasma-treated and PEG
molecules were deliberately kept around AuNRs for further modifications. Two different
methodologies have been investigated to bind antibodies to AUNRSs patterned surfaces for
LSPR detection; the conventional EDC/NHS chemistry and click chemistry using
ImmuneLink® reagent. The click chemistry strategy was utilized to ensure the
conjugation Ab molecules through their Fc region to the surfaces, and hence to enhance
the sensitivity and limit of detection (LoD) of the prepared surfaces. In this strategy, a
commercialized protein-G fragment (Immunlink®) was introduced to the surfaces via
click chemistry. LSPR characterization of Ab-functionalization was further supported by
zeta-potential experiments, FTIR and RAMAN spectroscopies Antibodies conjugated to
the surfaces included rabbit anti-mouse IgG antibodies, mouse anti-human CD63
antibodies and recombinant anti-PLAP antibodies.

Finally, surfaces functionalized with different antibodies were first used to detect,
anti-mouse 1gGs and a pregnancy-associated protein, PLAP for validation of the surfaces.
At the final step, exosomes obtained from human semen samples with pre-determined
exosome concentrations were used to identify the LoD and linearity of the surfaces for
quantitative detection of exosomes. Human breast cancer cell culture samples having an
unknown concentration of exosomes were further analyzed using the newly developed
LSPR biochips and the exosome concentrations in unknown samples were determined.
All results are presented and discussed in Chapter 4: Results and Discussion.

The innovation and contribution of this thesis to literature are as follows:

(i) In contrast to the literature, PEG molecules around AuNRs were
deliberately maintained on the AuNRs patterned surfaces and antibodies
were successfully conjugated to the PEGylated surfaces. The results
proved that this uncommon methodology inhibited all non-specific

binding events in the detectable range.

(i)  To the best of the author’s knowledge, ImmuneLink, which is a relatively
new, Fc-specific protein was used for the first time in literature, to

functionalize AuNRs patterned glass surfaces with antibodies. This



(iii)

(iv)

methodology led to LSPR detections with higher sensitivity as it ensured

the conjugation of antibodies to the surface through their Fc regions.

A calibration curve with pre-quantified human semen exosome samples
in a wide concentration range was prepared. LoD between 10°-10*
exosomes/mL which, to the best of the author’s knowledge, is the lowest
limit of detection in the literature so far for the LSPR-based surfaces

prepared via bottom-up nanoparticle patterning.

To the best of the author’s knowledge, placental alkaline phosphatase
(PLAP) detection via an LSPR-based system was performed for the first
time in the literature. LoD of 86 pM for PLAP detection was determined.
A calibration curve with placental alkaline phosphatase (PLAP) was

constructed for the first time in literature.



CHAPTER 2

LITERATURE REVIEW

In this part of the thesis, information about exosomes; definitions; the role of
exosomes in biological functions; isolation and quantification techniques for exosomes;
LSPR theory and its biological applications, and finally exosome detection via LSPR

method have been discussed.

2.1. Definition and Biological Content of Exosomes

Membranous vesicles were first discovered 50 years ago with the assumption of
being a waste product that were released from cell through their cell membrane. This was
followed by the first discovery of exosomes (Harding, Heuser, and Stahl 1983), 37 years
ago, and the first exosome definition came out with the study in 1987 (Johnstone et al.
1987). However, ‘exo’vesicles have been ignored due to the fact about being a waste
product from cells until the last decade (Edgar 2016).

Exosomes can be defined as endocytic compartments that are released from cell
membranes after endocytic pathway (Raposo and Stoorvogel 2013) and thus exosomes
are different than other extracellular vesicles which are microvesicles (MVs) and
apoptotic bodies by means of genetic material presence (Osaki and Okada 2019).
Exosomes have roles in cell-cell communication along with their ability to carry proteins,
lipids, RNA and DNA contents between cells to develop several diseases (Raposo and
Stoorvogel 2013). Since exosomes are released by all eukaryotic cells, their content is
significantly different depending upon the originated cell type and its current state such
as differentiated, stimulated or stressed (Zhang et al. 2019). Their densities are between
1.13 g/mL (B cell-derived) (Bobrie et al. 2011) and 1.19 g/mL (epithelial cell-derived)
(Zakharova, Svetlova, and Fomina 2007). The identified contents for exosomes so far are
4400 proteins, 1639 mRNAs, 194 lipids and 764 miRNAs showing the complexity and
diversity of exosomes along with their potential (Zhang et al. 2019).

Tetraspanin proteins (CD9, CD63 and CD81) which are responsible from
penetration, invasion and fusion are identified as exosomal markers along with stress

response proteins (HSP70, HSP90), exosome release proteins (Alix, TSG101) and



membrane transport proteins (annexins and Rab) (Vlassov et al. 2012). miRNAs such as
miR-1, miR-29a, miR-126, miR-214 and miR-320 are found to exist in exosomes and
they are responsible from angiogenesis, hematopoiesis, exocytosis and tumorigenesis
through cell-cell communication by exosomes. A summary of exosome content and their

known functions can be seen in Figure 2.1.
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Figure 2.1. The key components and important roles of exosomes in biological functions
(Kalluri and LeBleu 2020)

All these properties make exosomes a great candidate as a biomarker for detection
of a disease as well as a great therapeutic agent for drug delivery purposes while known

unknowns still remain to be challenged (Margolis and Sadovsky 2019).



2.2.  The Important Roles of Exosomes in Biological Functions

Exosomes are known to have association with biological functions and conditions
such as cardiovascular diseases, pregnancy, central nervous system related diseases, viral
pathogenicity, cancer progression and immune responses and so forth (Figure 2.1). These
exosomes are found to be responsible either promoting a disease or restraining it.
Exosomes can be engineered as targeted drug delivery agents with the ability of delivering
siRNAs, antisense oligonucleotides, diverse therapeutic payloads such as
chemotherapeutic agents and immune modulators to a desired target through their
membrane proteins. While the lipid bilayer structure of exosomes enhances the
pharmacokinetic properties, their natural contents may enhance the bioavailability with
lowering the immune reactions. Along with their potential therapeutic agent applications,
exosomes can be used as biomarkers for disease detection. Exosomes can be found in all
biological fluids and they can be easily used as liquid biopsy markers. Furthermore,
response to a treatment and disease progression can also be determined via exosomes
through their multicomponent analysis (Kalluri and LeBleu 2020; Rahmati et al. 2019;
Zhang et al. 2019; Gurunathan et al. 2019; Latifkar et al. 2019; Margolis and Sadovsky
2019).

Exosomes are produced/consumed during the endocytic pathway thus they have
the different content and/or membrane bound proteins than other extracellular vesicles.
When the late endosome fuses with plasma membrane, exosomes are released outside of
the cell or uptaken exosomes are consumed during endocytic pathway and released
outside of the cell. Exosomes may vary in size, content and functionality depending upon
the source and/or cell origin. The function of exosomes largely depend on their uptake
mechanism by the recipient cell (Mulcahy, Pink, and Carter 2014). There are different
discovered uptake mechanisms of different cell types for exosomes such as
macropinocytosis for human pancreatic cancer cells (Kamerkar et al. 2017), fusion
through cell membrane for human melanoma cells (Parolini et al. 2009), clathrin-
dependent uptake for neurosecretory cells (Tian et al. 2014). A major drawback for
exosomes is the mechanism on action of externally produced and administrated exosomes
is still unknown since it will vary depending upon the nature of the cargo exosome and

the metabolic status of the recipient cells (Kalluri and LeBleu 2020). The roles of



exosomes in different biological functions have been extensively researched and the
discoveries so far have been summarized in this section.

Exosomes are known to have roles on many biological functions as well as
development of tissue homeostasis (Latifkar et al. 2019). This interesting property of
exosomes creates a great potential for applications in regenerative medicine. Stem cells
or tissue specialized cells that are differentiated from stem cells are used for
transplantation for tissue regeneration and mesenchymal stem cells (MSCs) are
considered to be the best stem cell type (Kassem, Kristiansen, and Abdallah 2004).
Researchers showed that just the conditioned medium of MSCs was successful to
maintain the effects of grafted cells (Timmers et al. 2011) and later more studies have
been accomplished on the success of the MSCs derived exosomes in regenerative
medicine (Arslan et al. 2013; Teng et al. 2015). Nowadays, exosomes are used in
cosmetics such as skin rejuvenation treatments, hand creams, skin whitening and sun
tanners.

Exosomes play important roles within immune responses such as restraining
and/or activating the activity of B cells, CD8+ and natural killer cells along with
increasing the activity of regulatory T cells and suppressing the differentiation of
monocytes through their ability to be translocated into any cell type (Rahmati et al. 2019).
Also exosomes found to influence the immune response through their ability to transfer
DNA or RNA content which will consequently influence gene expression and signal
pathways (Montecalvo et al. 2012). Exosomes that are derived from bacteria found to
have roles on health and disease stages in hosts (Ahmadi Badi et al. 2017) and they have
roles on inflammation either directly or transferring of RNA/DNA content through
another recipient cell in host immune system in bacterial infections (Sisquella et al. 2017).
They are used as bio-machineries by viruses which eventually promotes the viral infection
(Crenshaw et al. 2018) while multiple viruses can be packaged in exosomes which will
cause a viral genetic cooperativity (Altan-Bonnet 2016). As a result, different cell types
including cancer cells, immune cells (B cells and dendritic cells), epithelial and
mesenchymal cells release exosomes with different contents that can have different
influences as the proliferation or cytotoxic activity of recipient cells of both the
nonspecific and adaptive immune system (Kalluri and LeBleu 2020).

The role of exosomes have been discovered on metabolic diseases such as obesity
(Castario et al. 2018), cachexia (Chitti, Fonseka, and Mathivanan 2018), insulin resistance

(Javeed et al. 2015), muscle wasting (Zhang, Liu, et al. 2017) along with



neurodegenerative diseases such as Parkinson’s disease (Yuan and Li 2019) and
Alzheimer’s disease (Rajendran et al. 2006) via enhancing or limiting the aggregation of
proteins in the brain (Budnik, Ruiz-Cafiada, and Wendler 2016; Quek and Hill 2017; Levy
2017).

2.2.1. Exosomes in Cancer

The roles of exosomes during cancer progression are very complex and exosomes
alter many numbers of cancer related functions (Hanahan and Weinberg 2011; Kalluri
and LeBleu 2020). Cancer progression is known to be modulated by immune modulating
exosomes that are released from tumor cells as well as they are suspected to be responsible
of enabling the spread of metastasis colonization in other organs and further prompt
inflammation (Hoshino et al. 2015). Other researchers such as Nabet et. al. has showed
that activated (unshielded) RNA (damage-associated molecular pattern (DAMP))
containing exosomes have roles on signaling the stimulation and inflammation in breast
cancer (Nabet et al. 2017). On the other hand, Gao et. al. has showed the innate immunity
functions, which reduces the defense against viral factors, can be suppressed by lung
cancer related exosomes (Gao, Wang, et al. 2018). These controversy studies showed that
the functions of exosomes may differ from cell type to cell type as well as with their
interaction site. Thus it is not certain whether these effects are model specific and if they
have the same effects in humans (Kurywchak, Tavormina, and Kalluri 2018).

Researchers still putting extensive effort to understand the exosome production
related inhibitors, differentiation and tracking of exosomes in cancer either by
experimentally or theoretically. These accumulating efforts lead to many applications
both in therapy and detection of cancer related diseases (Kurywchak, Tavormina, and
Kalluri 2018).

2.2.2. Exosomes in Reproductive Systems of Mammalians

Mammalian reproductive systems requires accurate and finely adjusted dynamic
communication between cells. Exosomes have important responsibilities for this

communication both for male and female reproductive systems. While seminal plasma



exosomes have been found to have roles on sperm maturation (Sullivan et al. 2005), also
enriched amount of microRNAs (let-7a, let-7b, miR-148a, miR375, miR-99a) in seminal
plasma exosomes showed genital-resident immunity which prevents sperms from genital
immune system throughout female reproductive tract (Vojtech et al. 2014). Also it has
been discovered that seminal plasma exosomes inhibit HIV-1 infection (Madison, Jones,
and Okeoma 2015) via blocking early protein of the disease: transcriptional activator
(Tat) (Welch et al. 2018).

The placenta is the most important environment for the fetus growth and the
survival and all maternal-fetus interactions are controlled within (McNanley and Woods
2008; Linzer and Fisher 1999). Hence, placental exosomes are responsible for cell-cell
communications between placental and maternal body and along with preparation of
maternal organs for metabolic changes (Burnett and Nowak 2016). The role of exosomes
during pregnancy starts from as early as the first trimester and increases until term (Jin
and Menon 2018). Since they carry the cell specificities, placental exosomes are expected
to provide unique information during pregnancy (Pillay et al. 2016).

Placental-type alkaline phosphatase (PLAP) was found to be a unique marker for
placental exosomes (Mincheva-Nilsson and Baranov 2014; Sabapatha, Gercel-Taylor,
and Taylor 2006). This placental-type alkaline phosphatase is different from alkaline
phosphatase that presents in all tissues with lack of last 24 amino acids and increased
chemical resistance, heat stability with high specificity (Salomon et al. 2014). The
different roles of placental exosomes during normal pregnancies are maternal-fetal
communication (Chang et al. 2017), gene information transfer (Mitchell et al. 2015),
providing immunosuppression of maternal body by inhibition of the T-cells (Gercel-
Taylor et al. 2002) and regulation of cell migration as well as angiogenesis (Salomon et
al. 2014; Sabapatha, Gercel-Taylor, and Taylor 2006). Also it has been reported that the
number of placental exosomes starts to increase starting from the 6™ week of gestation
and reach to maximum number at term (Salomon et al. 2013). Hence, detection of
placental exosomes and their cargo contents can be a novel liquid biopsy technique that
will provide information about placental function (Jin and Menon 2018). Moreover,
PLAP exosomes are suspected to play important roles during pathological pregnancies
(van der Post et al. 2011). During pregnancy associated disfunctions such as
preeclampsia, gestational diabetes, and preterm birth, the quantity and content of the
exosomes can be directly linked to the disfunctions. Also, it is known that the number of

placental exosomes increases during pregnancy related disfunctions such as preeclampsia
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(Krishna and Bhalerao 2011; Salomon et al. 2014; Mitchell et al. 2015). Interestingly,

PLAP exosomes observed in some gynecologic cancer types (Leitner et al. 2001).

2.2.3. Potential of Exosomes in Clinical Applications

The role of exosomes in cell-cell communication and promotion of metastatic
niches have great impact on cancer development. Additionally, after the formation of
metastatic environments, tumor derived exosomes begin to actively secrete. These
exosomes further regulate the cancer progression by effecting immune system along with
promoting angiogenesis (Tai et al. 2018) along with reprogramming the energy
metabolism of tumor cells (Wu et al. 2019). Thus, exosomes can both serve as diagnosis
targets and therapeutics during cancer progress. In cancer related studies interruption of
biogenesis, secretion or uptake of exosomes result as cancer regression and had been
reported in many studies (Escrevente et al. 2011; Baietti et al. 2012; Ostrowski et al. 2010;
Tian et al. 2014).

