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ABSTRACT

DEVELOPMENT OF OPTICAL SENSOR PLATFORMS FOR
EXOSOME DETECTION

This thesis proposes a novel approach for early detection and monitoring of
cancer through utilization of optical sensor platforms for exosome detection. Current
technologies for cancer prognosis, diagnosis, and monitoring face significant
limitations, particularly in their efficiency at early stages and their invasiveness. In
order to address these challenges, this study focuses on developing biosensor platforms
for future liquid biopsy applications that are capable of detecting cancerous exosomal
membrane proteins, with an emphasis on Non-Small Cell Lung Cancer (NSCLC) due to
its well-defined membrane protein profile.

The research involved the fabrication, optimization, and characterization of two
optical biosensor platforms utilizing localized surface plasmon resonance (LSPR) and
magnetic levitation (MagLev) principles. The biosensor platforms were initially tested
with a model protein, Bovine Serum Albumin (BSA); and solubilized Exosomal
Membrane Proteins (ExoMPs); including EpCAM, CD151, and CD81. These ExoMPs
were chosen as targets hence they are widely recognized as exosomal cancer
biomarkers, exosomal NSCLC biomarkers, and exosomal biomarkers, respectively.
A549 NSCLC and MRC5 healthy lung fibroblast cell lines were utilized as sources of
in-vitro exosomes for testing the exosome detection, recognition, and quantification
capabilities of the developed optical biosensor platforms. Both platforms were able to
successfully distinguish cancer derived exosomes from the healthy exosomes with
statistical significance.

Overall, this research contributes to advancement of cancer diagnostics and
personalized medicine by providing a promising approach for early detection and
monitoring through liquid biopsy techniques. The developed platforms have the
potential to contribute to cancer prognosis and diagnosis with further development and

investigation.



OZET

EKSOZOM TESPITI ICIN OPTIK SENSOR PLATFORMLARI
GELISTIRILMESI

Bu tez, eksozom tespiti i¢in optik sensor platformlarinin kullanilmasi yoluyla
kanserin erken teshisi ve izlenmesi i¢in yeni bir yaklasim oOnermektedir. Kanser
prognozu, teshisi ve izlenmesine yonelik mevcut teknolojiler, ozellikle erken
evrelerdeki etkinlikleri ve invazivlikleri ag¢isindan 6nemli sinirlamalarla kars1 karsiyadir.
Bu zorluklarin iistesinden gelmek i¢in bu calisma, iyi tanimlanmig membran protein
profili nedeniyle Kiigiik Hiicreli Dis1 Akciger Kanserine (NSCLC) vurgu yaparak,
kanserli ekzozomal membran proteinlerini tespit edebilen gelecekteki sivi biyopsi
uygulamalari i¢in biyosensor platformlar gelistirmeye odaklanmaktadir.

Arastirma, lokalize yiizey plazmon rezonansi (LSPR) ve manyetik kaldirma
(MagLev) prensiplerini kullanan iki optik biyosensor platformunun {iretimini,
optimizasyonunu ve karakterizasyonunu igermektedir. Biyosensor platformlar
baslangicta bir model protein olan Bovine Serum Albumin (BSA) ve sonrasinda
EpCAM, CD151 ve CD81 Eksozomal Membran Proteinleri (ExoMP'ler) ile test
edilmigtir. Bu Sirasiyla eksozomal kanser biyobelirtegleri, eksozomal NSCLC
biyobelirtegleri ve eksozomal biyobelirtegler olarak yaygin sekilde kullanildiklar: igin
bu ExoMP’ler hedef olarak seg¢ilmistir. A549 NSCLC ve MRCS saglikli akciger
fibroblast hiicre hatlar1, gelistirilen optik biyosensor platformlarinin eksozom algilama,
tanima ve miktar belirleme yeteneklerini analiz etmek igin in-vitro eksozom kaynaklari
olarak kullanilmistir. Her iki platform da kanserden tiiretilen eksozomlar1 saglikli
eksozomlardan istatistiksel anlamlilikla basaril1 bir sekilde ayirt edebilmistir.

Genel olarak, bu arastirma, siv1 biyopsi teknikleri yoluyla erken teshis ve izleme
icin umut verici bir yaklasim saglayarak kanser teshisi ve kisisellestirilmis tibbin
ilerlemesine katkida bulunmaktadir. Gelistirilen platformlar, daha fazla gelistirme ve

arastirma ile kanser prognozu ve teshisine katkida bulunma potansiyeline sahiptir.
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CHAPTER 1

INTRODUCTION

1.1 Cancer

Since the start of the 21% century, noncommunicable diseases are one of the
leading causes of death in the world and cancer is the first leading cause among these
diseases according to the report of World Health Organization (WHO) in 2015. Both
incidence and mortality rate of cancer are increasing rapidly(Bray et al. 2018). WHO
pointed out that in 2015 8.8 million people died of cancer that is one sixth of all global
death in that year, the toll increased to 9.6 million in 2018(Shandilya et al. 2019).
Despite high mortality rate, 40% of cancer cases are curable when diagnosed at an early
stage (X. Li et al. 2019a). This motivation led field of cancer research to invest in
providing the much-needed methodologies for early diagnosis of cancer. Current gold
standard of cancer diagnosis is tissue biopsy which bears disadvantages; mainly
inadequacy of informativeness in early stages of the disease. Also used techniques are
not always applicable to all patients due to their invasiveness and the risk of trauma on
cancerous tissue, which might lead to metastasis (X. Li et al. 2019b; Zarei 2017).

Diagnosis of any disease can be accomplished by detecting one or more of four
indicators: biomarkers, human cells, bacteria, and viruses depending on nature of the
malignancy. In specific case of cancer these can be limited to two indicators: cancerous
human cells and biomarkers. The latter essentially is a broad category that includes any
measurable substance, structure, or process that can be linked to the existence of a
specific disease (Campbell et al. 2018; Strimbu and Tavel 2010). Biomarkers of cancer
are the components that are born or derived from cancerous tissue and circulate through
body; cancer cells release circulating tumor DNA (ctDNA), and extracellular vesicles
(EVs) which contain proteins and nucleic acids that can be utilized to trace the origin,

stage, and location of the disease (Palmirotta et al. 2018). EVs are also released by



healthy cells and participate in a variety of physiological processes; but also in
pathological processes such as progression of neurodegenerative diseases and
inflammatory responses, invasion, metastasis, and immune suppression in cancer
(Valkonen et al. 2017; Xu et al. 2018). This revealed the great potential of exosomes as
disease markers, in particular, cancer biomarkers. Isolation and detection of these
markers from blood or any other bodily fluid is called liquid biopsy. Liquid biopsy may
hold the key to eliminate invasive procedures such as tissue biopsy and carry cancer

tests to casual check-up routines (Palmirotta et al. 2018).

1.2 Exosomes

EVs range between 20 to 1000 nm in diameter, having various cellular origins
and biochemical compositions. This hinders a generalized definition of EVs and also a
distinct categorization, Figure 1 demonstrates the differences in synthesis of
extracellular vesicles. Exosomes are a subcategory of EVs which are generally defined
as membrane vesicles with endocytic origin that are between 30-100 nm in diameter (M
He and Zeng 2016; van der Pol et al. 2012). They exhibit a multivesicular membrane
body assembly and are released from the cell via exocytosis. Furthermore, exosomes
carry codes of their parent cells, i.e. microRNA (miRNA), proteins, and DNA (Halvaei
et al. 2018). Their main purpose is thought to be cell-cell communication in long
distances (Cocucci and Meldolesi 2015).

Their role in initiation and progression of cancer indicates they are excellent
candidates as biomarkers for cancer. A generalized detection methodology has not been
designated yet due to the complexity and variation of their cargo and their release
mechanisms (Barteneva et al. 2013; Jalalian et al. 2019). This variety and complexity
arises from their heterogeneous nature and composition that may include any known
molecular constituent of a cell. It is also not clear how the content is composed; whether
is it an organized mechanism or randomly happening process. Although, there are lots
of uncertainties, it is well accepted that exosome count increases in cancer patients'
blood (Kalluri 2016). Moreover, they are more reliable targets as biomarkers compared

to other sources such as circulating tumor cells (CTCs) or apoptotic bodies; due to



developed isolation and characterization protocols, specific markers, and abundance in

circulatory system.