Exosomes can also be used as potential therapeutics due to their biocompatibility
and enhanced stability in clinical applications (Gurunathan et al. 2019). The therapeutic
potential of mesenchymal stem cells (MSCs) derived exosomes have been studied in liver,
lung, kidney, neural in juries and cardiovascular diseases as well as wound healing
(YYamashita, Takahashi, and Takakura 2018) and MSCs derived exosomes found to be
safer than of MSCs (Sun et al. 2016).

The role of exosomes during HIV infections is still a debate and more research
needs to be done. While some studies showing the role of exosomes on HIV infection
with regulating the virus functioning (Welch, Stapleton, and Okeoma 2019) and some
other exosomes i.e. semen and breast milk can inhibit HIV infection as well as its
replication by exosomal cargos (Teow et al. 2016; Madison, Jones, and Okeoma 2015),
on the other hand semen exosomes are suspected to be responsible from HIV activity
(Madison, Roller, and Okeoma 2014). Based on these findings, exosomes are studied as
successful drug delivery vehicles in gene therapy for HIV infections by delivering RNAs
(Yong, Jing, and Yi 2018). Some studies also showed the promotion of cancer by
exosomes derived from HIV infected cells (Chen et al. 2018).

Despite of the great potential of exosomes as therapeutics, there are several

drawbacks for development of a therapeutic from an exosome. These drawbacks are: i)
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lack of large-scale production, ii) lack of high quality and uniform production and iii)
lack of information about storage conditions (Yamashita, Takahashi, and Takakura 2018).
Research still focus on these subjects to overcome the problems. For example, a recent
study showed that 5-10 fold exosome production can be achieved in a bioreactor (Watson
et al. 2016).

2.3. Exosome Isolation and Quantification Techniques

During the last decade, the great potential of exosomes for clinical utilization
created various isolation and quantification methods to have the maximum yield along
with purity and reproductivity for exosomes. While the first separation methodology,
which is ultracentrifugation, remains to be the classical ‘conventional’ isolation method,
there are several commercial exosome isolation kits on the market based on different
principles along with novel methodologies with high throughput and purity. All these
different isolation and quantification techniques yields different efficiencies that

ultimately depend on the purpose of the application.

2.3.1. Isolation

The most common and applied methodology for exosome isolation is
ultracentrifugation with differential centrifugation technique (Jeppesen et al. 2014). The
principle of this methodology is basically depending on the differences in physical
properties of the exosome containing sample. Briefly, the exosome containing sample is
centrifuged to remove other materials in the sample (cells, macromolecular proteins) and
this is followed by ultracentrifugation 100 000 g for an hour to obtain exosomes in
supernatant. This purification can be followed by a size exclusion chromatography to
obtain well-defined and more pure exosome samples. The drawbacks for this
methodology are that it is time-consuming, requires expensive instruments and it is labor-
intensive along with loss of exosomes during the purification steps that reduces the yield
(Li et al. 2017). Also, the complete isolation of exosomes from other apoptotic bodies is
impossible with this methodology and exosome clusters might be formed during

ultracentrifugation along with the presence of larger vesicles (Zhang, Yu, et al. 2017;
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Oksvold, Neurauter, and Pedersen 2015). The application of ultracentrifugation
methodology is depends on the purpose of the research since RNA content of exosomes
purified from cell culture do not effected from this method (Yu et al. 2018). However,
application of this method to clinical samples alters the final protein content of the sample
with non-specifically bound proteins and protein aggregates (Zhang et al. 2019). This
methodology can yield to 10'°-10' exosome particles/mL which is confirmed by
nanoparticle tracking analysis (NTA) (Jeppesen et al. 2014).

The isolation of exosomes has been studied with the use of immunomagnetic
beads that are conjugated with relevant exosome tetraspanin antibodies (Tauro et al. 2012)
even though these magnetic beads (i.e. anti-CD63 conjugated dynabeads®) can be found
commercially, it still requires pre-enrichment of exosomes via ultracentrifugation.
Comparing to conventional centrifugation methodologies, immunoaffinity capture beads
showed better exosome yields and thus twofold amount of exosome related proteins
(Tauro et al. 2012; Konadu et al. 2016). The exosome-magnetic bead conjugates are found
to be suitable for flow cytometry and electron microscopy experiments since sample
volume is quite low (Pedersen et al. 2013).

Another commercialized exosome isolation technique is based on a polymeric
precipitation reagent that created meshes while polymerization process and captures
exosomes that have the size range of 60-180 nm. Even though this methodology is easy
to apply (requires one step of basic centrifuge), it may still precipitate some contaminants
such as lipoproteins and it is applicable to small number of samples and an expensive kit
(Alvarez et al. 2012). A comparative study upon exosome isolation using commercially
available exosome isolation kits (precipitation principle) (de Hoog et al. 2013; Oksvold
et al. 2014; Barile et al. 2014), ultracentrifugation method, immunomagnetic beads and
size exclusion chromatography method studied and results showed that commercial Kits
along with size exclusion principle isolation showed better results by means of total
protein amount while Invitrogen kit showed the best results. Also, the size distribution
and zeta potential of the isolated exosomes with different techniques showed different
results showing that the methodology is important for the downstream of the applications
(Patel et al. 2019).
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2.3.2. Quantification, Physical and Biochemical Characterization

The determination of size for exosomes as well as their quantification is
commonly studied with dynamic light scattering (DLS), nanoparticle tracking analysis
(NTA) and high-resolution imaging (Hartjes et al. 2019). Thus, the number of exosomes
and/or exosomes that have a specific marker on them is important for detection of a
disease or progress of a disease. The quantification and/or presence of exosomes in the
relevant sample has been studied via different detection methodologies including either
semi-quantitative or quantitative methods.

Electron microscopy techniques remain the most common methodology for the
exosome characterization and quantification while preparation of the sample still a
debate. The main limitation about this technique is the necessity of the vacuum during
imaging requires drying or the fixation of the sample which ultimately lead to
misinterpretation of the representative population of the sample (Hartjes et al. 2019;
Théry et al. 2006).

DLS is also commonly used for the size determination of the exosome samples
because of its simplicity and time effectiveness (Palmieri et al. 2014). The limitation with
the DLS technique is the assumptions on the monodispersity of the sample which is more
suitable for pre-processed biofluids (Habel et al. 2015).

NTA allows to analyze polydisperse samples because of Brownian motion
estimation of the particles which leads to estimation of size of an individual particle
(Dragovic et al. 2011). While the presence of other impurities in the biological samples
remain a constraint for this technique, it is still the standard quantification technique for
exosome analysis (Carnell-Morris et al. 2017; Dragovic et al. 2011). Additionally NTA
has a limited range of detection for particles that are between 107-10° particles/mL
(Koritzinsky et al. 2017).

Flow cytometry is another method for the quantification of exosomes. A typical
analysis requires the fluorescence label of the biological sample and polystyrene beads
are the calibration standard for this technique. This constraint leads to detection of larger
extracellular vesicles (>500 nm) while the homogeneity for degree of fluorescence
labelling remains as a question (Nolan and Jones 2017; Ayers et al. 2011). Researchers
are still working on the improvements of flow cytometry technique which will be

consequently applicable on exosomes (Pospichalova et al. 2015; Mastoridis et al. 2018).
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Biochemical characterization of exosomes has great potential on diagnosis
purposes. Exosomes known to have genetic cellular contents such as DNA and RNAs
which can give insights on several physiological or pathological conditions (Yuana,
Sturk, and Nieuwland 2013). Immunoblotting is one of the common methodologies for
detection of exososomal protein content. Simply, the method involves lysing of exosomes
and then determination of the proteins either by SDS-PAGE or dot blot assay. This
methodology provides fast and simple protein detection however, it is semi-quantitative,
and it has limitations on individual exosome analysis. Also, the assay requires large
amount of sample and time consuming sample processing (Hartjes et al. 2019).

Immunosorbent assays can be used for determination of a surface protein that
present on exosome membranes. Simply, the assay surface is modified with a tetraspanin
antibody to be able to capture exosomes and following washing steps allow to remove
contaminant proteins that present in the sample. This step is followed by introducing a
labelled antibody of interest to the captured exosomes and quantification of the label of
interest (Hartjes et al. 2019). This method provides the analysis of complex body fluids
without any prior processing and one of this assay type (time-resolved-fluorescence
immunoassay (TR-FIA)) can provide detection of exososomal cargo proteins (Salih et al.
2016). Based on immunosorbent type assay, researchers developed a microfluidic
platform to isolate and quantify exosomes from complex biological fluids as well as their
protein content (Kanwar et al. 2014). In this study, researchers coated the microfluidic
chamber with anti-CD63 antibodies and captured the fluorescently labelled exosomes and
quantified them. Also, they compared the number of exosomes in cancer and healthy
patients. Further, they demonstrated the RNA profiling ability of their system by
recovering exosomes. For this type of research, the number of capture antibodies can be
increased and surface protein profiling of exosomes can be enhanced (Jgrgensen, Bak,
and Varming 2015).

2.4. LSPR Theory and Biosensor Applications

Plasmonic behavior is defined as interaction between free electrons of a metal
atom and incident light. The oscillating free electrons of the metals create a dipole on the
surface of the material, and they tend to migrate to their initial state (Jatschka et al. 2016).

Localized surface plasmon resonance (LSPR) is defined as the frequency of the
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oscillation of the electrons around a nanoparticle that is created by the incident light.
Different from surface plasmon resonance (SPR), LSPR occurs around nanoparticles
which are smaller in size than the incident light. Although the SPR technique is more
sensitive to refractive index changes in bulk solution, LSPR provides comparable
sensitivity to refractive index within short-range changes. Consequently, analyte
detection in low volume is an advantage for LSPR technique (Willets and Van Duyne
2007).

There are several techniques to create metallic nanoparticle patterned surfaces for
LSPR from bottom-up to top-bottom lithographic techniques. The most common metallic
materials that bear plasmonic properties are gold (Au) and silver (Ag). Au and Ag
particles are well-known for their biocompatible properties and ease of surface
modification with biomolecules (Alagad and Saleh 2016). Furthermore, gold
nanoparticles have advantages by means of high surface area, low toxicity compared to
silver, and better chemical stability in aqueous solutions (Chen et al. 2008; Khan et al.
2014).

Response (Angy) = mAn (1 —exp (— ?)) (D

where; A,.qx: LSPR response, m: refractive index sensitivity of gold nanorods, 4n:

change in refractive index, d: adsorbate layer thickness, [: electromagnetic decay length.

The plasmonic response of nanoparticles occurs with an excitation that is created
by an electrical field. The electron cloud around the particles starts to oscillate by the
excitation and thus creates an electrical field around them. Accordingly, EM of a
nanoparticle depends on its size and shape (Duque, Blandén, and Riascos 2017). It should
be noted that EM decay length of nanoparticles is limited according to their sizes and
shapes due to Mie Theory (only applicable nanospheres and nanorods having longitudinal
length less than 80 nm (Nehl and Hafner 2008; Mayer and Hafner 2011) (Equation 1).
Thus, LSPR response of gold nanoparticle on adsorbed layers is completely dependent
on the geometry and this determines the limits of sensitivity for gold nanoparticles. Gold
nanoparticles can be synthesized with different geometries including nanospheres,
nanorods, nanotriangles, nanocubes, nanobranches, and nanobipyramids between 10 nm

to 8 um. Among all these geometries, gold nanorods (AuNRs) have the best index
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sensitivity for the same aspect ratios among different shapes (Cao, Sun, and Grattan 2014;
Khan et al. 2014).

LSPR response and sensitivity is strongly dependent on the size and the shape of
the nanorods. To be able to get the maximum optical response from biomolecule binding,
optimizing the EM (matching the thickness upon the nanorods up to detection
biomolecule) and maximizing the sensitivity are crucial (Tian et al. 2012). The EM also
depends on the configuration of nanostructures as end-to-end or side-by-side and also the
gap between the structures. It is known that end-to-end configuration of gold nanorods
leads to the maximum coupling (Jain, Eustis, and EI-Sayed 2006). Even though increasing
the size of the nanoparticles leads to increasing EM, it also results in a decrease in the gap
between nanoparticles and a reduction of the near field influence (Huang, Neretina, and
El-Sayed 2009). Optimization for the conformation and particulate gap between gold
nanoparticles is very important to create the best LSPR response for relevant detection
methodology. In biosensor applications, detecting of a relevant antigen (depending upon
the application) is possible via incorporation of the monoclonal specific antibody on the
surfaces. Thus, antibody conjugation to the surfaces is crucial in biosensor applications.

2.4.1. Preparation of Functional LSPR Surfaces

There are different techniques to create AuNRs patterned surfaces for LSPR. The
most common methodology for AUNRS synthesis is based on using cetrimonium bromide
(CTAB) as the surfactant as AuNRs are more stable within CTAB solutions over time
(Smith and Korgel 2008). However, the high concentration and positive charge of CTAB
create sterical hindrance between the surface and AuNRs which leads to non-homogenous
and unsuccessful attempts for the gold self-assembly process of LSPR chips.
Additionally, using CTAB stabilized AuNRs in biological fluids causes aggregations
because of the positive charge of CTAB. Thus, surfactant exchange on CTAB stabilized
AuNRs with cysteine, different molecular weights of polyethylene glycol (PEG), and
citrate has been studied in literature (Guerrini, Alvarez-Puebla, and Pazos-Perez 2018).
Among these surfactants; biocompatible, non-fouling, hydrophilic properties of PEG
make it a very good agent for the surfactant exchange with CTAB (Thierry et al. 2009).
Molecular weight of PEG molecules affects the stability of AuNRs. Decreasing the
molecular weight of PEG (i.e. 356 g/mol) leads to aggregation of AuNRs despite the fact
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that further surface modification is easier in this case (Joshi et al. 2013). In this work, 1K
(Mw: 1000 g/mol), 2K (Mw: 2000 g/mol) and 5K PEG (Mw: 5000 g/mol) were used to
investigate the effect of molecular weight on the self-assembly of AUNRs on LSPR chips
and small alkane thiol functionalization for further antibody conjugation. It is well-known
that the surfactant exchange with 2K PEG creates more brushed-like oriented molecules
and high density coverage of PEG molecules and thiolated ligand exchange can be easily
achieved with 2K PEG (Hore et al. 2015). In literature, a study on ligand exchange around
PEGylated gold nanoparticles showed that lower molecular weight PEG such as 2K PEG
exchanged with the incoming thiolated ligand and also created more tethered structures
compared to higher molecular weight PEG, i.e. 5000 Da, thus easily allowing the
backfilling of the incoming thiolated ligands (Burrows et al. 2016). In this thesis, similar
findings were obtained supporting the literature.