Intracellular vesicular Plasma membrane End death
traffic shedding products
Exosomes Microvesicles | Apoptotic vesicles
(30-150 nm)’ (100-1000 nm) | (100-5000 nm)

Figure 1. Cell derived extracellular vesicles(Devhare and Ray 2018).

1.2.1 Clinical Significance of Exosomes

One of the main reciprocities on utilization of exosomes is either to use them as
therapeutic agents, or to target them as biomarkers of cancer. Although the decision on
effectivity of each path cannot be made with current knowledge on exosomes; both
ideas require a deeper understanding about the role of exosome in general, and
specifically in cancer which leads to need of further studies on cancer derived exosomes
(Bastos et al. 2018). Inadequacy of traditional diagnostic methods for cancer such as
computed tomography, endoscopy, or tissue biopsy pushed the field to explore newly
discovered diagnostic potential of exosomes. The most important challenge of
developing an exosome-based cancer diagnostic methodology is isolation step. Current
conventional approach in exosome isolation for further analysis is series of
centrifugation, ultracentrifugation, and ultrafiltration processes (Faroogi et al. 2018;
Greening et al. 2015; Mignot et al. 2006; Pavlova 2016; Perez-Callejo et al. 2016).



Exosome analyses is mostly carried out focusing on RNA and DNA fragments
carried by them in recent studies on cancer diagnosis utilizing exosomes (L. Huang et
al., 2015; S. H. Huang et al., 2013; Tamura & Yin, 2017; Taverna et al., 2016; Taylor &
Gercel-Taylor, 2008),however this approach brings out challenges of isolation of
exosomes and subsequent genetic materials (Cheng et al. 2019; Cheol Kim et al. 2017;
Gholizadeh et al. 2017; Jakobsen et al. 2015; Kanwar et al. 2014; Yuki Konakade
Takeshi Yanagida Noritada Kaji Yong He Masaki Kanai Kazuki Nagashima Hiroshi
Yukaw2 Tomoji Kawai Yoshinobu Baba 2014; Pavlova 2016; Sandfeld-Paulsen,
Aggerholm-Pedersen, et al. 2016; Sandfeld-Paulsen, Jakobsen, et al. 2016; Tamura and
Yin 2017; Z. Zhao et al. 2016).

1.2.2 Exosomal Membrane Proteins as Prognostic Biomarkers in
Cancer

Table 1 summarizes recent literature on exosome isolation and exosomal
membrane protein detection methods used through studies and related diseases.
Exosomes reflect the status of corresponding parent cell; this reflection is not only
monitored via genetic material carried, but also through protein content of exosome.
Hence, surface proteins of exosomes are easy to reach potential biomarkers for cancer
diagnosis (W. Li et al. 2017). Tetraspanins are membrane proteins that are found in
exosomes; the members of this family such as CD9, CD36 CD44, CD63, CD81, and
CD151 are investigated as potential biomarkers for various types of cancer with the
anticipation of enabling early diagnosis (Hemler 2005; Jalalian et al. 2019; W. Li et al.
2017; Shen et al. 2011).

The most commonly utilized cancerous exosomal membrane protein detection
methodology is enzyme linked immune-sorbent assay (ELISA), Xiao et al., searched for
exosomal tumor markers of colorectal cancer (CRC) via ELISA analysis where they
utilized both cell culture supernatant and clinical samples. The isolation of exosomes
was carried out by several steps of centrifugation, ultracentrifugation, and filtration.
ELISA analysis was supplemented by Western Blot analysis concluding that CK19,
TAG72, and CA125 were markers for CRC, which could be used for diagnosis and
monitoring (Xiao et al. 2019).



Table 1. Studies on Exosomal Membrane Proteins; isolation and detection.

Disease

Colorectal
Cancer

Colorectal
Cancer

N/A

Ovarian
Cancer

Lung
Cancer
N/A

Ovarian
Cancer

N/A

NSCLC

Membrane
Proteins
CK19,
TAG72, and
CA125
CD147

CD9, CD63,
and CD81

CA-125,
EpCAM,
and CD24

CD9, and
C91

CD63
CD24, and

EPCAM

CD9, CD63,
CD81,
CD41b, and
EPCAM
CD151,
CD146, and
Tspan8

Isolation Method

Ultracentrifugation
and filtration

None after blood
fractionation

Centrifugation

Microfluidics
Antibody coated
tips

Patterned ZnO
nanowire device
Filtration

Filtration and

immunoaffinity

None after blood
fractionation

Detection Method

ELISA

ExoScreen,
immunofluorescent
assay

EV Array,
immunofluorescent
assay

ExoSearch,
microfluidic  chip
with integrated

immunomagnetic
beads

LC/MSMS
analysis
Fluorescent assay,
AleaxaFluor488
nPLEX,
nanoplasmonic
sensor

SPRi

Antibody printed
epoxy-coated
microarrays

Reference

(Xiao et al.
2019)

(Yoshioka et
al. 2014)

(Jorgensen
et al. 2013)

(Z. Zhao et
al. 2016)

(Ueda et al.
2014)
(Konakade
etal., 2014)
(Im et al
2014)

(L. Zhu et
al. 2014)

(Sandfeld-
Paulsen,
Aggerholm-
Pedersen, et
al. 2016)



Another study on CRC proposed an alternative methodology to ELISA with no
need of exosome isolation and lowered amount of sample. Proposed methodology is
called as ExoScreen (Figure 2) by Yoshioka et al. The method essentially utilizes an
immunofluorescent assay directly in the serum, where researchers prepared two types of
beads; one streptavidin coated biotinylated antibodies (donor beads) and other one
conjugated with second type of antibody (acceptor beads). A laser at 680 nm is used to
excite the donor bead; which leads to release of a singlet oxygen, if the beads are within
200 nm of analyte, this oxygen species excites the acceptor bead emitting a signal at
615 nm. In this report anti-CD147 and anti-CD9 antibodies were used, and double
positive exosomes were captured successfully with high sensitivity and without any
pretreatment (Yoshioka et al., 2014).

Zhang, He, & Zeng have developed another alternative methodology to ELISA;
they combined a graphene oxide/ polydopamine (GO/PDA) layer with ELISA assay to
reach higher sensitivity by increasing immune-capture efficiency and eliminating non-
specific exosome binding. The designed device, namely nano-IMEX chip (Figure 3);
was used to successfully differentiate individuals with ovarian cancer from healthy
individuals as a proof of concept (P. Zhang, He, and Zeng 2016).

The simultaneous expression of more than one membrane protein in exosomes
during or prior to a disease called for a methodology that would allow multiplexed
analysis. EV arrays for capturing and phenotyping exosomes were proposed in a recent
study. An EV array of 21 antibodies is used to phenotype exosomes; with a cocktail of
antibodies anti-CD9, anti-CD63, and antiCD81 to detect exosomes. The device has a
lower detection limit of 2.4 x 10* exosomes, and it successfully detected exosomes in
serum and cell supernatants. Although, only the samples from healthy individuals were
tested, the researchers proposed that the methodology can be applied to diagnose
diseases if relevant biomarkers are determined, details can be seen in Figure 4

(Jorgensen et al. 2013).
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Figure 2. A comparison of conventional exosome detection methodology and the
ExoSCreen method (Yoshioka et al., 2014).
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Figure 4. A study by Jorgensen et al., an EV Array was utilized to capture exosomes
and a cocktail of biotinylated antibodies against the tetraspanins CD9, CD63 and CD81
was used to detect exosome with help of fluorescence-labelled streptavidin (Jorgensen
etal., 2013).

Two studies were consummated to determine exosomal membrane proteins that
may be used as biomarkers for lung cancer and non-small cell lung cancer (NSCLC);
both utilized 49 different antibodies to capture and differentiate samples from a total of
857 individuals (cohorts of 581 and 276 individuals respectively). Biotin-conjugated
antibodies of the exosome surface proteins CD9, C81, and CD63 were used to monitor
the captured exosomes. CD151, CD171, and Tetraspanin8 were shown to be the most
abundant differentiators of lung cancer, where CD171, CD276, Tetraspanin8, Flotilin1,

and NY-ESO-1 were the same for NSCLC. The studies continued with survival rate



analysis with which previously obtained results were supported. The comprehensive
studies provide a strong basis for future research on diagnosis of NSCLC and lung
cancer via exosome membrane proteins (Sandfeld-Paulsen, Aggerholm-Pedersen, et al.,
2016; Sandfeld-Paulsen, Jakobsen, et al., 2016).

In another study, an automated centrifugal microfluidic disc system integrated
with functionalized membranes (Exo-CMDS) is proposed for the isolation and
enrichment of exosomes. The system is summarized in Figure 5. Subsequently, these
exosomes are processed using a novel aptamer fluorescence system (Exo-AFS) to
effectively detect surface proteins on exosomes. Exo-CMDS demonstrates high yields,
achieving an optimal exosomal concentration of 5.1 x 10° particles/mL from trace
amounts of blood samples (<300 pL) in just 8 minutes. This accomplishes one-step
exosome isolation and purification. The limit of detection (LoD) for PD-L1 in Exo-AFS
is as low as 1.58 x 10° particles/mL (S. Zhao et al. 2022). In clinical sample trials, the
diagnostic accuracy of lung cancer using Exo-CMDS and Exo-AFS reaches 91% (95%
Cl: 79%-96%), surpassing ELISA results (area under the curve: 0.9378 versus 0.8733;
30 patients). Exo-CMDS and Exo-AFS exhibit advantages in terms of cost-
effectiveness, speed, purity, sensitivity, and specificity when compared to traditional
techniques. These assays hold promise as practical means for early cancer detection and
guiding immunotherapy in clinical settings.

In a study that is depicted in Figure 6, a dual-antibody assay was employed to
enhance specificity in the detection of exosomes associated with lung cancer. Given that
exosomes are secreted under both physiological and pathological conditions, the
objective was to selectively capture exosomes originating from lung cancer cells and
quantitatively assess the fluorescence signal disparity between plasma samples from
lung cancer patients and healthy individuals. The assay utilized horseradish peroxidase
(HRP)-based signal amplification to achieve heightened sensitivity in exosome
detection. This dual-antibody assay, coupled with HRP-based signal amplification,
provided a highly sensitive and specific method for the detection of lung cancer-
associated exosomes. The findings, underscore the potential of this approach in
improving early diagnosis and monitoring of lung cancer, offering a promising tool for

clinical applications and advancing personalized medicine.
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Figure 5. The schematic of the exosome isolation and detection. A, Study design,
including whole blood collection, exosome isolation and exosome detection. B, The
principle of exosomes enrichment and elution. C, The principle of exosomes capture
and detection (S. Zhao et al. 2022).

In another study, in order to enhance sensitivity, two surface proteins enriched in
lung-derived exosomes were identified for targeting, which is demonstrated in Figure 6.
CD81, a characteristic tetraspanin membrane protein enriched on the surface of lung-
derived exosomes (Mei He et al. 2014), and CD151, recognized as a cancer-associated
protein (Sandfeld-Paulsen, Aggerholm-Pedersen, et al. 2016). Magnetic nanoparticle
(MNP)-conjugated CD151 was employed for capturing lung cancer-associated
exosomes, while HRP-conjugated CD81 was used for detection via fluorescence
signals. The combination of MNP and HRP conjugates in plasma formed a sandwich
structure "MNP-Exosome-HRP," as depicted in Figure 6 fluorogenic substrate,
AUR/H202, was utilized for HRP catalysis. Following the immunomagnetic capture of
lung-derived exosomes, the substrate was introduced into the solution. The hydrogen
peroxide (H.0,) reacted with the fluorogenic substrate in the presence of exosome-
bound peroxidase enzyme in a 1:1 stoichiometry, generating a bright fluorescent
product (AmplexR UltroxRed) detected at Aex/Aem 480/595 nm (Singh et al. 2022).
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Figure 6. Schematic of the co-capture assay. This assay relied on immunomagnetic
capture and HRP-based enzymatic signal amplification for lung-derived exosome

detection from plasma samples (Singh et al. 2022).

In conclusion, liquid biopsy and methodologies that has been utilized for such
purposes are being investigated in depth. However, current methodologies either lack
the required sensitivity or are not suitable for usual check-up procedures. Recent studies
show a promising convergence to a point where sensitive point of care applications will
be possible and applicable. Two of the optical detection principles for sensitive and

rapid point of care applications are discussed in detail in the following sections.

1.3 Plasmon Based Biosensors

Plasmonic methods eliminate the need of labeling, and offer real-time
monitoring, and can work with relatively small amounts of samples. These advantages
provided a new area of development for methodologies that are more practical
compared to conventional methods such as ELISA and western blotting. Plasmons can
be described as plasma oscillations that are fixed to an ion generally a metal. Optical
properties of metals are largely affected by plasmons; light below a specific frequency
(plasma frequency) is reflected by the metal surfaces while light above that frequency is

transmitted. Metals such as gold have a plasma frequency in visible range,
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differentiating their absorbance characteristics. This property is utilized by taking
advantage of the electromagnetic field (evanescent wave field) that extends away from
metal surface. In summary; light that is not confined within the metal might be used for
sensor purposes (Prasad 2003). When a single wavelength is applied the evanescent
waves can change the reflectivity characteristics of a fixed field; decaying from the
surface. Hence a total internal reflection on the metal layer generates a plasmonic field
at its specific wavelength of the incident light, which determines the reflectivity
conditions(Schasfoort 2017).

1.3.1 Surface Plasmon Resonance (SPR)

The excitation of surface plasmon waves was first described in early twentieth
century (Wood 1902) but it was not a focus of study until Otto and Kretschmann
developed relatively simple setup to excite plasmons via attenuated total reflection
(ATR),(Haxha et al. 2015; Otto 1968). Surface plasmon resonance exists in between
two media with opposite signed dielectric constants. As described in Figure 7, as the
incident light is transmitted and reflected; the angle of incident light and reflected light
are equal. If the light has a lower wavelength than plasmon frequency this leads to an
interaction between metal electrons and the light transmitted. This phenomenon excites
the electrons and causes a perpendicular electromagnetic field, which decays hastily and
is called an evanescent field. Resonance between the incident light and the evanescent
field is then achieved by tuning the angle of incident light. When the resonance
between the incident light and electromagnetic field is reached; there is no reflected
light; in other words there is an immediate decrease in reflectivity. This phenomenon
provides a sensitive and label-free reflectivity measurement methodology, which can be
utilized in various biochemical assays (Raether, 1988; Suto et al., 1989; Tilley, 1983).
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1.3.2 Localized Surface Plasmon Resonance (LSPR)

Even though infinite films of metal surfaces are utilized for SPR applications,
other geometries of metals also show plasmon resonance. Same as SPR, when incident
light interacts with conductive particles, the electromagnetic field of light causes a
collective oscillation of conduction band electrons. This phenomenon is called localized
surface plasmons resonance (LSPR); and the resonance characteristics are highly
dependent on particle properties such as size, geometry, composition, and
concentration. LSPR induces highly localized electromagnetic fields around the
particles, which brings particles to be fine sensors of local refractive index. Also the
particles’ optical absorption becomes maximum at plasmon resonance frequency, which
is in the visible light wavelengths. The maximum absorption peak (Amax) is highly
dependent on refractive index of medium surrounding the particles; this is the basis for
sensor applications. The resonance frequency is relatively easy to measure, which
makes LSPR applications favorable for nanoscale sensor utilizations and that can easily
be transduced by spectrophotometric methods (Mayer and Hafner 2011; Petryayeva and
Krull 2011; Willets and Van Duyne 2007). Gold nanoparticles (GNPs) are the first and
most common geometry that was used for LSPR applications. The colorimetric
properties of colloidal gold nanoparticles enables selective detection of various
components without the requirement of agglutination or aggregation of particles, and it
provides an SPR shift detection in liquid phase, which details can be seen in Figure 8
(Englebienne 1998).
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Figure 8. Simplified LSPR transduction mechanism.
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Localized Surface Plasmon Resonance (LSPR)-based biosensors, while offering
unique advantages, present certain drawbacks too. One notable limitation lies in the
inherent sensitivity of LSPR to changes in the immediate vicinity of the metallic
nanostructures, rendering them susceptible to variations in local refractive indices
(Bingham, Hall, and VVan Duyne 2012). This localized sensitivity restricts the dynamic
range of LSPR-based sensors, leading to challenges in precisely quantifying analyte
concentrations over a broad spectrum. Furthermore, LSPR biosensors often grapple
with issues of reproducibility and standardization due to the intricate fabrication
processes involved in generating precisely controlled nanostructures. The inherent
variability in these fabrication methods may result in non-uniform sensor responses,
impeding the reliability and comparability of LSPR-based measurements across
different platforms and laboratories. In contrast to conventional SPR biosensors, which
exhibit a more extended sensing area, LSPR biosensors are limited by their localized
nature and —conventionally- liquid medium. This hinders the simultaneous investigation
of multiple interactions, potentially compromising the throughput and efficiency of
biomolecular binding studies . In summary, while LSPR-based biosensors offer unique
advantages in terms of miniaturization and simpler detection, their drawbacks, including
limited dynamic range, reproducibility issues, and constrained sensing areas, underscore
the importance of enhancing the sensitivity of sensor platforms. There are various
strategies such as utilizing bimetal alloys, growing particles in size, using particles with
different morphologies, and core-shell type particle employment (Brown and Natan
1998; Brown, Walter, and Natan 2000; Brown et al. 2000; Kumar, Gandhi, and Kumar
2007; Sau et al. 2011; P. Zhao, Li, and Astruc 2013; Dikkumbura et al. 2021;
Steinbriick et al. 2011; Borah and Verbruggen 2020; J. He, Wu, and Sun 2019; Lu et al.
2013; Selvakannan et al. 2004; Hamidi-Asl et al. 2016; Loiseau et al. 2019).
Nonetheless, a limitation exists in the correlation between optical sensitivity and
enhancement methodology, attributable to the adverse effects of colloidal stability
deterioration resulting from size and subsequent particle aggregation in solution.
Therefore, maintaining precise control over particle morphology and other
modifications is imperative.