It is crucial to create homogeneous AuNRs patterned surfaces to be able to get
repeatable LSPR responses. Also, AuNRs patterns need to be stable under further
functionalization and utilization. For this purpose, silanization of glass wafers is a well-
known methodology in literature to control the assembly of gold particles since Si-Au
bond is a strong bond that can keep the stability of AuNRs upon utilization (Yochelis et
al. 2012). There are several different methodologies for the silanization procedures
including the use of aminopropyltriethoxysilane (APTES) and 3-(Mercaptopropyl)
trimethoxysilane (MPTMS) molecules with different surfactant stabilized AuNRs (e.g.
CTAB, citrate, cysteamine and PEG) (Haddada et al. 2013; Kyaw et al. 2015; Lin and
Chung 2008; Mayer et al. 2008; Scarpettini and Bragas 2010; Weinrib et al. 2012;
Yochelis et al. 2012). In this work, the effect of two different silanes (APTES and
MPTMS) on creation of AuUNRs patterns on glass surfaces were investigated.

Antibody conjugation to gold nanoparticles can be done via numerous
methodologies. The most common and easy-to-apply methodology is having carboxylic
acid functional groups on the surfaces of the gold nanoparticles and react these groups
with amine-groups of antibodies. This can be achieved via incorporation of carboxylic
acid functionalized alkane thiol molecules which can self-assemble on gold nanoparticles.
However, hydrophobicity of these molecules is known for having secondary interactions
with proteins and other molecules in biological fluids (Love et al. 2005). Thus,
incorporation of OEG units that creates the protein repellant nature on the surfaces and
inhibits the non-specific bindings is required (Chapman et al. 2000). In this work, a new

strategy was performed for creating functional and protein-repellent surfaces. PEGylated
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AuNRs were self-assembled on glass wafers and then carboxyl/azide and hydroxyl
functionalized alkane thiol molecules were assembled on PEGylated AuNRs, leading to
hydrophilic surfaces with carboxylic acid or azide functional groups.

Antibody conjugation to the gold patterned LSPR surfaces is mostly studied using
carboxylic acid functionalized surfaces that are ready for EDC/NHS chemistry.
Alternatively, streptavidin-biotin interactions were used to conjugate antibodies to LSPR
surfaces. Using carboxylic acid-functionalized surfaces along with EDC/NHS chemistry
is a well-established and easy methodology for conjugating antibodies. However it lacks
the ability to control the Fab region orientation of antibodies on the surface, which
ultimately reduces the sensitivity of the biosensor surface (Jazayeri et al. 2016). In this
work, in parallel to conventional EDC/NHS strategy, a relatively new strategy was used
by incorporating a small protein-G fragment to ensure the conjugation of antibodies

through their Fc regions.

2.5. Exosome Detection via LSPR

A few studies in literature focuses on the detection of exosomes via plasmonic
techniques. While no detection technique is still better than another, plasmonic techniques
provide advantages by large throughput and application to low concentrations. To the best
of the author’s knowledge, first ever study that used the plasmonic properties for the
detection of exosomes was performed by Rupert et. al. (Rojalin et al. 2019). In this study,
Rupert and coworkers modified commercial gold coated SPR chips with anti-CD63
antibody and used the surfaces for human mast cell (HMC) exosome detection (Rupert et
al. 2014). They determined the concentration of exosomes by the calculation of surface
bound mass related to SPR response. For this purpose, HMC exosomes firstly isolated by
ultracentrifugation method and analyzed with NTA and BCA assay. While NTA results
showed an average size of 234 nm for 1.3x10° particles/mL, total protein amount found
to 4.1pug/mL with BCA assay results. They found a twice larger amount of exosome
proteins by comparing the total protein amount on exosomes by two methods (BCA and
SPR). However, they assumed that exosome samples did not contain any contaminant
proteins and one exosome contains one CD63 protein along with the assumptions of
monodisperse distribution of exosomes and same buoyant density. These assumptions
alter this comparison of the BCA and SPR methodologies (Rupert et al. 2014). Another
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early study that was based on a plasmonic technique used SPR method with anti-CD9
antibodies along with anti-CD41b antibodies. The authors knocked down Rab27a gene in
liver cancer (MHCC97H) cells and compared the exosome amount before and after
knocking down process. This technique allowed to monitor the regulation of exosome
secretion which can ultimately lead to observation of a cancer treatment process. In this
study, the authors found 4.9x10" exosomes/cm? based on the assumptions of exosomes
composed from DOPC lipids and calculations were performed using physical properties
of DOPC lipids (Zhu et al. 2014).

Exosome detection via LSPR methodology was demonstrated by Im and
coworkers. In this study, the authors prepared a nano-plasmonic exosome assay (nPLEX)
for quantitative analysis of exosomes using anti-CD63 antibodies. For this purpose, they
prepared gold nanohole arrays via electron-beam metal evaporation technique firstly with
200 nm thick Au and 2 nm thick Ti deposition on the surface followed by ion-beam
milling to create 200 nm diameter gold nanohole patterns and combined the surfaces with
PDMS microfluidic channels. They isolated exosomes via ultracentrifugation method
from human ovarian carcinoma cell lines (CaOV3, OVCAR3 and SKOV3). Further, they
modified the surfaces with functionalized PEG chains (Mw:1 kDa and Mw:0.2 kDa)
followed by binding of anti-CD63 antibodies to the surfaces. The detection methodology
was the comparison of relative LSPR response of two channels: one modified with anti-
CD63 and the other was modified with control antibody based on pre-quantified
exosomes via NTA. LoD of 3000 exosomes was reported (Im et al. 2014).

One of the first studies on detection of exosomes using LSPR technique was
performed by Thakur et. al. In this study, researchers created gold nano-islands (AuNIs)
with a size of 40 nm diameter and 5 nm thickness on LSPR surfaces via thermal annealing
Au films. The scope of this work was to distinguish exosomes from other microvesicles
(MV5s). For this purpose, the surface of the gold left without any further functionalization
and the mixture of exosomes and MVs (all EVs) was obtained from human A549 lung
cancer cell line and SH-SY5Y neuroblastoma cell line via ultracentrifugation method
followed by an isolation by fractionation of exosomes and EVs. These fractions were
analyzed via DLS and an average size of 150 nm for A549 and approximately 60 nm for
SH-SY5Y was determined for exosomal fractions while MVs showed a wide range of
size distribution. Varying concentrations of these exosome fractions were loaded on
LSPR surfaces and an LoD of 0.194 pg/mL was obtained with a detection range of 0.194-
100 pg/mL. Furthermore, exosomes and MVs showed higher specificity with AuNIs
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depending on different membrane properties. Exosomes were found to have
distinguishable interactions with AuNIs compared to MVs due to their more negative
membrane nature (Thakur et al. 2017).

A very recent study by Lv and coworkers is based on creating gold nano-ellipsoid
arrays followed by modification with anti-CD63 antibodies and using this microfluidic
platform for quantitative detection of exosomes. For this purpose, they used electron-
beam deposition of gold films followed by thermal annealing to create ellipsoid patterns.
To be able to modify the surfaces with anti-CD63 antibodies, the authors used
functionalized alkane thiol molecules and used EDC/NHS chemistry to conjugate the
antibodies on the surface. In this study, commercial exosomes were utilized. The
concentration of these exosomes was also determined via a commercial protocol. A LoD
of 1 ng/mL was found after subtracting the non-specific bindings of BSA to the surface
(Lv et al. 2019). This concentration corresponds to approx. 2x10° particles/mL assuming
all exosomes have the same diameter of 100 nm with an average density of 1.2 g/mL.

Inspired by all these studies; in this work, it was intended to develop a more
practical and sensitive LSPR based method for detection of exosomes.
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CHAPTER 3

MATERIALS and METHODS

3.1. Materials

AuNR synthesis: Hexadecyltrimethylammonium bromide (CTAB), sodium
borohydride, ascorbic acid were purchased from Sigma. Silver nitrate and hydrogen
tetrachloroaurate(l11) hydrate were obtained from Alfa Aesar.

Surfactant exchange from CTAB to PEG: Potassium carbonate, mPEG-SH (Mw:
1 kDa, 2 kDa and 5 kDa) were purchased from Sigma as well as mPEG-SH (Mw: 5 kDa)
was custom-synthesized by JenKem Tech.

Self-assembly of PEGylated AuNRs on the surface: silanization agents (SA1 and
SA2), sulfuric acid and hydrogen peroxide were purchased from Sigma-Aldrich. Glass
slides were Superior Marienfeld.

Surface functionalization of PEGylayted AuNRs on the wafers: 11-
Mercaptoundecanoic acid, 11-Mercapto-1-undecanol and 11-Azido-1-undecanethiol
(bis(11-azidoundecyl) disulfide) were obtained from Assemblon (Seattle, WA) and
Sigma-Aldrich. DBCO-ImmuneLink™  procured  from  AlphaThera.  N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), (N-
hydroxysulfosuccinimide) (sulfo-NHS) were procured from Sigma. Antibodies were
purchased from three different companies: rabbit anti-mouse IgG (Jackson
ImmunoResearch, 115-005-008), mouse anti-human CD63 (BD, clone H5C6) and anti-
mouse IgG are from Sigma and anti-PLAP antibody was purchased from ABCAM.

Detection: PLAP protein was procured from ABCAM. Human semen and MCF-
7 and MDA-MB-231 cell line exosome samples were kind gifts from Dr. Lucia Vojtech’s
Laboratory (University Washington, Seattle, WA, USA) and Dr. Devrim Pesen Okvur’s
and Dr. Ozden Yalgin’s Joint Laboratory (Izmir Institute of Technology, Izmir,
TURKEY) .

Solvents: Toluene, ethanol and isopropanol were purchased from Sigma. Ethanol
200 proof was purchased from Thomas Scientific. Distilled water was obtained from a

Millipore Milli-Q Plus water purification system fitted with a 0.22 pum filter.
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Others: Ethanol amine and bovine serum albumin were obtained from Sigma.
40% Acrylamide/Bis Solution 29:1 (3.3 % C) and ammonium persulfate were obtained
from Bio-Rad. Tetramethyl ethylene diamine (TEMED) was from Amresco, Tris-
(hydroxymethyl) aminomethane (Tris base) and sodium dodecyl sulphate were from
VWR.

3.2. Instruments

3.2.1. UV-Visible Spectrophotometry

UV-visible spectroscopy of the AuNRs was performed using a Thermo Scientific
Evolution 201 UV-visible spectrophotometer using quartz cuvettes. Glass wafers were cut
with diamond glass pen in either to 1 x 1 cm or 1 x 1.7 cm sizes to fit inside either the
sample cell or quartz cuvettes to be able to achieve LSPR measurements. Exosome
calibration curve, semen exosomes measurements and PLAP protein detections were
performed using an Insplorion X1 LSPR device in NESACBIO, University of
Washington (Seattle, WA, USA) and other LSPR measurements completed with Thermo
Scientific Evolution 201 in IZTECH (izmir, Turkey). The cut wafers were fitted into
relevant sample cell depending upon the device thus the measurement area was fixed for
all samples. All measurements were completed in PBS pH 7.4 if not specified.

3.2.2. Dynamic Light Scattering (DLS) and Zeta Potential

DLS and zeta potential measurements of AuNRs, functionalized AuNRs and
antibodies were taken with NanoPlus DLS Nano Particle Size and Zeta Potential
Analyzer. Measurements were completed either in solution or on the surface for zeta
potential measurements. Range for size measurements: 0.1 nm to 12.30 pm and for zeta
measurements: -500 to +500 mV; laser source: diode laser; laser wavelength: 660 nm;
laser power: dual laser 30 mW + 70 mW). All measurements were completed in PBS pH
7.4 or ultra-pure (UP) water.
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3.2.3. X-ray Photoelectron Spectroscopy (XPS)

Kratos AXIS Ultra DLD instrument using a monochromatic Al Ka X-ray source
were used for XPS measurements in Molecular Analysis Faculty (MAF), University of

Washington. Measurements took place with 0° angle if not specified.

3.2.4. Scanning Electron Microscope (SEM)

Thermo Apreo S with Lovac or Quanta 250FEG device in MAF, University of
Washington and FEI Quanta 250FEG device in Materials Research Centre (MAM) at
IZTECH were used for SEM images.

3.2.5. Fourier-transform Infrared Spectroscopy (FTIR)

Perkin EImer UATR Two device in Biotechnology and Bioengineering Research
and Application Centre (Biomer) at IZTECH was used for FTIR experiments.
Measurements took place using either in air or water baseline depending upon the surface

or solution measurements.

3.3. Methods

3.3.1. Gold Nanorod (AuNRs) Synthesis

Gold nanorods were synthesized with seed-mediated method according to the
procedure reported by Green et. al. (Green et al. 2011). Briefly, cetrimonium bromide
(CTAB) (0.1 M), HAuCl4 (0.01 M), NaBHj4 (0.01 M), AgNOs3 (0.01 M) and ascorbic acid
(0.1 M) solutions were mixed at predetermined ratios and stirred for 2 h until use. The
growth solution was prepared by mixing seed solution with 20 mL of HAuClI4 solution,
20 mL of CTAB solution, 120 pL of AgNOs solution and 360 pL of ascorbic acid

solution. The color of the solution was yellow or orange at the beginning. Finally, it turned
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to a dark-purple color. The rod solutions were purified via centrifugation and dissolved
in ultrapure (UP) water to be able to remove the excess CTAB. The final rods were

characterized via UV-spectroscopy and zeta potential measurements.

3.3.2. Surfactant Exchange from CTAB to PEG Around AuNRs

Surfactant exchange with PEG was completed with the following procedure:
CTAB stabilized gold nanorods were centrifuged once and resuspended in 2 mM
potassium carbonate, then mixed with 20 puL of 20 mM of mPEG-SH (Mw: 5 kDa) or
MPEG-SH (Mw: 2 kDa) or mPEG-SH (Mw: 1 kDa). After the incubation, the solutions
were centrifuged at 12000 rpm for 15 min to be able to remove excess surfactant in the
solution. The incubation times between 1 h to overnight were studied for PEGylation with
1K, 2K and 5K PEG. PEGylated AuNRs were checked via UV-spectroscopy, DLS and

zeta potential measurements.

3.3.3. Wafer Cleaning and Silanization

For cleaning of the glass substrates three methodologies that were tested are as
follows: cleaning with piranha, cleaning with isopropanol mixture and cleaning using
oxygen plasma. For isopropanol mixture cleaning; 1% (w/v) of sodium dodecyl sulfate
detergent was dissolved in isopropanol and the glass substrates were sonicated for 15 min
in isopropanol mixture cleaning solution, followed by sonication in DI water for 10 min,
in ethanol for 10 min, and two more sonication cycles in DI water for 10 min. The clean
substrates were kept in DI water until use. Before the silanization procedure, glass wafers
were dried with nitrogen thoroughly. Here it should be noted that the dryness of the
substrates is the key parameter for silanization since silane undergoes polymerization by
itself in aqueous media and creates multilayers of silanes on the surface (Gamble, Jung,
and Campbell 1995). For piranha cleaning: sulfuric acid (H2SO4) and hydrogen peroxide
(H20.) were mixed with 3:1 ratio and cooled down for 10 min (Caution: Piranha solution
is extremely dangerous and should be handled carefully). The substrates were immersed
ins piranha solution and kept for 30 min followed by rinsing with water thoroughly. The

substrates were used immediately after cleaning. For oxygen plasma cleaning: substrates
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were exposed to Oz plasma for 5 mins and substrates were used immediately in order to
keep the surface hydrophilicity (Alam, Howlader, and Deen 2014).

Silanization of bare glass surfaces was performed and followed by self-assembly
of gold nanorods. Acidic piranha solution, high-power oxygen plasma or
methanol/isopropyl alcohol/DI water solution (isopropanol mixture) (1/1/64 by volume)
was used as cleaning media for cleaning of the substrates. The substrates were immersed
in silane solutions for 2 hours, 8 hours or overnight and rinsed with ethanol. After washing
with excess ethanol to remove unbonded APTES, the silanized glass substrates were
immersed in PEGylated gold nanorod solutions immediately for specified time
incubation. Here, it is known that the orientation of the nanoparticles is another key
parameter for the LSPR response and diminishing effect of the interparticle gap (Jain,
Eustis, and EI-Sayed 2006). PEGylated gold nanorod patterned surfaces were
characterized via SEM, XPS, FTIR, zeta potential and LSPR. Here it should be noted that
all LSPR data were smoothed according to gaussian smoothing and data points were
normalized fitting the maximum absorbance to 1 and minimum absorbance to 0 using
ORIGIN 2016 or MATLAB.

The prepared patterned substrates were exposed to oxygen plasma for 10 seconds.
Theoretically, plasma etches the PEGs from the AuNRs surface without disrupting the
self-assembly of AuNRs leaving bare AuNRs on the surface that are ready for further
modifications (Mayer et al., 2008).

3.3.4. Performance Evaluation of AuUNRs Patterned Surfaces

The performance of the PEGylated AuNRs patterned surfaces was evaluated
measuring the change of maximum wavelength shift upon the change in the refractive
index (RI) of the solutions (water: 1.33, ethanol: 1.36, 3:1 (v/v) ethanol/toluene: 1.39, 1:1
(v/v) ethanol/toluene: 1.4, 1:3 (v/v) ethanol/toluene: 1.43, and toluene: 1.45) using a
Insplorion X1 LSPR device.
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3.3.5. Surface Functionalization of the AuNRs

Self-assembly of 11-Mercaptoundecanoic acid (COOH) and 11-Mercapto-1-
undecanol (OH) molecules on AuNRs surfaces was performed in absolute ethanol with a
final concentration of each molecule: 10 mM, 5 mM and 1 mM. The ratio between
COOH:OH molecules was 1:1 and incubation period was overnight. Calculation for
required amounts of self-assembly molecules is shown in Appendix A. At least 10000-
fold excess molecules have been used during self-assembly process. PEGylated (2K and
5K) AuUNRs patterned surfaces were investigated to determine the optimum
functionalization conditions. After determining the optimum concentration for self-
assembly process, 1 mM concentration of COOH/OH molecules with a 1:1 ratio was
incubated in absolute ethanol during overnight with plasma treated AuNRs surfaces and
used for further antibody conjugation along with non-plasma treated 2K PEGylated
AuUNRs surfaces. To conjugate antibodies through click chemistry, surfaces were
functionalized with azide groups. The same procedure was followed to incorporate azide
groups onto the surfaces. The conditions for the self-assembly of bis(11-azidoundecyl)
disulfide (N3) and 11-Mercapto-1-undecanol (OH) molecules were 1:1 ratio at a final

concentration of 1 mM for each molecule.

3.3.6. Antibody Conjugation to Functionalized AuNRs

The specific antibodies (i.e. anti-CD63 and anti-PLAP) were conjugated to the
COOH/OH or N3/OH functionalized surfaces. After the self-assembly of COOH/OH
molecules, EDC/NHS chemistry was applied on the surfaces for activation of COOH
groups to be able to conjugate the antibodies through their amines. Briefly, NHS (33 mM)
and EDC (133 mM) were dissolved in PB pH 6 and surfaces were treated for 10-30 min
either by immersion or using the flow cell of the Insplorion X1 LSPR device at a flow
rate of 5 pL/min. NHS activated surfaces were immediately incubated with relevant
antibody solutions either by immersing in or exposing to the flow of antibody solution at
concentrations of 10 pug/mL or 1 pg/mL at a flow rate of 5 puL/min, respectively. The
calculations to determine the required antibody amount is shown in Appendix A. 20-fold

excess antibody amount based on the available COOH groups on the surface was used
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during conjugation process. The incubation time for antibody conjugation was 1 h. After
antibody binding, NHS esters of COOH groups were deactivated by applying 0.1 M
ethanolamine to the surfaces and followed by incubation with BSA solution at 0.1 g/mL
to minimize the non-specific bindings on the surfaces. The functionalized surfaces were
analyzed via XPS, FTIR and zeta potential.

Furthermore, a relatively new strategy for conjugation of antibodies to LSPR
surfaces was performed. This strategy includes the incorporation of Fc region specific
protein, ImmuneLink™ to the surface in order to conjugate specific antibodies to the
surface through their Fc regions, hence to expose the antigen binding region of Abs to
the solution away from the surface.

ImmuneLink protein was purchased with a modification of dibenzocyclooctyne
(DBCO) and thus ready to click chemistry with azide functionalized surfaces. For this
purpose, the LSPR chip surfaces were modified with azide bearing self-assembly
molecule, Bis(11-azidoundecyl) disulfide (N3) and OH (using 1:1 mol ratio at 1 mM final
concentration). The results were confirmed via XPS. In parallel, DBCO-ImmuneLink
protein was conjugated to the specific antibodies to be used on LSPR surfaces using a
protein: antibody molar ratio of 1:10 at 0°C for 4 hours under UV irradiation. After the
confirmation of conjugation with SDS-PAGE, the conjugate mixture was purified by
preparative HPLC (Agilent) using UP water as running solvent and Jupiter 5 um C18 300
A column (Phenomenex) which followed by further purification and concentration with
centrifugation. Further, click chemistry between azide functionalized surfaces and
DBCO-functionalized protein-Ab conjugates were carried out in PBS pH 7.4 at 4°C for
16 hours and all surfaces were washed thoroughly after each step. Freshly prepared
surfaces were used for LSPR detection experiments.

The comparison of two antibody conjugation methodologies (NHS/EDC
chemistry and click chemistry) in terms of antibody orientation is shown schematically
in Figure 3.1. The orientation of the antibodies was investigated by incubating anti-IgG
antibody solution (1 pM, 1nM and 1 pM) in PBS with antibody modified surfaces
(EDC/NHS chemistry and click-chemistry) and measuring the binding of anti-1gG
antibodies via LSPR.
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Figure 3.1. lllustrative comparison of antibody orientations with conventional EDC/NHS
chemistry (A) and ImmuneLink strategy (click-chemistry) (B)

3.3.7. LSPR Measurements for Detection of Exosomes and Proteins

First of all, as the proof of concept, surfaces were activated via EDC/NHS
chemistry and then they were incubated with 10 pg/mL goat anti-human 1gG in 1 h and
washed with PB thoroughly. This is followed by the incubation of these surfaces with 0-
100000 pM human IgG within 1 h in PB.

Human semen exosome samples were obtained from Dr. Lucia N. Vojtech,
(University of Washington, UW). These samples contained purified exosomes at known
concentration as they were prepared by ultra-centrifugation method followed by size
exclusion chromatography (SEC) by Dr. Lucia N. Vojtech at UW. MCF-7 and MDA-
MB-231 cell culture supernatants were obtained from the joint laboratory of Dr. Devrim
Pesen Okvur and Dr. Ozden Yalgin (Izmir Institute of Technology, 1zTech). The cell
culture supernatants were collected by Dr. Ash Kisim, from Dr. Pesen Okvur and Dr.
Yal¢in laboratory at IzTech and contained unknown concentrations of exosomes in
serum-free media that were seeded in six well plate as 4x10° cells. Anti-CD63 antibody
was used to detect exosomes in both purified human semen exosome samples at known
concentrations and in breast cancer cell culture media at unknown concentrations,
because of their known high-selectivity comparing to other tetraspanins (Lv et al. 2019;
Oliveira-Rodriguez et al. 2016).
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Calibration curves for exosome detection were prepared using several different
biochip surfaces patterned with 2K PEGylated AuNRs for comparison. These different
surfaces included surfaces functionalized with EDC/NHS chemistry (i) with and (ii)
without oxygen plasma, and (iii) surfaces functionalized with click chemistry without
plasma. In this way, the effect of oxygen plasma treatment (in other words the presence
or absence of PEG on the surfaces) and the effect of conjugation strategy (NHS/EDC vs.
click) on the exosome detection sensitivity of chip surfaces were investigated. The
calibration range was 102-10'° particles/mL which was within the limits of exosome
concentrations in plasma. The stock concentration of semen exosome samples was 5.824
x 10* particles/mL and they were diluted to the necessary concentrations (10%-10%°
particles/mL) with PBS. For experiments with exosomes collected from cancer cell
culture medium, cell culture medium was diluted at a 100X and 1000X ratio with relevant
cell-culture medium. The concentration was unknown for exosomes in cell culture media.
Separately, a calibration curve for anti-PLAP antibody conjugated surfaces were
established for detection of PLAP protein. The concentration of PLAP protein was in the
range between 1.2-1250 ng/mL dissolved in PBS. For measurements, surfaces were
incubated with relevant concentrations of antigen solutions (exosome or protein
solutions) in either PBS or cell culture medium for 1 h and rinsed thoroughly with the
incubation solution before measurements. All measurements were carried out in solution.
For exosome detections, three independent experiments were carried out for every data
point and for PLAP detection two experiments were carried out for every data point.
Statistical analysis was completed with using t-test with a p<0.05 value.

Several control experiments were carried out as follows. First, anti-CD63 or anti-
PLAP antibody modified surfaces were exposed to BSA solution in PBS pH 7.4 (0.1
g/mL) to determine the non-specific binding to the surfaces applying 0.1 g/mL BSA to
the antibody (anti-CD63 or anti-PLAP) modified surfaces. Then 10* and 10%
particles/mL concentration of exosomes were incubated with anti-lgG modified surfaces
to be able to evaluate the specificity of the exosomes to their relevant antibodies (anti-
CD63). Also, antibody (anti-CD63 and anti-PLAP) modified surfaces were incubated
with 1gG (1 uM) to be able to evaluate specificity of the relevant antibody-antigen system.
Furthermore, the response of the antibody (anti-CD63) modified surfaces in cell culture
medium and cell culture medium with 40% FBS were evaluated to be able to investigate

the non-specific bindings.
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CHAPTER 4

RESULTS and DISCUSSIONS

In the scope of this thesis, glass wafers were first patterned with plasmonic
nanoparticles, i.e. gold nanorods. Specific monoclonal antibodies were then incorporated
onto gold nanorod patterns of glass wafers via two different methodologies. These
functionalized biosensor chips were finally used to quantitatively detect pregnancy
associated PLAP protein and exosomes from different sources via localized surface

plasmon resonance (LSPR).

4.1. Synthesis and PEGylation of Gold Nanorods (AuNRS)

Gold nanorods (AuNRs) were first synthesized following a procedure reported in
the literature (Mayer et al. 2008; Marinakos, Chen, and Chilkoti 2007). Since the size of
exosomes varies between 50 and 200 nm, the AuNRs were aimed to be approx. 40 nm in
longitudinal length to be able to detect one exosome per one nanorod. UV-vis
spectroscopy and SEM analyses of AuNRs are shown in Figure 4.1 (A) and (B, C and D),
respectively. SEM images were taken before purification of CTAB stabilized AuNRs
which showed the presence of some gold nanoparticles (some inhomogeneity). The
dimension of AuNRs was characterized using ImageJ program (measuring at least 100
nanorods). The sizes were 40+1.3 nm (longitudinal) and 14+0.8 nm (transverse) yielding
an aspect ratio (AR) of 2.88. The maximum absorbance wavelength (Amax) was 684 nm
which was consistent with the calculated theoretical value (Amax theo= 693 nm) from
Equation 2 (Brioude, Jiang, and Pileni 2005; Link, Mohamed, and EI-Sayed 1999; Tian
et al. 2012). The nanorods were found to keep their colloidal stability in solution for 6

months.

Amax = 95AR + 420 @)
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The next step was to exchange the surfactant (CTAB) with PEG on gold nanorods
to have self-assembled gold nanopatterns on LSPR surfaces. The surfactant exchange
around AuNRs has been proposed with several different methodologies (Smith et al.
2015). Since CTAB is known to have highly positive charge, the impact of the CTAB on
LSPR detection systems are always controversary. For this study, CTAB displays
unfavorable properties such as positive charges and hydrophobicity which potentially
leads to non-specific binding events during the detection of the biomolecules. To modify
the surface with the relevant antibodies, the surface of AuUNRS needs to be functionalized
with reactive groups such as carboxylic acid or azide. Additionally, while the surfactant
exchange is possible from CTAB to small alkane thiol molecules, the non-specific
interactions of alkane thiols with biomolecules create a major drawback for LSPR
detections (Willets and VVan Duyne 2007). For this purpose, the surfactant exchange from
CTAB to a protein repellent molecule such as PEG can be a useful approach (Gao, Liu,
et al. 2018).
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Figure 4.1. UV-vis spectrum of AuNRs in solution (length 40+1.35 nm; Amax=684nm) (A)
and SEM images of CTAB stabilized AuNRs (B (scale: 200 nm), C (scale:
100 nm) and D (scale: 200 nm)

In this study, PEGylation of AuNRs was performed by incubating CTAB-
stabilized AuUNRs with PEG in 2 mM potassium carbonate solution using PEGs with three
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different molecular weights, 1K, 2K and 5K PEGs. PEGylation was first confirmed via
UV-vis spectroscopy (Appendix Figure Al). There was no significant maximum
wavelength change before and after PEGylation regardless of the molecular weight of
PEG, as expected, and decantation of supernatant which was inevitable during the
purification process of PEGylated AuUNRs caused some intensity difference in UV-vis
absorbance of AuNRs. Insignificant shift in the maximum wavelength was expected as
densely packed CTAB molecules are exchanged from the surface of the AuNRs with
polymer molecules which leads to only a small change in plasmonic properties of AUNRS
(Mayer et al. 2008). Since the irreversible aggregation of the AUNRs is a major problem
faced during the long incubation periods of time for PEGylations, the optimum duration
for PEGylation experiment was found to be 16 hours for 5K PEG, 4 hours for 2K PEG
and 1 hour for 1K PEG without any aggregation and loss of stability. These conditions
are consistent with literature since smaller molecular weight thiol-ended PEG can interact
with Au easier when compared with larger molecular weight thiol-ended PEGs (Rahme
et al. 2013). It should be noted that 5K PEG having thiol bifunctionality was also tried
using the same conditions of PEGylation experiment with 5K PEG having thiol
monofunctionality for surfactant exchange. This experiment resulted in irreversible
agglomeration of AuNRs possibly due to the disulfide formation between different
AuNRs. Surfactant exchange from CTAB to PEG was also characterized by zeta-potential
measurements and results are shown in Figure 4.2. Zeta potential of cationic CTAB-
stabilized AuNRs decreased significantly from +2.6 + 0.1 to -2.7 + 0.5 after surfactant
exchange with PEG (2K). Although PEG is a neutral compound, its capability to adsorb
negatively charged ions from buffer solutions may result in a decrease in zeta-potential
(Barany 2015).