Recently, a plasmonic system (nPLEX), which combines isolation and detection
of exosomes was proposed. Proposed microfluidic system offers easy isolation step and
surface plasmon-based analysis step to achieve label-free exosome detection. For this

purpose a gold film with periodic nanohole arrays on it were fabricated and nanoholes

16



were optimized to match the size of exosomes (~100nm in diameter). Excitation of the
array by a single wavelength caused surface plasmon field to be excited while ensuring
high sensitivity for refractive index differentiations. The nanohole surface was then
coated by different antibodies against certain exosomal membrane proteins for
molecular specificity. Captured protein levels were comparable with results of ELISA
(matched by R*>98%). In addition, correlation between exosomes and their parental
cells were monitored that both EpCAM and CD24 proteins were elevated in samples
from individuals with ovarian cancer (Im et al. 2014; 2015).

Another study was conducted with same motivation utilizing surface plasmon
resonance imaging (SPRi) methodology to detect exosomal proteins. Antibody
functionalized (antibodies against exosomal surface proteins such as tetraspanins (e.g.
CD9), glycoprotein CD41b, and tyrosine kinase receptor MET) gold-coated glass chip
was used as sensor interface. Human hepatoma cells lines and mouse melanoma cell
lines were used as model organisms, and cell culture supernatants (CCS) were used with
and without isolation steps. One of the very first results of this study is that the
developed methodology does not require any pretreatment of CCS. Exosome levels of
MHCC97H and MHCC97L cell lines (former is highly more metastatic) were compared
to determine any correlation between metastatic potential of cell lines and exosome
levels, which showed a positive correlation. It is concluded that the developed
methodology provides a potential test for cancer metastasis, and furthermore with the
future use of specific antibody microarrays it is possible to differentiate and even
diagnose cancer (L. Zhu et al. 2014).

A recent work presents an aptamer-based Surface Plasmon Resonance (SPR)
sensor designed for the direct and sensitive detection of exosomes. The results in Figure
9 illustrate the detection of target exosomes through direct measurement, a single gold
nanoparticle (AuNP) amplified SPR aptasensor, and a dual AuNP amplified SPR
aptasensor. Initially, the Au film was functionalized with capture DNA, and the target
exosomes were directly measured. Subsequently, aptamer/T30-linked AuNPs were
introduced, amplifying the signal in the single AuNP-amplified SPR aptasensor for
detecting target exosomes. Finally, A30-coated AuNPs, through the hybridization of
complementary sequences T30 and A30, were captured on the aptamer/T30-linked
AuNPs, enabling the detection of target exosomes in the dual AuNP-amplified SPR

aptasensor.
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Figure 9. Dual AuNP-assisted signal amplification for determination of exosomes
(Wang et al. 2019).

By employing dual AuNP-assisted signal amplification, the method achieved the
detection of exosomes at low concentrations. This approach offers an effective means
for sensitive exosome detection and holds promise for applications in biological and
clinical studies (Wang et al. 2019).

Glioblastoma (GBM) is a deadly brain tumor where secreted lactate increases
the expression of CD44 and the release of exosomes. Researchers discovered that
lactate-driven CD44 upregulation in malignant glioblastoma cells (GMs) enhances the
release of CD44-rich exosomes. These exosomes, in turn, boost the migration of GBM
cells and the formation of tubes in endothelial cells. The study used advanced
techniques to detect CD44 in these exosomes. The “capture and sensing” Titanium
Nitride (TiN) - Nanoholes (NH) - discs immunocapture (TIC) - atomic force
microscopy (AFM) and the highly sensitive TiN-NH-localized surface plasmon

resonance (LSPR) biosensors were employed. The detection limits for exosomal CD44
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were 5.29 x 107" ug/ml with TIC-AFM and 3.46 x 107 pg/ml with TiN-NH-LSPR.
Significantly, this research demonstrated for the first time that the label-free sensitive
TiN-NH-LSPR biosensor can detect and quantify elevated levels of CD44 and CD133
in immunocaptured GBM cell-derived exosomes found in the blood and cerebrospinal
fluid of a GBM mouse model. These findings suggest the potential use of biosensors for
minimally invasive molecular diagnostics through liquid biopsy (Thakur et al. 2021).
Another recent study utilized LSPR to detect GBM associated exosomes. GBM
has cells that under low oxygen conditions (hypoxia) increase the release of exosomes.
Researchers have developed an LSPR sensor chip to detect minute quantities of these
exosomal biomarkers. This sensor chip uses self-assembled silver nanoparticles on gold
nano-islands (Ag@AUuNIs) to create a platform for biotinylated antibodies that target
exosomal surface markers. The biotinylated antibody functionalized (BAF) Ag@AuNIs
LSPR biosensor can sensitively detect the exosome marker CD63 and the GBM
progression biomarker monocarboxylate transporter 4 (MCT4) in malignant GBM cell-
derived exosomes. It demonstrated detection ranges from as low as 0.38 ng/ml for one
marker and 1.4 ng/ml for the other. The biosensor also was able to quantify MCT4 in
exosomes isolated from the blood of GBM mice using epidermal growth factor receptor
variant Ill-based immunocapture, highlighting its potential for non-invasive monitoring

of GBM progression via liquid biopsy (Liu et al. 2022).

Figure 10. Schematic of GNP immobilization, i-GNP growth, and bacteria capturing
with LSPR based chrono-spectral gold growth biosensor (S6zmen et al. 2024).

A study that was carried out in our laboratory presents a novel methodology
aimed at enhancing the sensitivity of LSPR based sensor platforms. The technique
involves the time-dependent growth of GNPs, referred to as chrono-growth, on a solid
support. The developed sensor platform was employed for the detection of model
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microorganisms as part of a validation study. To achieve this, 20 nm GNPs were
immobilized onto a solid support, and controlled growth of the immobilized GNPs (i-
GNPs) was executed. Chrono-growth of i-GNPs led to a significant reduction in inter-
particular distance, thereby enhancing the plasmonic sensitivity of the grown GNPs (g-
GNP). The growth of i-GNPs was primarily controlled by reaction time, enabling the
fabrication of tunable plasmonic nanostructures. Structures were optimized in terms of
sensitivity enhancement by utilizing reaction time as a parameter. The optimized
nanostructures were then employed for the detection of model microorganisms.
Through the application of artificial neural networks (ANN), the sensor platform
successfully differentiated between low (10°-10° CFU/ml) and high (above 10°
CFU/ml) E.coli concentrations. This work demonstrates the effectiveness of the time-
dependent growth and sensor enhancement technique in detecting E.coli at
concentrations as low as 10 CFU/ml (Sézmen et al. 2024).

Overall, plasmonic sensor systems are still in need of further development to be
applicable for cancer diagnosis and prognosis. Main short comings of the systems are
sensitivity, resolution, and reproducibility as described above and seen in the current
literature survey. This calls for enhancement studies for betterment of said
characteristics. The principle in its core holds the key to surpassing the necessity of
complex devices and specific expertise of personnel, and with elaborative work it would

benefit the liquid biopsy technique greatly.

1.4 Magnetic Levitation Based Sensors

Magnetic levitation (MagLev) provides a density-based measurement method
which is considerably sensitive and versatile. The fundamental of the technique is the
usage of magnetic force to overcome gravitational force; and imitate a field without
gravitational effects (Bloxham et al. 2015; Laithwaite 1975). This phenomenon is
generally reached by utilizing magnets, and simplest form is two dipole magnets
oriented facing each other’s same poles; so called anti-Helmholtz configuration. A
paramagnetic medium is used to suspend objects or samples within the created magnetic
field; this procures a method without complexity and with high sensitivity, which is

used to resolve finitely small differences in density of the levitated object or objects. As
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an object is levitated at a fixed height in medium, based on its density; if or when it’s
density increases it’s levitation height decreases and vice versa (Nemiroski et al. 2016).
Systems generally compose of two identical static magnets to generate a constant
magnetic field, a paramagnetic agent in the medium between the two which positions
the object based on their densities, and an imaging device such as a microscope (Turker
and Arslan-Yildiz 2018).

The base approach is to use standard beads or microspheres with known
densities and measure their levitation heights in the MagLev sensor platform. Then a
calibration curve with Y axis as density and X axis as height or vertical position is
drawn with acquired data. Lastly the analyte is introduced to the system and levitated,
its levitation height is implemented into the calibration curve to determine its density
based on previous data provided by standard beads. A summary of the procedure can be
seen in Figure 11 (Ashkarran & Mahmoudi, 2021).
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Figure 11. Density measurement in a MagLev sensor platform A) levitation heights of
standard beads and an analyte, B) calibration curve with standard beads and analyte
marked on (Ashkarran and Mahmoudi 2021).

One of the pioneering sensor technologies utilizing magnetic levitation was
developed by Mirica et al., the sensor platform was designed to monitor density change

during chemical reactions that are carried on a solid support. They described a straight-
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forward benchtop method which involved usage of polystyrene beads that are levitated
in paramagnetic solution (Mn*" or Gd*") between two magnets. The platform succeeded
to determine density differences as small as 0.01 g/cm® (Katherine A Mirica et al.
2008). In next year the same research group improved the accuracy of the platform
down to 0.002 g/cm®. Also, they showed that the same platform can be used to measure
the density of liquids by levitating a droplet of organic liquids in the paramagnetic
solution. Although they used a rather large platform which caused an unreliability in
measurements of particles smaller than 2 um in diameter and the detection range of said
platform was in between densities of 0.8-3 g/cm?, it was a promising study and showed
that magnetic levitation is a well-suited method to measure relative difference in density
and chemical compositions (Mirica et al., 2009, 2010).

One of the recent biosensor applications of these systems were used to separate a
mixture of two species of cells. The study was carried out by Zhu et al., and
successfully separated a mixture of live E. coli and S. cerevisiae cells. Standard soft-
lithography was utilized to produce microfluidic magnetic levitation devices out of
polydimethylsiloxane (PDMS). Figure 12 represents technical drawing and prototype of
the device (T. Zhu et al. 2012).

(b)

Figure 12. Schematic of the developed device 1) permanent magnets and microfludidic
channel. b) Prototype device (scale bar: 10mm ) (T. Zhu et al. 2012).

Then the samples from both outlets were analyzed and it was revealed that the
device works with ~100% efficiency. In conclusion a label-free and simple to use

device was developed that is able to sort cells with ~100% efficiency at a rate of 10’
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cells/h (T. Zhu et al. 2012). Another study reported by Amin et al., utilized a similar
sensor platform to construct flow-assisted magnetic levitation sensor platform which
procures applications on larger volumes. Analyte is pumped into the platform via a
micro-pump and a highly laminar flow is ensured. Samples levitate in the capillary and
flow through; imaging is carried out by a smartphone which is attached to a magnifying
lens (Amin et al. 2016). Zhang et al. had taken a more theoretical approach on the field
and developed a linear relationship description between density and magnetic levitation
height. COMSOL software was utilized for this purpose. A numerical simulation was
generated in COMSOL and removed the need of the standard density analysis with
glass or polymer beads. This provided a convenient method of simulation which
simplifies experimentation process (Chenggian Zhang et al. 2018). MagLev was utilized
to distinguish unique differences in levitation and density blueprints between breast,
esophageal, colorectal, and NSCL cancer cell lines, as well as heterogeneity within
these seemingly homogenous cell populations. Furthermore, a resolution of 1 x 10 ™
g/mL was demonstrated bu the developed methodology. Figure 13 summarizes the
utilized setup, and it was shown that MagLev technique was adequate to monitor minor
changes in cellular density that may be caused by several cancers and moreover,
heterogeneities within a single cancer (Durmus et al. 2015).
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Figure 13. The procedure that has been carried out to vary cell’s densities and

measurement of densities of cells (Durmus et al., 2015).

Another study suggests a PoC detection method based on MagLev technique. A
MagLev based assay was developed demonstrating Hepatitis C (HCV) detection; the
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assay utilizes a MagLev setup and a smart phone for imaging. Antibody functionalized
microspheres are suspended in the setup and they were used to capture HCV antigen
and with the change in their density. First the levitation height of microspheres was
measured in absence of any antibody or antigen Then step by step levitation heights of
microspheres were recorded; after antibody functionalization and after introduction of
HCV antigen to the medium, the results were shown as in Figure 14 and it showed an
LoD value of 50 pg/ml. The assay proves that Maglev based sensors are sensitive
enough for even protein assays and they provide several advantages as no need of
external mechanism or devices except for a smart phone, adaptability, and simple usage
(Ozefe & Arslan Yildiz, 2020).
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Figure 14. Procedure of HCV detection on MaglLev sensor platform A) Carboxyl
functionalized polystyrene beads, B) Polystyrene bead in presence of Hep-C antigen, C)
Antibody functionalized polystyrene beads, D) Antibody functionalized beads in
presence of Hep-C antibody (Ozefe and Arslan Yildiz 2020).

Motivated by the significant importance of MagLev technology, the issue of
describing and modeling the MagLev technique from a first-principle perspective is
addressed in a recent study. Specifically, the focus of the investigation is on establishing
the relation that expresses the mutual interaction between the magnetic fields emanating
from a solenoid and a passive object. The object's magnetization is exclusively induced
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by the applied magnetic field. Consequently, a force equation is derived to depict the
impact of the magnetic field along the solenoid axis on a small ferromagnetic object,
such as a ball. Additionally, the approach introduced in the study results in a
relationship illustrating the dependence of the inductance on the distance from the
solenoid. To experimentally validate the derived equations, a laboratory device known
as the 'Magnetic Levitation CE152' module was employed. A simplified nonlinear
dynamic model was constructed, where all parameters possess physical meaning and are
represented by appropriate physical quantities. The values of the inductance parameters,
based on the distance from the solenoid, were determined from the measured courses of
the control voltage of the current amplifier of the solenoid and the voltage of the ball
position sensor. Through a comparison of the calculated parameters with the expected
values and an assessment of the model's error concerning the object’s distance from the
coil, the study then discusses the validity and correctness of the relations describing the
magnetic field strength of the solenoid acting on the small ball object which resolves the
linear relationship between the levitation height of a particle with the force exerted on
that particle (Dusek et al., 2023).
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Figure 15. Diagram of the magnetic levitation method; (a) Configuration of the
magnetic levitation device with a pair of H20 magnets (b) Magnetic field between two
facing H20 magnets (c) Diagram of the working space between two facing H20 magnets
for analysis. (d) Nephogram of horizontal and vertical components of magnetic force (e)
Illustration of the aggregation of cells during the magnetic levitation (f) Diagram of the
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magnetic levitation device with two H3 ring magnets (g) The levitation and aggregation

process of cells (Lyu et al. 2023).