The zeta potential results showed that while CTAB stabilized AuNRs have
positive charge (+2.6 £ 0.1), after PEGylation the zeta potential decreases significantly
as well as it decreases with the increasing molecular weight of PEG (-1.9 + 0.3 for 1K, -
2.6 £ 0.3 for 2K, -9.2 + 1.1 for 5K). A control experiment was done to determine whether
there was excess CTAB or PEG in AuNRs solutions. Zeta potential of CTAB- or PEG-
stabilized AuNR solutions was measured after by washing AuNRs with ethanol several
times. It should be noted that CTAB and PEG are soluble in ethanol. Results showed that
there was no significant zeta potential difference before or after ethanol wash, indicating
the success of PEGylation process (Figure 4.2).
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Figure 4.2. Zeta potential results of CTAB stabilized AuNRs, 1K PEG stabilized AuNRs,
2K PEG stabilized AuNRs, CTAB stabilized AuNRs after ethanol wash, 1K
stabilized AuNRs after ethanol wash, 2K PEG stabilized AuNRs after ethanol
wash. Measurements were performed in UP water. Results are the average of
3 independent measurements. Bars represent the standard deviation of 3

measurements.

Furthermore, the hydrodynamic size of CTAB stabilized, 2K and 5K PEGylated
AUNRs were determined via DLS to be 42.2 + 1.2 nm, 46.6 + 2.1 nm and 65.9 £ 9.1 nm,
respectively (Figure 4.3). The hydrodynamic sizes are expected to increase after
PEGylation due to the larger hydrodynamic size of PEG molecules when compared with
that of CTAB molecules. It is well-known that PEG is highly hydrophilic polymer and
strongly interacts with water molecules and therefore adopts an expanded chain
configuration. When the molecular weight of PEG increases, the hydrodynamic volume
of the polymeric chain becomes larger which leads to increased size observed by DLS.
The hydrodynamic size of AuNRs determined by DLS may be misleading (Khlebtsov et
al. 2006), however, increase in the hydrodynamic size of AUNRs with the increase in PEG

molecular weight may be indicative of successful PEGylation. The concentration of
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synthesized AuNRs were calculated from Beer-Lambert’s law with assuming an
extinction coefficient of 20x108 L/mol.cm (Near et al. 2013) as 5000 pM.
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Figure 4.3. Number based mean diameter of CTAB, 2K PEG and 5K PEG stabilized
AUNRS determined by DLS. Measurements were performed in UP water
where AuNRs concentration were calculated as 5000 pM. Results are the
average of 3 independent measurements. Bars represent the standard

deviation of 3 measurements.

4.2. Wafer Cleaning Procedures

After obtaining the AuNRs, the self-assembly of AuNRs on glass wafers was
investigated in detail. In literature, there are various methodologies for the self-assembly
process of AUNRs on glass wafers (Alagad and Saleh 2016; Chen et al. 2008; Khan et al.
2014; Love et al. 2005). Silanization of glass is one of the most used methods since the
Si-Au bond is known to have a high binding energy of 304.6 £ 6.0 kJ/mol (Luo, 2002). It
should be noted that this energy is even higher than S-Au bond (253.6 £ 14.6 kJ/mol)
which is known as a strong bonding energy for self-assembly process (Xue et al. 2014).
For self-assembly of AUNRS, silanization of glass with amine or thiol bearing silanes have
been reported in literature (Yochelis et al. 2012). Silane interaction with glass wafers is a
very delicate experimental procedure and requires very clean surface area to have uniform
silanization. Presence of any residual organic compound on the surface leads to
inhomogeneity and lack of reproducibility (Cras et al. 1999). There are several

35



methodologies for cleaning of the wafers using piranha solution, isopropanol solution or
plasma treatment. In this work, all three of these cleaning methods were investigated on
microscope slides followed by silanization with amino or thiol functionalized silanes.
First, piranha solution treated surfaces were analyzed via contact angle measurements.
The results showed an increase in surface hydrophilicity after treatment with piranha
solution, which also indicated the removal of residual compounds from the surface
(Appendix Figure A7). The surfaces cleaned via three different methods were silanized
followed by interaction with PEGylated AuNRs. The silanization procedures have been
discussed in detail in the next section. The self-assembly of PEGylated AuNRs on glass
wafers cleaned via three different methods were compared by means of LSPR responses
using UV-vis spectroscopy. The results showed that there was not any difference between
the surfaces cleaned with piranha or isopropanol solution while surfaces cleaned via
plasma treatment showed no self-assembly (no LSPR shift) of AuNRs (Figure 4.4). Thus,
isopropanol solution cleaning procedure was chosen as the cleaning procedure as it was
less dangerous because there was no handling of sulfuric acid. Furthermore, treatment
with piranha solution leads to polyamorphous SiO- structures and thus inhomogeneity in

the self-assembly of particles (Sarangan 2016).
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Figure 4.4. LSPR spectra of 2K PEGylated AuNRs patterned surfaces silanized after

isopropanol or piranha solution cleaning.
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4.3. Silanization of Different Glass Wafer Types

As explained in the methods section, the prepared surfaces yield a reliable LSPR
response only in a region with a diameter of 2 mm at the middle of the glass wafers. Any
inhomogeneity in this region may cause false response (higher exact value of Amax) or
broadening of the LSPR peak. To overcome this problem, silanization procedures were
investigated in detail for patterning of surfaces with 5K or 2K PEGylated AuNRs via UV-
vis spectroscopy (Figure 4.5) and SEM (Figure 4.6). 2K PEGylated AuNRs on silanized
surfaces showed the best distribution on the surface along with the best intensity and peak
broadening LSPR response. SEM images revealed that red shift in the case of 5K
PEGylated AuNRs on MPTMS was caused by aggregation of AuNRs on the surface
which can be explained by gold aggregates tending to have the properties of large gold
particles (Chegel et al. 2012). It should be noted that when PEGylated AuNRs were
applied on the bare surfaces (without any silane modification), the gold assembly could
not be observed by eye due to lack of interaction between the surface oxygen atoms and

PEG molecules around AuNRs.
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Figure 4.5. LSPR results for 2K PEGylated and 5K PEGylated AuNRs on silanized

surfaces.
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As mentioned above, silanization is a very delicate process. Silanes undergo
polymerization very easily when exposed to water, creating cross-linked multilayers of
silanes which changes the hydrophilic properties of the surface and ultimately alters the
surface properties for further modifications (Krasnoslobodtsev and Smirnov 2002). In
literature, silanization can even be completed within 5 min and self-assembly of gold
nanoparticles has been achieved afterwards (Fujiwara et al. 2006). Even though the
surface is clean enough from residual organic molecules and dry enough to prevent the
polymerization of silanes, they can undergo different kinds of binding types with surface
oxygens changing the surface compound to be Si, NH> or CH3 for APTES (Acres et al.
2012; Kyaw et al. 2015). For gold nanorod self-assembly on MPTMS modified glass
wafers, it is known that AUNRs tend to agglomerate faster due to the ionic strength of the
solution and silanization can alter the orientation of gold nanorods (Wang and Tang
2013). Since the silanization parameters were kept constant for this study, APTES
modified surfaces showed less agglomeration of AuNRs compared to MPTMS. As
mentioned in the introduction, there are several studies about self-assembly of gold
nanoparticles on glass wafers using APTES or MPTMS via different methodologies. In
this work, 2K PEGylated AuNRs on APTES modified surfaces were found to have the
best LSPR response and this was proved via SEM by means of particulate gap between

the nanoparticles (Figure 4.6).
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Figure 4.6. SEM images of silanized surfaces after the self-assembly of: (A) 2K
PEGylated AuNRs and (B) 5K PEGylated AuNRs.
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4.4. Performance Evaluation of the AUNRs Patterned Surfaces

The UV-vis response performance of 1K, 2K and 5K PEGylated AuNRs patterned
surfaces were first evaluated by measuring the LSPR response of the surfaces in solution
having different refractive index values (water: 1.33, ethanol: 1.36, 3:1 ethanol/toluene:
1.39, 1:1 ethanol/toluene: 1.4, 1:3 ethanol/toluene: 1.43, and toluene: 1.45) (Figure 4.7
and Figure 4.8). The measurements were repeated with 5 different surfaces for each
solution. The slope of wavelength shift vs. Rl graphs (Figure 4.7) of the wafers
constructed with 5K, 2K and 1K PEGylated AuNRs patterned surfaces are 224 nm/RIU,
271 nm/RIU and 257 nm/RIU, respectively. The statistically significant difference
between the slopes of the curves was investigated by comparing the slopes of every
dataset (n=1, n=2, n=3, n=4 and n=5). 2K PEGylated AuNRs patterned surfaces showed
higher slope for every dataset comparing to 1K and 5K while 1K PEGylated AuNRs
patterned surfaces showed higher slope compared to 5K (Figure 4.7). In addition, AUNRs
patterned surfaces prepared in this study were more sensitive to RI changes of the
surrounding than the similar glass surfaces reported in the literature that have 5K
PEGylated AuNRs patterned surfaces (198 nm/RIU) (Mayer et al. 2008; Chen et al.
2008). In this study, 2K PEGylated AuNRs patterned surfaces found to have the optimum
sensitivity.

Similar results were obtained by the comparison of 2K PEGylated AuNRs before
and after plasma treatment (Figure 4.8). Surfaces before plasma treatment showed higher
sensitivity (i.e. slope of wavelength shift vs. RI) compared to plasma treated surfaces for
each of the dataset. When the average of the slopes was taken for every measurement,
slope of the 2K PEGylated AuNRs patterned surfaces showed the highest response to the
refractive index change in the surrounding. Plasma treated surfaces showed a 256 nm/RIU
sensitivity which was lower than the non-plasma treated surfaces (271nm/RIU). Overall,
it can be concluded that both surfaces have good sensitivity values. However, considering
that the presence of PEG on untreated surfaces potentially minimizes the non-specific
bindings, further steps towards biofunctionalization of PEGylated AuNRs assembled
glass wafers were performed without performing plasma-etching.

Plasma untreated AuNRs patterned surfaces were further analyzed via SEM
(Figure 4.9), it was seen that 2K PEGylated AuNRs patterned surfaces have AuNRs more
homogenously distributed when compared to 1K and 5K PEGylated AuNRs patterned
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surfaces. Also, the interparticle gap between AuNRs when comparing 2K and 5K
PEGylated AuNRs surfaces can also be observed (in comparison with Figure 4.6). The
surfaces patterned with 5K PEGylated AuNRs displayed larger unoccupied spaces. As
the raw data (Appendix Figure A8) showed clearly, 1K and 2K PEGylated AuNRs
patterned surfaces showed higher intensities (0.25 a.u.) compared to 5K PEGylated
AUNRs patterned surfaces (0.05 a.u.). However, 1K and 2K PEGylated AuNRs tended to
agglomerate faster in solution during the self-assembly process. This can be explained by
the lower hydrodynamic volume of PEGs around AuNRs as the molecular weight
decreases. Close pack self-assembly for 1K and 2K PEGylated AuNRs as shown via SEM
led to high LSPR signal intensity. Considering LSPR theory, when the interparticle gap
is increased, consequently plasmon shift decreases (Jain, Huang, and El-Sayed 2007). In
fact, the shift disappears if the interparticle gap between two particles is greater than 2.5
times of the particle’s dimensions (transverse or longitudinal) (Su et al. 2003).
Accordingly, 1K and 2K PEGylated AuNRs on the surfaces are expected to have smaller
gaps between each other when compared with 5K PEGylated AuNRs. On the other hand,
lower molecular weight PEG (i.e. 1K PEG) may not provide sufficient colloidal stability
to AuNRs when compared with 2K PEG. This may result in agglomeration of 1K
PEGylated AuNRs on the surfaces compared to 2K PEGylated AuNRs patterned surfaces.
All these parameters affect the sensitivity of the surfaces and accordingly the detection
limits. In conclusion, 2K PEGylated AuNRs patterned surfaces yielded the best LSPR
response with the highest sensitivity as well as the most homogeneous particle
distribution.

LSPR response strongly depends on the size and the orientation of the AUNRS.
For 40 nm AuNRs, the response increases with elongation until AR>3.4. This
phenomenon is explained by the Gans theory (Huang, Neretina, and El-Sayed 2009).
When the size of exosomes is considered (50-200 nm), 40 nm longitudinal length for
AuNRs was chosen to be able to detect one exosome per gold nanorod and the AR was
kept lower than 3.4.
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Figure 4.7. Amax shift of 1K, 2K and 5K PEGylated AuNRs patterned surfaces without

any plasma treatment (n=5).
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Figure 4.8. Amax shift of 2K PEGylated AuNRs patterned surfaces before and after plasma

treatment (n=5)

41



A
™

HFYY HY wr Wil 1 e 0 e [
Eipm 200KV 13pA 92mm ETD OptiPlsn 1OOE-3Pa

Figure 4.9. SEM images of 1K (A), 2K (B) and 5K (C) PEGylated AuNRs on silanized
microscope slides without any plasma treatment.
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In literature, the magnitude of response (red-shifting) is significantly higher for 2
kDa PEGylated AuNRs patterned surfaces compared to 6 kDa PEGylated AuNRs
patterned surfaces that is explained by the interparticle gap (Mahmoud 2014). The
orientation along interparticle axis results in significant red shift while the perpendicular
orientation along nanorods results in a small blue-shift (back-shifting). This is explained
by the effect on the electromagnetic field of the particles influenced with a nonbonding
type of interaction in perpendicular orientation. On the other hand, influence on
electromagnetic field is couple for side by side orientation which leads to a red-shifting
(Funston et al. 2009). While AuNRs patterned surfaces that have interparticle gap higher
than 2.5 times of the nanoparticle size (as in the case of 5K PEGylated AuNRs (Figure
4.9 (C)) showed very broad and less intense peak, AuNRs that are oriented along
interparticle axis (as in the case of 2K PEGylated AuNRs (Figure 4.9 (B)) showed narrow
and intense LSPR peaks. 1K PEGylated AuNRs patterned surfaces showed similar LSPR
response profile as 2K PEGylated AuNRs patterned surfaces. Overall, considering the
protein repellent nature of longer PEG chain and higher sensitivity, 2K PEGylated AUNRS
patterned surfaces were chosen over 1K PEGylated AuNRs.

4.5. Antibody Functionalization of the Surfaces

The methodology for biofunctionalization of AuNRs on glass wafers involves
plasma etching of the self-assembled AuNRs on glass wafers removing all PEG
molecules around AuNRs and leaving the bare gold surface. Upon plasma etching and
removal of PEG molecules from the surface, bare gold particles remaining on the surface
are usually modified with functional alkane thiol or oligoethylene glycol bearing alkane
thiol molecules followed by conjugation of biomolecules (Harder et al. 1998; Prime and
Whitesides 1993). The most common methodology for conjugation of specific antibodies
on surfaces is the usage of small alkane thiol self-assembly molecules that have
carboxylic acid and hydroxyl groups. Carboxylic acids can be used with EDC/NHS
chemistry to bind the antibodies through their amine groups. Hydroxy groups create
hydrophilicity on the surface and accordingly they make the surface protein repellant
(Love et al. 2005). In this study, surface modification of PEGylated AuNRs assembled
glass wafers was performed using functionalized alkane thiol molecules without treating

the surfaces with plasma.
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In literature, ligand exchange on PEGylated gold nanoparticles has been
commonly investigated in solution (Wijaya and Hamad-Schifferli 2008) and two
mechanisms have been proposed for surfactant exchange (Burrows et al. 2016) from PEG
to alkane thiols: either by direct exchange of PEGs on the surface with small alkane thiol
molecules or backfilling of small molecules while PEG molecules remain on the surface
of AuNRs (Smith et al. 2015). According to Rahme et. al. high molecular weight PEG
molecules such as 5K PEGs creates more folded structures and higher hydrodynamic size
around AuNRs while smaller molecular weight PEG molecules create more tethered
structures with less hydrodynamic size around AuNRs (Rahme et al. 2013). Smith et. al.
further showed that the smaller molecular weight PEG modified AuNRs tend to have
more backfilling profile which is caused by the more tethered structures (Smith et al.
2015). While the molecular weight and thus hydrodynamic size of PEG around AuNRS
increase, the interaction of thiol groups on alkane thiol molecules with gold gets harder
which might create secondary non-specific interactions between alkane thiols and PEG
molecules, preventing functionalization of AuNRs. It is known that 5K PEG creates a
radius of gyration more than 5 nm and 5K PEG chains create a shield around AuNRss
(Hore et al. 2015). However, with the smaller molecular weight PEG molecules, alkane
thiols find enough room to backfill the AuNRs surfaces without any non-specific
interactions depending on the concentration. In the light of literature given above, the
self-assembly of 11-mercaptoundecanoic acid (COOH) (10 mM, 5 mM and 1 mM) and
11-mercapto-1-undecanol (OH) (10 mM, 5 mM and 1 mM) were used in this study to
modify 5K and 2K PEGylated AuNRs patterned surfaces. The results are shown in Figure
4.10 and 4.12, respectively.

After the self-assembly procedure with 11-mercaptoundecanoic acid (COOH) (10
mM, 5 mM and 1 mM) and 11-mercapto-1-undecanol (OH) (10 mM, 5 mM and 1 mM)
at three different concentrations onto 5K PEGylated AuNRs patterned surfaces, an LSPR
shift of 10 nm was observed for 10 mM and 5 mM concentrations while no shift was
observed at 1 mM concentration (Figure 4.10). All these surfaces further immersed into
EDC/NHS solution and then immersed into antibody solution followed by ethanolamine
deactivation. At none of the concentrations tested, there was no LSPR shift after antibody
conjugation procedure. This result indicated that the functionalization of the surface with
COOH molecules was unsuccessful. While the long chain 5K PEG molecules around
AuNRs may cause secondary interactions with alkane thiols’ functional groups (COOH

and OH), this may lead to accumulation of the alkane thiol molecules at high
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concentrations around AuNRs and results in an LSPR shift after the self-assembly
process, but COOH groups may be involving with secondary interactions with PEGs and

hence not be displayed on the surface to antibody molecules.
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Figure 4.10. LSPR spectra of 5K PEGylated AuNRs patterned surfaces after interaction
with 10 mM (A) 5 mM (B) and 1 mM (C) alkane thiol molecules with COOH
and OH groups and followed by antibody incubation with EDC/NHS

chemistry.

45



The same procedure was applied onto 2K PEGylated AuNRs patterned surfaces
and results are given in Figure 4.11 and Figure 4.12. As it can be seen in the figures, an
LSPR shift of 9 nm was observed after incubation of the surfaces with 10 mM and 5 mM
concentrations of self-assembly molecules, but no shift was observed after the subsequent
antibody conjugation in the presence of EDC/NHS. This result was almost identical with
that 5K PEGylated AuNRs patterned surfaces. Interestingly, when 2K PEGylated AuUNRs
patterned surfaces were incubated with 1 mM of alkane thiol with COOH and OH groups
there was no LSPR shift, similar to modification at higher concentrations of alkane thiols.
However, after the activation with EDC/NHS and incubation with antibody, an average
shift of 6 nm was observed, suggesting the successful functionalization of the surface. In
the case where functionalization with alkane thiols before incubation with antibody was
absent, 2K PEG AuNRs patterned surfaces did not display any non-specific binding of
the antibodies (Figure 4.11), indicating the necessity of COOH functionalization for

specific conjugation and the success of 2K PEG in inhibiting non-specific binding.
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Figure 4.11. LSPR results of the control experiments performed with 2K PEGylated
AUNRs patterned surfaces. Surfaces that were not functionalized with
alkane thiol molecules were analyzed before and after antibody incubation
with or without EDC/NHS activation.
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Figure 4.12. LSPR spectra of 2K PEGylated AuNRs patterned surfaces after interaction
with 10 mM (A) 5 mM (B) and 1 mM (C) alkane thiol molecules with COOH
and OH groups and followed by antibody incubation with EDC/NHS

chemistry.
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The modification of the surfaces was further analyzed via zeta potential, FTIR
spectroscopy and XPS experiments. Figure 4.13 shows the XPS results of 2K and 5K
PEGylated AuNRs patterned surfaces before and after the modification with alkane thiol
molecules at 1 mM concentration. The percentage of Au atoms (normalized according to
Si) on the 2K PEGylated AuNRs patterned surfaces was significantly higher when
compared to 5K PEGylated AuNRs patterned surfaces. This was attributed to the smaller
hydrodynamic size of 2K PEGs with respect to 5K PEG around AuNRs (Figure 4.3).
After modification with functionalized alkane thiols, the percentage of Au atoms on 2K
PEGylated AuNRs patterned surfaces significantly decreased while it remained almost
the same on 5K PEGylated AuNRs patterned surfaces. It can be speculated that the 2K
PEGylated surface was successfully modified with alkanethiol molecules through back-
filling mechanism, while the amount of gold remained almost constant for 5K which
indicates the unsuccessful attempt for alkane thiol functionalization. In literature, the
hydrodynamic size of PEG around gold nanoparticles was investigated and it was found
that higher molecular weight PEG showed higher hydrodynamic size (Rahme et al. 2013)
which led to a harder surface modification around PEGylated AuNRs (Burrows et al.
2016).

105 -

L]
Au' Au' Si Au' |S| Au'
1
L before self-assembly  after self- assemblyl before self-assembly  after self-assembly )

T Y
2K PEGylated 5K PEGylated

normalized atom %
HH

Figure 4.13. XPS comparison for 2K and 5K PEGylated AuNRs surfaces before and after
COOH/OH self-assembly (data normalized according to Si atom)
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2K PEGylated AuNRs surfaces were further analyzed via zeta potential
measurements since these surfaces showed better results in terms of surface
functionalization. The zeta potential values of 2K PEGylated AuNRs patterned surfaces
before and after plasma-treatment, after modification with alkane thiols and antibodies
along with CTAB-stabilized, PEG-stabilized AuNR solutions (in PBS at pH 7.4),
antibody solutions in PB or PBS at pH 7.4 are shown in Table 4.1. While oxygen plasma
treated surfaces showed a slightly positive charge, in accord with the charge of bare gold,
indicating that the plasma etches successfully PEG layer on AuNRs, without plasma-
treatment, the surfaces displayed slightly negative zeta potential. Adsorption of
negatively charged ions from buffer solutions may result in a decrease in zeta-potential
(Burrows et al. 2016). Modification with alkane thiols (1 mM) having COOH and OH
groups did not change the zeta potential of the PEGylated AuNRs patterned surface
significantly which was expected due to the exchange of PEG molecules with slightly
negatively charged COOH group bearing alkane thiols. After the conjugation of the
relevant antibody, which is negatively charged at the relevant concentration, the surface
zeta potential lowered significantly. The zeta potential of the antibodies also investigated
thoroughly, and results are shown in Appendix Figure A6. Zeta potential of the antibodies
increases to positive values as the concentration increases in ultra-pure water. The zeta
potential of the antibodies is influenced from factors such as pH, temperature,
concentration, excipients, etc. All these factors affect the self-association behavior of the
antibodies and ultimately effects the zeta potential (Le Basle et al. 2020). Antibodies are
conjugated to the functionalized surfaces with a concentration of 10 ug/mL and they are
negatively charged within working conditions.

The modified surfaces were further analyzed with FTIR and results are shown in
Figure 4.14. Before modification of the surface with alkane thiols, theoretically only PEG
molecules are expected to exist around the AuNRs. Accordingly, C-H bonding along with
C-0O bonding was observed in FTIR spectrum of 2K PEGylated AuNRs patterned surface.
After modification with carboxylic acid and hydroxy bearing small alkane thiol
molecules, C=0 bond band appeared and C-C bending and C-O bending was observed
to increase in the 1500-750 cm™ region compared to 2K PEGylated AuNRs patterned
surface. After the surfaces were further modified with relevant antibody using EDC/NHS
chemistry, a band attributed to C=0O amide bond appeared in 1800-1600 cm™ region.
Additionally, the same surfaces were analyzed via RAMAN spectroscopy (Figure 4.15).

A band showing C=0 dominant amide bonding at around 1780 cm* could be seen clearly.
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Overall zeta potential, FTIR, XPS and RAMAN results show the successful

biofunctionalization of the surfaces.

Table 4.1. Zeta potential measurements of 2K PEGylated AuNRs patterned surfaces in

solution and on surface

AuUNRs sample* zeta potential measurement type
Sample* Zeta potential | Measurement medium
Plasma treated +4.8+1.0 surface
No plasma treated (PEGylated 396409 surface
surface)
PEGylated surfgge COOH/OH 195409 Surface
modified
PEGyIateq surface CQQH/OH + 631402 surface
antibody modified
CTAB-stabilized AuNRs +2.6 £ 0.1 solution
PEGylated AuNRs 27205 solution
Antibody in PB -9.8+0.4 Solution
Antibody in PBS -49+0.3 solution

*n=3 repeats in PB or PBS at pH 7.4
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Figure 4.14. FTIR spectrum of 2K PEGylated AuNRs patterned surfaces before and after
self-assembly of alkane thiols having COOH and OH groups.
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Figure 4.15. RAMAN spectrum of 2K PEGylated AuNRs patterned surface after
modification with alkane thiols before (black line) and after (red line)

antibody conjugation.

The antibody conjugated surfaces were first validated for their specific
recognition ability using 2K PEGylated AuNRs patterned surfaces functionalized with
anti-1gG antibody via NHS/EDC chemistry. Goat anti-human IgG antibody was used to
detect human IgG as a representative antibody-antigen system for validating the biosensor
surfaces. The concentration range for 1gG detection was between 0 and100000 pM. The
system showed a shift of 0.4 nm after incubation with 100 pM IgG and the wavelength
shift increased when the analyte concentration increased. A shift of 4 nm was observed
when the analyte 1gG concentration was 6700 pM (Figure 4.16) and a final shift of 8.2
nm was observed at 100000 pM concentration. Importantly, the surface was washed with
PB for 24 hours and then checked for LSPR response to evaluate any back shifting due
to loss of interactions. No back shifting was recorded, indicating that all binding events
were through specific bio affinity interactions. These results are consistent with literature
results that apply similar gold nanoparticle systems for the detection of IgG (Mun'delanji
et al. 2015).
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Figure 4.16. LSPR detection of human IgG standard solutions at varying concentrations
using 2K PEGylated AuNRs patterned surfaces functionalized with goat
anti-human 1gG antibody via EDC/NHS chemistry. Inset shows the range

between 0 and 10000 pM concentration.

In literature, the most common methodology for antibody conjugation onto gold
nanoparticles is conventional EDC/NHS chemistry (Jazayeri et al. 2016). This chemistry
may have drawbacks on the antibody orientation since the EDC/NHS chemistry occurs
between carboxylic acids on the surface and amine groups of the antibodies yielding
amide covalent bonding. Since there are lysine residues in Fab as well as Fc regions of
the antibodies, it is possible that antibodies are conjugated to the surface through their
Fab region when EDC/HNS chemistry is used for conjugation, causing a decrease in the
sensitivity of the biosensor surface. . An Fc region specific protein, protein G (Bjorck and
Kronvall 1984), has been widely used to conjugate antibodies to the surface through their
Fc region for SPR/LSPR systems (Oh et al. 2019; Makaraviciute, Ramanavicius, and
Ramanaviciene 2015).

Derived from the Fc binding specific region of protein G, a commercial product,
dibenzylcyclooctyne (DBCO)-modified-ImmuneLink™ (IL) (Jung et al. 2009; Hui et al.
2015) was utilized in this study to conjugate antibodies to the surface through their Fc

region. Conjugation of DBCO-ImmuneLink™ (IL) with relevant antibodies (Ab) was
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carried out via UV-irradiation followed by the purification of DBCO-IL-Ab conjugates
via HPLC. The proposed strategy and advantages over conventional EDC/NHS system
in terms of antibody orientation are shown in Figure 3.1.

First of all, azide functionalization on the surface of AuUNRs was necessary to
conjugate DBCO-IL protein via click-chemistry. For this purpose, bis(11-azidoundecyl)
disulfide (N3) and 11-Mercapto-1-undecanol (OH) were used as functional alkyl thiol
molecules for functionalization of 2K PEGylated AuNRs patterned surfaces. Optimized
conditions for COOH/OH were used for the self-assembly of N3 bearing alkylthiols as
given in the method section. In literature it is known that R-SH and R-SS-R have the
similar interaction with gold and the rate of formation of self-assembly monolayers for
these two molecules are the same (Dilimon et al. 2013). Incorporation of azide groups
onto the surface was analyzed by XPS experiments (Figure 4.17). A high resolution
carbon scan revealed that before modification, the surface had C-C (285 eV) and C-O
bonding (~286 eV) (Figure 4.17 (A)) which showed the presence of PEG molecules on
the surface, and after modification, the shift to higher energies demonstrated C-N and
more C-O bonding (Figure 4.17 (B)). Furthermore, the decrease of Au atom percentage
and increase for C and O can be seen when the data were normalized to Si percentage. ,
When the detailed nitrogen scan was evaluated (right-bottom) a shift to higher binding
energies from -NH> (BN3) (the presence of organic matrix for nitrogen before azide
modification) to N=N"=N- (AN3) was which proved the successful azide
functionalization on the surfaces (Figure 4.17 (D) black line).