A configuration of magnetic levitation based on two ring magnets is introduced
in a recent work. The proposed setup has the capability to achieve cohesive levitation of
cells for three-dimensional tissue culture and distinguish between cell types and
conditions based on their densities. Specifically, a unified mathematical model of the
configuration is established to facilitate the understanding of three-dimensional
distributions and gradients of the magnetic field throughout the entire working space.
The established mathematical model offers several advantages: (i) enabling magnetic
levitation and manipulation of samples in the three-dimensional space, not limited to the
axial region of the device; (ii) breaking through size and separation distance restrictions,
making it applicable to various samples ranging in size from microns to centimeters;
(ii1) allowing adjustment of manipulating spaces and ranges based on the mathematical
model, thereby enhancing method accuracy and feasibility. Utilizing the theoretical
model, a magnetic levitation device was designed for levitating cells. Experimental
results confirmed the feasibility of magnetic levitation for cell manipulation and
measurement of cell densities. The average densities of four types of cells were
successfully measured. Furthermore, magnetic levitation demonstrated its capability to
detect dead cells and living cells based on density differences (Lyu et al., 2023).

Herewith, MagLev based sensor technologies bear great potential for density-
based detection and quantification systems. Although, the technique was never
employed for exosome detection due to its recent emergence; it is highly feasible for
this utilization. In conclusion, MagLev-based sensors have the potential to be used in
liquid biopsy, thus providing a new frontier for innovative methodologies for cancer

diagnosis.

1.5 Purpose of Thesis

Current technologies to prognose, diagnose or monitor cancer are not effective at
early-stages of cancer; they are either not reliable, or too invasive for casual check-up
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procedures. To overcome above-mentioned obstacles, this work has started with the
inspiration to develop optical sensor platforms for prognosis, diagnosis, and monitoring
of cancer while employing cancerous exosomal membrane proteins as biomarkers.
Throughout this study novel optical detection methodologies and related biosensor with
the purpose of being employed in future liquid biopsy techniques will be designed and
developed.

Non-Small Cell Lung Cancer (NSCLC) is selected as the model for this purpose
due to it is well defined membrane protein profile and also the lack of early diagnosis
with current methodologies. The vision that was followed here was to produce
microfluidic platforms that are sensitive, selective, and precise, where at the same time
portable, cheap, and easy to use. It was aimed to contribute to develop microfluidic
biosensor platforms where it would be possible to be used at resource limited settings,
without sophisticated instrumentation, even by non-expert individuals.

Main goal of the thesis is to fabricate optical biosensor platforms that are capable of
selectively and sensitively detect exosomes with specific membrane protein or proteins.
For this purpose CD proteins that are known to be or suspected to be linked with
NSCLC disease will be made use of. CD81 will be targeted as an exosomal biomarker,
EpCAM as an exosomal cancer biomarker, and CD151 as a NSCLC exosomal
biomarker. The detection will be carried out via LSPR and Magnetic Levitation
methodologies. The sensor platforms for both methods will be fabricated during this
study. First, design, fabrication, and optimization of the biosensor platforms will be
carried out using a model protein, Bovine Serum Albumin. Then these platforms will be
tested by detecting said membrane protein standards in solubilized forms. This test will
also include the intention of characterizing the biosensor platforms in terms of sensory
characteristics such as detection limit, sensitivity, and dynamic detection range. After
the platforms prove to be able to satisfactorily detect and quantify determined exosomal
membrane proteins. They will be utilized for exosome detection studies.

Exosome detection applications will include detection of exosomes that are cell culture
derived. Cell lines A549, MRCS5, and WI38 are determined as model cell lines for this
purpose, A549 as a NSCLC fibroblast cell line and both MRC5 and WI38 as healthy
lung fibroblast cell lines. Each cell line is going to be cultured to confluency, then cell
culture supernatants will be retracted, and exosome isolation will be carried out via use
of a commercial cell culture exosome isolation kit. Samples from each cell line will be

subjected to the detection studies for each of the aforementioned membrane proteins
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with no pretreatment other than exosome isolation. Each sample will be diluted with
various dilution factors to compare if there is a relation between exosome concentration
and signal generation by the biosensor platforms. Statistical tools will be utilized to
compare the results both between healthy and cancerous samples and with concentration
variations.

In conclusion, two biosensor platforms with separate detection principles will be
developed, optimized, characterized, and utilized for exosome detection with the aim of
reaching a promising applicability for future liquid biopsy applications that would
hopefully pave the road for cancer diagnosis and prognosis applications in the future

with following studies and investigations.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Cell Culture for in-vitro Exosome Acquisition and Characterization

2.1.1 Cell Culturing of Cell Line A549, MRC5, and W38

A549 (CCL-185), MRC5 (CCL-171), and WI38 (CCL-75) cell lines were
separately cultured in DMEM cell culture medium and supplemented with fetal bovine
serum (FBS) and 1% Pen/Strep at 5% CO, concentration and 37°C. Cell culture
supernatants (CCS) were used as exosome sources for further analysis after acquiring,

they were used for exosome isolation.

2.1.2 Exosome lsolation

A tandem of centrifugation step and exosome isolation kit was used for
separation of in-vitro exosomes form CCS; first centrifugation was done at 500g for 5
minutes, and supernatant was separated and used in further steps. Next Cell Culture
Exosome lIsolation kit (Norgen, Canada) was used. After utilization of the exosome
isolation Kit, isolated exosomes were directly used. Storage time of the isolated
exosomes were always kept under a week, and they were stored at 4 °C to prevent

undesired freeze and thawing, keeping isolated exosomes intact.
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2.1.3 Size analyses

NanoPlus DLS Nano Particle Size and Zeta Potential Analyzer was used to
determine sizes of isolated exosomes. Mean zeta value will be measured and exosome

sizes was calculated utilizing the equation below.

M |
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2.1.4 Exosome Count Calculation

A theoretical calculation was carried out for exosomes, for this purpose
following method was deduced and applied. Lipid vesicles were prepared as a standard
for this measurement and further calculations. First, lipid vesicles that are similar to
exosomes in size were prepared via extrusion. For this purpose, a working solution was
prepared beforehand via solving PC in chloroform then evaporating chloroform via N,
gas flow; leaving thin film of PC on the container walls. As the last step the PC thin
film was solved in PBS via freeze thaw method. A syringe extruder was utilized, and 4
different pore sized membranes were used for the procedure; 50, 100, 200, and 400nm
(Ong et al. 2016).

Following equation set was deduced and used, utilizing DLS analyses results of both
prepared liposomes and isolated exosome samples (Mehdiani et al. 2015; Mozafari,
Mazaheri, and Dormiani 2021)

N(liposomes) = [M, (Molecular mass of PC) x N (Avogadro Number)] / [N(tot) x 1000]
Where N (liposomes) is liposomes per liter and N (tot) is number of lipid molecules per
liposome.

N(tot) = [47R? + 4n(R-h)?]/A

R = radius of vesicles

h = thickness of bilayer (about 5 nm for PC)

A= cross sectional area of head group (0.71nm?)
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2.1.5 Immunostaining

Rhodamine conjugated secondary antibodies (Thermo, 31685) were used to
stain exosomes. Fixation of isolated exosomes was carried out via 15 min incubation of
4% Paraformaldehyde (PFA). After removal of PFA via rinsing with PBS, 50 pl
primary antibody (Ab185684; Ab71916; Ab155760; Abcam) (1:40 dilution) was added
to the wells and incubated for an hour. After washing away the excess antibody (Ab),
50ul secondary Ab (1:100 dilution) was added to the well and incubated for two hours.
After rinsing fluorescent microscopy was utilized to capture images with 10x, 20x, and
40x magnification.

2.2 LSPR Sensor Platform Development and Validation

2.2.1 Gold Nanoparticle Synthesis

Turkevich method was utilized to synthesize citrate capped GNPs with the size
of 20 nm. Synthesis started with the heating of an auric chloride (HAuUCIl,) solution of
0.5mM, and 60ml to boil and let cool down to 70°C; then a trisodium citrate dehydrate
(NazCsHsOy) solution of 38.8 mM and was added and stirred until a red color appeared.
The GNP solution was stored at 4°C until usage (Turkevich et al., 1951). The GNP
solution was centrifuged at 12000 for 10 min before usage, then precipitated GNPs were

resuspended with ultra-pure water.

2.2.2 LSPR Sensor Platform Fabrication

LSPR sensor fabrication consisted of the following steps: (i) nanoparticle
immobilization into well of 96 well-plates, (ii) functionalization of said NPs with 11-
mercaptoundecanoic acid (MUA; Thermo) to provide a carboxyl functional group for

further surface modifications, and (iii) functionalization of NPs with antibodies via
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EDC/NHS coupling. The immobilization process was started with the Poly-L-lysine
(Sigma-Aldrich) incubation in each well of a flat bottomed, 96-well plate (Corning,
Costar); 100 uL of 50 ppm PLL was incubated overnight in wells, the excess was rinsed
from the surface via MQ water (Elveren and Yildiz 2018; Chang et al. 2018; Cataldi et
al. 2014). Afterwards, 50 pL of synthesized GNP solution was added to each well and
incubated overnight. Next, GNP immobilized wells were incubated in 0.1 pM MUA
solution overnight. This process provided a carboxylic acid functional group that is
available for EDC (Sigma Aldrich) to bind to. After the incubation EDC-NHS protocol
was followed. 0.4M EDC and 0.1M NHS (Sigma Aldrich) solutions were mixed
equivolumetrically and added to wells, then incubated for 30 minutes. Afterwards, Ab
solution was added to wells and incubated for an hour. Then, excess Ab was removed

via PBS wash.

2.2.3 LSPR Sensor Platform Optimization

An absorbance peak (Amax) is observed through LSPR that is in UV-Vis range.
Herein, several methods for enhancing LSPR sensor sensitivity and utility were
investigated. For this purpose, NPs with various sizes, morphologies, and compositions
were synthesized. Syntheses were carried out via well-established, modified, and novel
methods for tuning of NPs during the study. The synthesized NPs were characterized
via SEM imaging (Quanta 250), EDX analyses (Quanta 250), UV-Vis spectrum
(Thermo Scientific Multiscan GO), and DLS measurements (Horiba Partica LA-960V2)
and optimization was done with reaction time, reactant concentration and ratios as
parameters. Effectivity of the sensitivity enhancement was then tested via a model
protein and then exosomal membrane proteins of interest. Moreover, various tuning
applications were carried out for several NPs such as in-situ size growth and coating for

further tuning.
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2.2.4 Silver Nanoparticle Synthesis

A modified Turkevich method was utilized to synthesize citrate capped Silver
Nanoparticles (SNPs) with the size of 20 nm (Kimling et al. 2006). Synthesis started
with the heating of a Silver Nitrate (AgNOs, Sigma Aldrich) solution of 0.5mM, and
60ml to boil and let cool down to 70°C; then a tri-sodium citrate dehydrate (NazCeHsO5,
Sigma Aldrich) solution of 38.8 mM and was added and stirred until a yellow color

appeared. The SNP solution was stored at 4°C until usage.

2.2.5 Nanoparticle Growth and Coating

After the immobilization of the GNPs, the excess GNP solution was washed
away by MQ water. 20 uL of 5 mM HAuCly and 80 uL of 6 mM NH,OH (Sigma
Aldrich) solutions were added simultaneously and incubated up to 15 minutes for GNP
growth. Then, the reaction was ceased by addition of MQ water. Prior to and after each
step of the process absorbance spectrum measurements were carried out in 100 uLL MQ
water to monitor immobilization and growth. Same procedure was followed for silver
growth on immobilized SNPs, instead of HAuCIl,; AgNO; was used, and instead of
NH,OH, L-Ascorbate (Sigma Aldrich) was utilized. Growth took 20-30 minutes unlike
Gold growth.

Silver and Gold coating on immobilized GNP and SNPs were carried out as described

above, respectively.

2.2.6 Core-Shell Nanoparticle Synthesis

After GNP synthesis, GNPs were centrifugated and removed from the medium,
then resuspended in MQ water with various dilution factor. Subsequently, AgNO3 and
L-ascorbic acid solution were added to GNP solution in this order. 1 mg/mL AgNO;and

4 mg/mL L-ascorbic acid solution were prepared for this purpose. Into 5 mL GNP
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solution various amounts of AgNOj3 and L-ascorbic acid solution were added; between
30-75% of silver to gold ratio and 1.6:1 ratio of silver to ascorbate. Reaction took 2

hours at room temperature, afterwards core-shell gold-silver NPs were stored at +4°C.

2.2.7 Nanoparticle Characterization

Characterization of NPs was carried out via SEM imaging, EDX analyses, UV-
Vis spectrum measurement, DLS size measurement and Zeta potential analyses (Roy
and Mohanta 2019).

SEM and EDX characterizations were obtained on an aluminum surface. For
this purpose, Scanning Electron Microscope (SEM) (FEI Quanta 250 FEG) and Energy
Dispersive X-ray Spectroscopy (EDX) (FEI Quanta 250 FEG) were used. Obtained
results were analyzed in terms of nanoparticle’s geometric shapes, atom constitutions
and molecule analysis.

UV-Vis Absorbance Spectrum characterizations were used during the
optimization process for understanding the reaction Kkinetics (Thermo Scientific
Multiscan GO). Also, the shapes and sizes of the synthesized gold nanoparticles were
investigated indirectly. For this purpose absorption spectrum of nanoparticles were
measured utilizing the plate reader. Peak intensity and locations were analyzed to
indirectly investigate nanoparticle morphology

Dynamic Light Scattering (DLS) measurements were done on Dynamic Light
Scattering Analysis Instrument (Horiba Partica LA-960V2). Potential measurements
were used for the charges of the nanoparticles whilst size measurements were done to
analyze the size and dispersity of the particles. The size data acquired here was used to
verify the indirect measurements by UV-Vis.

Zeta Potential Analyses NanoPlus DLS Nano Particle Size and Zeta Potential
Analyzer were used to determine zeta potential of exosomes. Zeta potential
measurement was carried out by the determination of electrokinetic potential of
colloidal dispersion. (Elveren and Yildiz 2018).
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2.2.8 Protein Detection via Developed LSPR Sensor Platform

LSPR analysis of BSA were carried out as a model protein. For this purpose, 96
well-plate was functionalized with GNPs and then EDC-NHS protocol was carried out
as described before. After activation of surface, without a washing step, 50 ul of Ab was
added with 4% dilution in PBS. After half an hour of incubation, excess Ab was
removed via rinsing by PBS. Sample BSA protein solutions with decreasing dilutions
(InM, 5nM, 10nM, 50nM, 100nM) were introduced into wells. In order to allow Ab-
antigen interaction another 30 min of incubation was carried out. After another step of
rinsing with PBS, results were read by plate-reader in the range between 400-800 nm.
Each experiment was carried out in six replications. The same procedure was carried
out for the membrane proteins EPCAM, CD81, and CD151 with varied concentration

ranges depending on the sensor platforms initial response to each protein sample.

2.3 MagLev Sensor Platform Development and Validation

2.3.1 MagLev Sensor Platform Fabrication

Fabrication of MagLev sensor platform began with fabrication of the structural
frame out of PMMA layers via Laser Printer (Epilog Zing 16 Laser). Saddles for four
mirrors, two magnets and one capillary were fabricated from PMMA sheets via laser
ablation. Two permanent N52-grade Neodymium (NdFeB) magnets are arranged in an
anti-Helmholtz configuration; same poles oriented towards each other. Four mirrors
were positioned such as they would provide an image of the lateral section of
capillaries. The assembled platform can be seen in Figure 16.
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Figure 16. Assembled MagLev Platform, consisting of 4 PMMA layers with saddles (a)
for 4 mirrors (b), 2 N-52 magnets (c), and a capillary (d), 3d modelling of the platform

(f), light path passing through the platform, reflecting on mirrors for microscopy
imaging (g).

2.3.2 Analyses of Acquired MagLev Images

Measurements of magnetic levitation heights were carried out by a code written
in MATLAB 2018b software. For this purpose, first, the acquired microscopy images
were converted to black and white as the first step of code (Figure 17a), afterwards

Sobel method was applied to identify microspheres and the images were converted to
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DICOM format, rest of the steps were applied on this format. Structural element
addition method was used to clarify the borders of each microsphere (Figurel7b) and
constituted shapes were filled (Figurel7c). Weighted centroid of each shape was
determined. Removal of artifacts and noise is carried out by clearing of lines and shapes
with unlikely structures were cleared (Figurel7d). Lastly distance between each
microsphere centroid and bottom line of the capillary was measured (Figurel7e). Each
of the described steps has been carried out by the code written solely for this purpose;

steps are demonstrated in Figure 17.
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Figure 17. Step by step images produced by MATLAB code that’s used for
measurement of magnetic levitation heights 1) Original image, 2) Simplified image by
Sobel method, 3)Image after structural element addition, 4)Image after filling
constituted shapes, and (bottom) Distribution figure generated by MATLAB 2018b.
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2.3.3 MagLev Sensor Platform Optimization

Optimization of MagLev setup was started with determination of the ideal size
PSMs for the application. Then, Ab concentration optimization was carried out to
calculate the concentration of Ab that would saturate the PSM surfaces for higher
interaction with the desired target antigen.