In parallel, Ab conjugation to DBCO-IL was performed followed by HPLC
purification and SDS-PAGE characterization (Figure 4.18). First DBCO-IL-Ab
conjugation was completed in solution (PBS) and purified via preparative HPLC. During
HPLC experiment, the sample was collected at 8 mins which was indeed the elution time
of pure Ab. It should be noted that Abs that were not modified with DBCO-IL were not
expected to bind onto LSPR surfaces, as suggested by the results of control experiments
showing no detectable non-specific binding events onto the prepared surfaces, (Figure
Figure 4.11 and Appendix Figure A3). The presence of PEG molecules that create a
repellent nature for proteins is expected to minimize the non-specific binding. In SDS-
PAGE results, since the molecular weight of IL is too small, free IL appears at the end of
the gel. After the conjugation reaction (AR), No free IL band was not observed for the

conjugate thus DBCO-IL-Ab conjugate was successfully obtained.
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Figure 4.17. XPS analyses of LSPR surfaces before (BN3) and after (AN3) azide/hydroxy

(OH) functionalization.
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Figure 4.18. HPLC chromatograms of DBCO-IL-Ab conjugate (blue line) and free Ab
(red line) (A) and SDS-PAGE gel image of anti-cd63 antibody, ImmuneLink
Protein (IL), before reaction (BR), after UV reaction (AR) and after
purification (AP) (B).



DBCO-IL-Ab was conjugated to the azide functionalized surfaces via click
chemistry. For this purpose, the conjugates and azide bearing surfaces were incubated
overnight at 4°C in PBS and LSPR response was checked after conjugation (Figure 4.19).
The concentration of the antibody was the same with the concentration used with
EDC/NHS chemistry. Amax Shift of 6 nm was found after antibody conjugation to the

surfaces.
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Figure 4.19. 2K PEGylated AuNRs patterned surface after functionalization with azide
and hydroxyl (N3/OH) groups (by incubation with 1 mM alkylthiols for 24

h) followed by antibody conjugation using Immune-Link strategy (10
ug/ml_ DBCO-”_-Ab) (A)antibody: 6 NM and xmax N3/0H surface: 710 nm)

Placental exosomes are responsible for cell-cell communications between
placental and maternal body and along with preparation of maternal organs for metabolic
changes. Since they carry the cell specificities, placental exosomes are expected to
provide unique information about and during pregnancy (Pillay et al. 2016). Furthermore,
during pregnancy related disfunctions, it is known that the amount of placental exosomes
increases (Krishna and Bhalerao 2011). In this part of the thesis, the 2K PEGylated
AuNRs patterned surfaces were functionalized with anti-PLAP antibodies via
ImmuneLink strategy and used for quantitative detection of PLAP for validation of these
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surfaces. LoD for PLAP protein was found to be 5 ng/mL (0.3 pM) (Figure 4.20). The
LoD value was 100 pM for EDC/NHS chemistry for 1gG detection while LoD was found
to be 86 pM for PLAP detection via click-chemistry methodology. When the EDC/NHS
chemistry and click-chemistry is compared: the click-chemistry strategy is expected to
provide higher number of Fab regions available for antigen detection. Thus, the surface
of the AuNRs can have more binding events which ultimately leads to lower LoD.

A control experiment was performed to investigate the specificity of anti-PLAP
functionalized biosensor surface. These surfaces were incubated with an 1gG solution (5
nM) instead of PLAP solution. The results showed no red-shifting indicating the PLAP-
specific detection ability of the prepared surfaces (Appendix Figure A5).

20 4

=
o
1

2 Shift (nm)
=
HEH

Al
(%))
= 3
—m—

T T 1
0 500 1000 1500
concentration (ng/mL)

Figure 4.20. LSPR detection of PLAP standard solutions at varying concentrations using
2K PEGylated AuNRs patterned surfaces functionalized with anti-PLAP

antibody via ImmuneL.ink strategy (n=2).

Immunelink strategy was used to enhance the sensitivity of biosensor surfaces by
conjugating antibodies through their Fc regions. Orientation of the antibodies on the
surface to expose their Fab regions towards solution is crucial to detect the antigens in a
sensitive manner. To determine whether ImmuneLink strategy displayed an advantage
over the conventional EDC/NHS chemistry in terms of antibody orientation on the
surface, a control experiment was carried out. In this experiment, anti-lgG antibodies,
used as analyte, were incubated with 2K PEGylated AuNRs patterned surfaces
functionalized with 1gG antibodies via NHS/EDC or click (ImmuneLink) chemistry.

Anti-lgG antibodies have affinity to the Fc region of the IgG antibodies. Thus, it was
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expected that anti-1gG antibodies used as analyte could not bind to specific IgG antibodies
conjugated onto the surface via ImmuneL.ink strategy since the Fc regions of specific 1I9G
antibodies were occupied by the ImmuneLink reagent. (Figure 4.21). Surfaces
functionalized with EDC/NHS chemistry showed a small LSPR shift upon incubation
with anti-lgG antibody at 1 pM concentration. Moreover, these surfaces showed an
increase in the LSPR shift with the increase in anti-lIgG antibody concentration. On the
other hand, the LSPR shift was zero for all surfaces functionalized via click chemistry
(ImmuneLink strategy) at all anti-IgG concentrations tested. This data suggested strongly
that the Fc regions of 1gG antibodies conjugated onto the surface via NHS/EDC chemistry
were exposed more to the analyte solution when compared with the surfaces prepared via
ImmuneLink strategy. Accordingly, this result implied that the Fab regions of IgG
antibodies on the surface functionalized via ImmuneLink strategy were more available to
the analyte solution with respect to the surfaces prepared via NHS/EDC chemistry.
According to LSPR theory, dielectric layer thickness (analyte layer thickness and
receptor) is also crucial and consequently increases the response (Tian et al. 2012).
Incorporation of a protein linker (ImmuneLink) onto the surface was also expected to

increase the receptor thickness and thus the response.
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Figure 4.21. Comparison of LSPR shifts of 2K PEGylated AuNRs patterned surfaces
functionalized with 1gG antibodies via EDC/NHS or click (ImmuneLink)
chemistries upon incubation with anti-lgG antibodies at varying
concentrations. Surfaces functionalized via click-chemistry showed no

LSPR shift at any concentration investigated (n=3)
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4.6. Exosome Detection

2K PEGylated AuNRs patterned surfaces functionalized with anti-CD63 1gG
antibodies via EDC/NHS chemistry were first utilized to investigate the effect of plasma
treatment on LSPR responses to human semen exosomes at varying concentrations (10%-
10%° particles/mL) (Figure 4.22). In parallel, control experiments investigating non-
specific bindings were performed using the same surfaces without antibody
functionalization. All data points for LSPR responses of plasma treated and without
plasma treatment surfaces were found to be statistically significant when t-test was
applied assuming equal variances, t<0.05. The LoD was found to be between 103-10*
exosomes/mL for both type of surfaces. However, without plasma treatment, surfaces
showed higher LSPR red-shift values when compared with plasma-treated surfaces. In
the control experiments, plasma treated surfaces after alkylthiol modification without any
antibody conjugation showed approx. 10 nm red-shift when exposed to 10 particles/mL
exosomes, evidencing the non-specific interaction of exosomes with small alkane thiols
(COOH and OH) as well as bare Au. Plasma treated surfaces modified with anti-CD63
antibodies showed a 15 nm shift at 10° exosome/mL concentration. At 10* exosomes/mL
concentration; the interaction of plasma treated AuNRs surfaces that were functionalized
with COOH/OH groups only showed a higher shift compared to the same surfaces that
were functionalized with anti-CD63 antibody following the alkyl thiol modification. This
suggests the low specificity of the surface towards exosomes. On the other hand, the
surfaces modified with alkyl thiols without plasma treatment did not have any non-
specific interaction with exosomes, showing the advantage of maintaining the PEG layer
on AuNRs. The surfaces without plasma treatment after functionalization with anti-CD63
antibodies showed a shift of 23 nm and 3 nm at 10° exosomes/mL and 10* exosomes/mL
concentrations, respectively.

Furthermore, in another control experiments, all of the surfaces were treated with
%1 (w/v) BSA after antibody conjugation to reduce the non-specific bindings of
exosomes. While plasma treated surfaces showed 5 nm red shift after BSA treatment, the
surfaces that have not been treated with plasma showed no red shifting showing the
favorable effect of PEG around AuNR patterns on the non-specific bindings. In addition,
2K PEGylated AuNRs patterned surfaces functionalized with anti-lgG antibodies and

passivized with BSA did not show any detectable binding of exosomes (showing the anti-
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CD63 antibody specificity against exosomes and no secondary interactions between the
PEGylated AuNRs surface and exosomes). PEG is a well-known protein repellent
polymer due to their strong hydrogen bonding with water. The higher the molecular
weight of the PEG better the protein repellent properties (Leng et al. 2015). The observed
non-specific interactions between exosomes and alkyl thiol modified AuNRs patterned
surfaces that were not functionalized with antibodies after plasma treatment can be
attributed to the hydrophobic interactions between hydrophobic small alkane thiol
molecules and lipid bilayer structure of exosomes.

A series of additional control experiments were performed with 2K PEGylated
AuUNRs patterned surfaces functionalized via EDC/NHS chemistry and the results are
shown in Appendix. In one of the control experiments, it was intended to check whether
the surfaces (without plasma treatment) non-specifically interacted with BSA after the
self-assembly of functional alkyl thiols or conjugation of antibodies (Appendix Figure
A2). Results showed that BSA did not bind to COOH/OH functionalized surfaces as well
as antibody modified surfaces. In another control experiment, antibody functionalized
surfaces (without plasma treatment) were incubated with PBS, cell culture medium or cell
culture medium with 40% FBS (Appendix Figure A3). Results showed that surfaces had
no detectable interaction with none of the medium of interest which also indicated the
protein repellent nature of the surfaces provided by the PEG molecules. Additionally,
when the anti-CD63 antibody functionalized surfaces (without plasma treatment) were
interacted with an 1gG antibody solution at 5 nM concentration, the surfaces showed no
red shifting (Appendix Figure A4 (B)) showing that there was no interaction of anti-CD63
antibody functionalized surface with another protein-based analyte. When the surfaces
were functionalized with anti-1gG antibody (instead of anti-CD63 antibody) and checked
for their interaction with exosomes at 10* and 10'° exosomes/mL concentrations, no
forward shifting was observed (Appendix Figure A4 (A)). Overall, these results proved
that the anti-CD63 antibody functionalized biosensor surfaces prepared in this study
greatly minimized the non-specific binding events (attributable to the absence of plasma

treatment) and furthermore highly sensitive towards exosomes.
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Figure 4.22. The effect of plasma treatment on LSPR responses of 2K PEGylated AUNRs
patterned surfaces functionalized with anti-CD63 IgG antibodies via
EDC/NHS chemistry. Human semen exosomes at varying concentrations
(102-10%° particles/mL) were detected. Control experiments showing non-
specific binding utilized the same surfaces without antibodies conjugated.
The plasma-treated surfaces without antibody functionalization showed

significantly high non-specific binding. (n=3)

In the next step, the effect of functionalization chemistry on LSPR responses of
2K PEGylated AuNRs patterned surfaces functionalized with anti-CD63 IgG antibodies
was investigated. Human semen exosomes at varying concentrations (10%-10%
particles/mL) were detected by the surfaces functionalized with antibodies via Immunlink
(click chemistry) approach or conventional EDC/NHS chemistry. The results are shown
in Figure 4.23. Click chemistry (ImmuneLink) methodology showed higher LSPR
responses, which was attributed to the antibody orientation exposing the Fab regions to
the analyte solution. The LSPR responses were similar after antibody conjugation to the
surfaces functionalized via both type of chemistries while the surface functionalized via
click chemistry displayed higher LSPR shifts upon incubation with exosomes. This
indirectly showed the higher number of well-oriented antibodies on the surfaces prepared

with click-chemistry compared to those prepared via EDC/NHS chemistry. Here it should

60



be noted that the difference between two types of surfaces at every concentration point
between 10*-107 particles/mL was statistically significant. For the two high concentration
points (10® and 10° particles/mL), these differences (both the difference between two
approaches and between two concentrations for each approach) were found to become
insignificant. This was attributed to the saturation of the surfaces at high exosome
concentrations. Click-chemistry approach proved to be advantageous for the detection of
low exosome concentrations. These results suggest that the developed surfaces present a
potent candidate for the detection of specific types of exosomes that might have lower
concentrations of target proteins on their membranes, such as cancer-related exosomes.
Here it should be noted that the surfaces without plasma treatment and
functionalized with azide and hydroxyl groups were also exposed to 0.1 g/mL BSA
solution to detect non-specific bindings if there was any. There was no shift in LSPR

response, indicating that there were no detectable non-specific binding events.
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Figure 4.23. The effect of functionalization chemistry on LSPR responses of 2K
PEGylated AuNRs patterned surfaces functionalized with anti-CD63 IgG
antibodies. Human semen exosomes at varying concentrations (102-10%°

particles/mL) were detected (n=3)
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To summarize the exosome detection results, three different methodologies were
applied for the detection of exosomes as (i) plasma treated EDC/NHS chemistry (ii)
without plasma treatment EDC/NHS chemistry (iii) without plasma treatment click
chemistry and these results compared with each other by means of detection sensitivity.
The LoD for (i), (ii) and (iii) was found to be between 103-10* exosomes/mL for each of
the methodologies while the LSPR response was highest for without plasma treatment
click chemistry methodology. The linear detection range was 10° to 10 exosomes/mL.
Without plasma treated surfaces that were prepared via click chemistry proved to offer
highly sensitive and quantitative detection of exosomes in the linear region with higher
LSPR responses (higher slope) compared to other methodologies. Without plasma
treatment methodologies (EDC/NHS chemistry and click chemistry) showed a complete
inhibition of non-specific bindings. In literature, there are few works that focus on
detection of exosomes via LSPR technique and all the techniques are based on expensive
and time-consuming top-down gold nanopatterning methodologies. Im et al studied the
quantification of exosomes with LSPR technique and reached a LoD of 3x10°
particles/mL. Here their samples were human ovarian carcinoma cell lines and exosomes
samples were pre-quantified with NTA (Im et al. 2014). Thakur et al studied the detection
of exosomes with creating gold nano island via top-down methodology and their LoD
was found to be 0.194 pg/mL with a detection range of 0.194-100 pg/mL. In this work,
exosomes samples were obtained from human lung cancer cell lines and samples were
not quantified (Thakur et al. 2017). Lv et al studied-on detection of human colon
carcinoma cell lines with a LoD of 1 ng/mL with a detection range of 1 ng/mL to 10
pg/mL with having some non-specific bindings on the surfaces (Lv et al. 2019). This
thesis has advantages by means of LoD, dynamic detection range, application of LSPR
technique to pre-quantified human samples and complete inhibition of non-specific
bindings comparing the other studies. Finally, Raghu et al achieved to detect single
exosome via LSPR technique by constructing a novel optical detection system and
creating nano-pillar via top-down methodology using human breast cancer cell line
(Raghu et al. 2018). This thesis used easy and cheap application of LSPR via bottom-up
methodology with using UV-vis spectrophotometer on detection of pre-quantified human
exosome samples.

The 2K PEGylated AuNRs patterned surfaces having alkylthiol modification and
functionalization without or with antiCD63 antibodies (via EDC/NHS chemistry) were

also analyzed using SEM (Figure 4.24). The surfaces without antibodies were not able to
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bind exosomes as there were only a very small number of exosome visible in the SEM
image (Figure 4.24 A and B). Interestingly, a large number of exosomes were clearly
observed in the SEM images of antiCD63-functonalized surfaces. The SEM results were
a direct visual proof of the success of the prepared biosensor surfaces in specific
recognition of exosomes. Furthermore, SEM investigations showed a very interesting
behavior of exosomes on the antiCD-63 functionalized surfaces (Figure 4.24). Exosomes
showed a migration tendency throughout the anti-CD63 modified surfaces while their
spherical shape remained on the surfaces without antiCD63 antibodies. The affinity
between numerous anti-CD63 antibodies spread throughout the surface and CD63
proteins on an exosome membrane might be leading to the elongation of a single exosome
on antibody distributed surface. This was also proven experimentally by taking snapshots
of anti-CD63 modified surfaces after incubation with exosomes by Yang et. al (Yang et
al. 2018).
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Figure 4.24. SEM images of alkane thiol modified 2K PEGylated AuNRs patterned
surfaces without (A and B) or with anti-CD63 antibodies (via EDC/NHS
chemistry) (C and D) after incubation with human semen exosome solution.
(A: scale 1um and B: scale 500 nm; C: scale 1um and D: scale 1um).
(Exosomes in A are shown by arrows)
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4.6.1. Detection of Exosomes Derived from Cancer Cell Cultures

In this part of the thesis, the ability of the developed biosensor surfaces (2K
PEGylated and functionalized with antiCD63 antibodies via ImmuneLink strategy) to
quantitatively detect exosomes from cancer cell cultures was investigated using MDA-
MB-231 and MCF-7 cell lines. The exosomes were obtained directly from cell culture
starvation medium via centrifugation and diluted 10, 100, 1000, 10000 or 100000 times
directly from obtained supernatants with cell culture medium. The concentration of
exosomes in these samples was unknown, the dilution ratio was therefore given in the

results instead of concentration values. The results are shown in Figure 4.25.
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Figure 4.25. Detection of exosomes in MDA-MB-231 and MCF-7 cell culture (n=3)

The samples were in cell culture medium. A control experiment showed no
interaction of the antibody modified surface with cell culture medium only (Appendix
Figure A3). Since the size of AUNRs on the biosensor surface was around 40 nm in length
and the size of an exosome is between 50-200 nm, it can be estimated that one AUNR was
capable of capturing one exosome. Accordingly, the calibration curve (Figure 4.23)

prepared with human semen exosomes can be used to estimate the unknown concentration
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of any exosome sample regardless of its source. It is important to indicate that above the
saturation concentration for the prepared wafers, it is not possible to measure the
concentration of the unknown exosome sample, the concentration of the solution of
interest therefore needed to be diluted to obtain the right results. According to calibration
curve, the concentration of exosomes in the unknown cell culture samples was found as
10" exosomes/mL for MDA-MB-231 cell culture and 108 exosomes/mL for MCF-7 cell
culture. When these results are compared with literature studies, the amount of exosomes
are correlated precisely in a work reported by Hannafon et al. (Hannafon et al. 2016). The
researchers studied on human breast cancer cell lines used in this study (MCF-7 and
MDA-MB-231) and quantitatively analyzed the number of exosomes via nanoparticle
tracking analysis (NTA). They found the exosome amount as 2x10° particles/mL for
MCF-7 cell culture and 5x10® particles/mL for MDA-MB-231 cell culture with initial
seeded cell amount of 5x10° cells (Hannafon et al. 2016). Even though MDA-MB-231
breast cancer cells is more invasive compared to MCF-7 breast cancer cells, the amount
of secreted exosomes was reported to be less while the amount of metastatic proteins to
be more (Kruger et al. 2014).
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CHAPTER 5

CONCLUSION

This thesis aimed to develop an LSPR based biosensing platform for quantitative
and sensitive detection of exosomes. For this purpose, AUNRs with a mean diameter of
40 nm and an AR of 2.9 were synthesized and characterized. In parallel, for preparation
of surfaces, the microscope slides cleaned with isopropanol solution along with piranha
solutions yielded the optimum surfaces for homogenous immobilization of AuNRs.
Separately, PEGylation of CTAB stabilized AuNRs was carried out using three different
molecular weight PEGs (1K, 2K and 5K). The optimum time for PEGylation procedure
was determined to be 1 h for 1K PEG, 4 h for 2K PEG and 16 h for 5K PEG. PEG
stabilized AuNRs were characterized via zeta potential and XPS measurements. Zeta
potential measurements showed a significant decrease in surface potential of CTAB
stabilized AuNRs, from +2.6 + 0.1 to -2.7 = 0.5 after surfactant exchange with PEG (2K)
at neutral pH. Although PEG is a neutral compound, its capability to adsorb negatively
charged ions resulted as a negative increase in zeta-potential. The surfactant exchange
was also proven via XPS and FTIR spectroscopy showing the presence of PEG molecules
on the surface.

The PEGylated AuNRs were successfully self-assembled on silane modified glass
wafers as evidenced by SEM images. After obtaining AUNRs modified glass wafers, the
surface functionalization was investigated in detail in order to functionalize the surface
with specific antibodies. First of all, conventional EDC/NHS chemistry was chosen for
antibody conjugation onto the surfaces. Small alkane thiol molecules, 11-mercapto
undecanoicacid (COOH) and 11-mercapto undecanol (OH) were used to modify the
surfaces before and after plasma treatment. To the best of author’s knowledge,
modification of PEGylated AuNRs patterned surfaces with alkane thiols without any
plasma treatment was studied for the first time in literature. Through several control
experiments, this strategy was proven to minimize the non-specific binding events to the
surface while allowing efficient functionalization with antibodies. After optimizing the
surface functionalization conditions for PEGylated AuNRs patterned surfaces, the

surfaces were conjugated with specific IgG antibodies using EDC/NHS chemistry. The
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surfaces functionalized with anti-1gG antibodies displayed an LoD of 100 pM and a linear
detection range between 100 pM and 10000 pM against IgG analyte. While the EDC/NHS
chemistry has been perhaps the most widely used approach for functionalization of
biosensor surfaces, it does not offer Fc region-specific conjugation of antibodies to the
surface, as shown through a control experiment in which the surface functionalized with
IgG antibodies via EDC/NHS chemistry displayed an LSPR response upon incubation
with anti-1gG antibodies.

To increase the sensitivity of biosensor surfaces and thus decrease the LoD
thereof, it is necessary to bind antibodies to the sensor surface from their Fc region so that
the antigen binding sites remain available for detection of target analyte. To do this, a
commercial small fragment of protein-G (ImmuneLink) with DBCO modification (IL)
was utilized. This reagent enables the conjugation of antibodies through their Fc region
to azide-bearing (N3) surfaces via copper-free click chemistry. The conjugation of IL to
relevant antibodies was confirmed via HPLC and SDS-PAGE experiments. In parallel,
surface functionalization of PEGylated AuNRs patterned surfaces were modified with
alkane thiol molecules to have N3/OH groups using the same protocol established for
COOH/OH groups for EDC/EDC chemistry. The XPS experiments revealed the success
in modification of PEGylated AuNRs patterned surfaces with azide bearing alkane thiol
molecules. The conjugation of antibodies to the surface via click chemistry was evidenced
by FTIR, zeta potential and LSPR results. Appearance of amide bond along with
disappearance of C=0 bond observed within 2000-1500 cm™ region in FTIR as well as
negative increase in zeta potential results along with a red shift of LSPR response
indicated the successful conjugation of antibodies. A control experiment in which the
surfaces functionalized with 1gG antibodies via click chemistry did not display any LSPR
response upon incubation with anti-1gG antibodies, suggested that the Fc region-specific
conjugation of antibodies to the surface took place. The surfaces functionalized with anti-
PLAP antibodies displayed an LoD of 0.3 pM and a linear detection range between 0.3
pM and 3 pM against PLAP analyte. To the best of the author’s knowledge, this has been
the first study reporting the LSPR-based quantitative detection of PLAP protein which is
a pregnancy related protein.

Finally, the developed surfaces were used for sensitive detection of exosomes.
First, pre-quantified exosome samples derived from human semen were used as analyte
solutions to build LSPR response vs. exosome concentration curves for surfaces prepared

via three different methodologies: (i) plasma treated EDC/NHS chemistry (ii) without
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plasma treatment EDC/NHS chemistry (iii) without plasma treatment click chemistry.
Plasma treated surfaces showed high non-specific binding shifts to exosome samples that
ultimately increased the LoD. The LoD for (ii) and (iii) was found to be between 103-10*
exosomes/mL while the LSPR response was higher for without plasma treatment click
chemistry methodology. The linear detection range was between 10° and 10’
exosomes/mL for (ii) and (iii). Without plasma treated surfaces that were prepared via
click chemistry or EDC/NHS chemistry proved to offer highly sensitive and quantitative
detection of exosomes. Although LoD was in between 103-10* exosomes/mL for without
plasma treated surfaces that were prepared via EDC/NHS chemistry and click chemistry,
click chemistry methodology provided Fc-selective conjugation of antibodies and
ultimately yielded higher LSPR responses. The results contribute to the literature by
providing lower LoD, wider dynamic detection range as well as by applying LSPR
technique to pre-quantified human samples and presenting a methodology inhibiting non-
specific bindings when compared to the other studies in the literature.

At the last step, breast cancer cell cultures having unknown concentration of
exosomes were analyzed for their exosome content using the biosensor surfaces that were
prepared via click chemistry. The concentration of exosomes in MCF-7 and MDA-MB-
231 cell cultures was measured to be 108 exosome/mL and 107 exosome/mL, respectively.
These results were consistent with literature findings. Overall results showed successful
preparation and application of LSPR sensors via using a bottom-up methodology with
having well-oriented antibody structures on the surfaces for detection of exosomes from
different sources.

This research can be further extended by the following suggestions:

1. Healthy breast cells (MCF-10A) can be used for the determination of exosome
concentrations to be able to distinguish the differences between healthy and cancer cell
lines.

2. To enhance the signal, antibody modified AuNRs can be incorporated on the
exosome attached surfaces.

3. The size effect of AUNRs can be also checked to evaluate the LSPR responses
on exosomes detection since this study used one exosome per one rod methodology. The
bigger rods in size can influence the LSPR response because they might have the ability

to bind more than one exosome to their surfaces.
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4. Detection of PLAP bearing exosomes was not possible during this work but the
system can be used to check the placental related exosomes since the amount of placenta

related exosomes are suspected to give insights on pregnancy related diseases.
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APPENDIX I. CALCULATIONS

Surface Area of the Wafer (4,):1.7cmx 1 cm = 1.7 cm?

Surface Area of the AuNR (Agyungr): Tab

Agung = T x 40 nm x 17 nm = 1758 nm?

1
1
1
1
I
1
1
4
1
I
1
1
1
1
1

(assuming ellipse shape)

Antibody Amount Calculations:

Surface Area of an Antibody (Aap):nr? = w x 5> nm? = 78.5 nm?

(assuming an average size of 10 nm for an antibody and uniform circular shape)

A
Max number of AuNRs on the surface:—— = 1.7 x 10™* nm? /1758 nm?
AuNR

= #0of AuNRs = 9.7 x 10'° AuNRs

(assuming all the surface covered with AuNRs without any gap)

AAuNR

= 1758 nm?/ 78.5 nm? = 22 Ab
App

Max number of Antibody on the AuNR:

Max number of Antibody on the wafer:# of AuNRs x # of Ab
= 2.1x10" Ab
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) max number of Ab
Max required Ab amount: xM, of an Ab
NAvogadro

~ 2.1x 102 Ab
"~ 6.02 x 1023 molecule /mol

(assuming an average molecular weight for an Antibody is 150000 g/mol)

x 150000 x 10° pg/mol = 0.5 ug Ab

Surface Area of an small alkane thiol (Acoon):Tr* = mx 0.52 nm? =

0.78 nm? (assuming an average size of 1 nm for an antibody and uniform circular shape)

Self-assembly molecule amount calculations:

; max number of COOH
Max required COOH amount: xM,, of COOH

N Avogadro

2250 x 10*2 COOH

= 218 x 10° [=0.08 COOH
6.02 x 1023 molecule/mol x 4 hg/mo Hg
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APPENDIX Il. FIGURES

—— CTAB AuNRs
—— 2K PEG AuNRs
5K PEG AuNRs
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Figure Al. UV-vis spectra for CTAB, 2 kDa and 5 kDa PEG stabilized AuNRs in solution

—&— COOH/OH functionalized 2K PEGylated AuNRs patterned surface

—— COOH/OH functionalized 2K PEGylated AuNRs patterned surface and 0.1 g/mL BSA
—=— Ab functionalized 2K PEGylated AuNRs patterned surface

—— Ab functionalized 2K PEGylated AuNRs patterned surface and 0.1 g/mL BSA
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Figure A2. Control experiments for 2K PEGylated AuNRs patterned surfaces after

surface functionalization with COOH/OH and treatment with BSA.
COOH/OH surfaces further modified with relevant antibodies (Ab) via

EDC/NHS

chemistry and followed by BSA incubation
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—4a— Ab bound 2K PEGylated AuNRs surface
—— Ab bound 2K PEGylated AuNRs surface in cell culture medium
—— Ab bound 2K PEGylated AuNRs surface in 40% FBS
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Figure A3. Control experiments: antibody (Ab) functionalized 2K PEGylated AuNRs
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normalized absorbance
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patterned surfaces in PBS, in cell culture medium and cell culture medium
having 40% v/v FBS. The result shows that the Ab bound surfaces did not

have any detectable non-specific binding in cell culture media with or without

—— anti-CD63 Ab conjugated surface
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Figure A4. Control experiments: anti-IgG antibody conjugated surface before and after

interaction with exosome solution at 10* and 10 exosomes/mL

concentrations (A) and anti-CD63 antibody conjugated surface before and

after interaction with 5 nM IgG solution. There were no detectable non-

specific binding events, suggesting that the exosome detection by surfaces

functionalized with anti-CD63 antibodies happened through specific binding

events.

91



—— anti-PLAP conjugated surface
——5nM IgG
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Figure A5. Specificity control experiments with anti-PLAP antibody conjugated surface

before and after interaction with 5nM 1gG solution.

zeta potential (mV)

Figure A6. Zeta potential of antibodies in UP water at 1 pg/mL, 10 pg/mL and 100 pg/mL

concentrations.
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Figure A7. Contact angle measurements of microscope slides before any treatment at time

zero (A), and after 5 seconds (B), after piranha treatment at time zero (C) and
after 5 seconds (D)

—— 2K PEGylated AuNRs
—— 5K PEGylated AuNRs
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Figure A8. Raw LSPR data for 2K PEGylated and 5K PEGylated AuNRs patterned slides
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