Microsphere Size Optimization

Three sizes of microspheres (5, 20, and 200 um diameter) were used and
standard deviation of sample free microspheres (So), standard deviation corrected for
LOD calculations (so’), calculated LOD, and p-value of normality test were estimated.
Desired values were low s, and LOD; and a p-value which would indicate normal
distribution of sample-free microspheres in vertical axis; following equations were used
for this purpose (Magnusson and Ornemark 2014). Afterwards, dilution rates of
microspheres were analyzed in context to determine the most sensitive option to be

utilized in the sensor platform.

So

Vn
LOD = 3 x s; LOD estimation with repeated blank measurements.

Sg = Standard deviation calculation used for further LOD calculations.

Where:
So Standard deviation of repeated blank measurements
S0 Standard deviation value that is used for further LOD and LOQ calculations.
n Number of repeated measurements
LOD Estimated limit of detection
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Antibody Functionalization Optimization

For this purpose, Carboxylated Polystyrene Microspheres (PSMs, lab261) of 20
and 200 pm diameter were used, and EDC/NHS protocol was carried out. For
microspheres with 200 pm diameter, 250 pl of each EDC (0.4M) and NHS (0.1M) were
mixed and added to PSMs then half an hour of incubation time was given for surface
activation. Afterwards 8 ul of 2mg/ml antibody (Ab) was added to the suspension and
softly agitated; and another half an hour of incubation time was given. For microspheres
with 20 um, a serial dilution study was carried out to investigate surface saturation point
of microspheres with Ab. Centrifuge was used to remove the liquid part of the
suspension. Then to remove unattached antibodies 3 washing steps were carried out
with PBS. 1ml of PBS was added and PSMs were resuspended then centrifuged
(10,000rpm, 10 min for 200 pm, 15,000rpm, 10 min for 20 um) again. Sediment was
then resuspended with 300ul 50 mM paramagnetic solutions.

2.3.4 Protein Detection via Developed MagLev Sensor Platform

MagLev analysis of BSA was carried out as a model protein. For this PSMs
were functionalized with anti-BSA Ab utilizing EDC-NHS protocol as described before.
After half an hour of incubation excess Ab was removed via washing and centrifugation
by PBS. BSA protein solutions with varied concentrations (1nM, 5nM, 10nM, 50nM,
and 100nM) were separately added to anti-BSA functionalized PSMs, and two hours of
incubation was given for Ab-antigen interaction. The samples were then introduced to
MagLev sensor platform through the capillary tube and magnetic levitation heights were
measured as described in the sections above. The same procedure was carried out for
the target exosomal membrane proteins EPCAM, CD81, and CD151 with varied
concentration ranges depending on the sensor platforms initial response to each protein

sample.

39



2.4 Applications of Sensor Platforms for Exosome Detection

After optimization and characterization studies both sensor platforms were
utilized to detect exosomes. Platforms were tested both for detection capabilities and

their ability to distinguish healthy exosomes from cancerous exosomes.

2.4.1 Exosome Detection via Developed LSPR Sensor Platform

LSPR analysis of in-vitro exosomes were conducted. For this purpose, 96 well-
plate was functionalized with GNPs and then EDC-NHS protocol was carried out as
described in “Protein Detection via Developed LSPR Sensor Platform” section. After
activation of surface, without a washing step, 50 ul of Ab was added with 4% dilution
in PBS. After half an hour of incubation excess Ab was removed via rinsing by PBS and
isolated exosomes were diluted by 1:2, 1:4, and 1:8 rates, then exosome samples were
added into wells. After two hours of incubation, results were read by plate-reader in the
range between 400-800 nm, and then wavelength shift for each well was calculated as
described before. Each experiment was carried out in three replications.

2.4.2 Exosome Detection via Developed MaglLev Sensor Platform

MagLev analysis of in-vitro exosomes was carried out. Single Ab (either anti-
EpCAM, anti-CD81, or anti-CD151) functionalized PSMs were used to capture
membrane protein containing exosomes from isolates. Isolated exosomes were diluted
by 1:2, 1:4, and 1:8 rates and sensor platform was used to detect said exosomes.
Previously described procedure was reenacted with exosomes isolates from cell lines
MRC5, A549, and WI38. Samples were introduced to functionalized PSMs and after
two hours of incubation magnetic levitation heights were measured of PSM-exosome

complexes. All data were subjected to normality tests and ANOVA.
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CHAPTER 3

RESULTS & DISCUSSION

3.1 Exosome and Exosome Protein Content Characterization

A549, MRCS5, and WI38 cell culture supernatants (CCS) were used as cellular
exosome sources for analysis throughout this study. After isolation, exosomes that were
isolated from cell culture were characterized; their size, number, and protein content
focusing on CD151, CD81, and EpCAM were determined.

3.1.1 Exosome Size Distribution and Exosome Count

Utilizing the equations that were given in methods section, number of
phosphatidylcholine molecules that form the artificial liposomes and the number of
liposomes in unit volume were calculated that each 100 nm diameter liposome is
consisted of 80,047 PCs and each 200 nm diameter liposome consisted of 16,1421
lipids, approximately which totaled up for 2.39 x 10" liposomes per liter for 100 nm
diameter liposomes and 1.785 x 10" liposomes per liter for 200nm diameter liposomes.
The results of 50 and 400 diameter liposomes were disregarded since it was

insignificant after in-vitro exosome size measurements (Figure 18).
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Figure 18. Size measurement results of artificial exosomes of 100nm diameter.

Following Figure 19 shows the Zeta Sizer results of in-vitro exosomes.
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Figure 19. DLS size measurement results of isolated exosomes.



Three peaks were encountered with peak centers of 15.86, 136.14, and 1002.16
nm. The peak at 136.14 nm was assumed to be exosomes and was used for further
calculations. Comparing three peaks in the figure the largest curve area is occupied by
the 1002.16nm peak with 61.56% of total particles followed by exosomes with 34.29%
of total particles. The total area of the exosome peak is calculated to be 14801.39 which
were used for exosome concentration calculation.

As Mehdiani et al., proposed the peak area and concentration of lipids are
linearly related for homogenous peaks such as our exosome peak (Mehdiani et al.
2015). Peak of 100nm diameter liposomes were used and averaged for this calculation
and exosome concentration in isolate was calculated to be 2.9 x 10° exosomes/ml and
concentration in cell supernatant was calculated to be 5.8 x 10’ exosomes/ml for A549
isolated exosomes then same procedure was followed for each cell line that was used in
this study and also for clinical samples. The table below shows the numbers of
exosomes in each cell line that’s been used as an exosome source in this study and also
clinical samples. Their graphics showed a similar trend compared to the given A549 cell

line’s zeta size results.

Table 2. Exosome count and polydispersity indexes of in-vitro and plasma derived

exosome samples

Sample Exosome Count (in isolate) = Polydispersity
A549 cell line 2.90E+09 0.155
MRCS5 cell line 1.80E+09 0.272

The resulting data, detailed in the table, presents the quantified exosome
numbers for each cell line used as a source of exosomes in this study, alongside
corresponding clinical samples. These measurements provide crucial insights into the
exosome yields from different cellular sources, comparing cancerous cell line with

healthy cell line.
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3.1.2 Immunostaining of Isolated Exosomes

Immunostaining of isolated exosomes from A549 and MRC-5 cell lines were

also carried out. Resultant microscopy images are given below.
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Figure 20. Immunostaining by EpCAM primer Ab, first row 20x magnification; second

row 40x magnification.

A549 cell line showed both higher total exosome amount and increased protein
expressions of CD151 and EpCAM. Comparing MRC-5 and WI-38; MRC5 might be a
better candidate for the healthy control against A549, since it showed lower intensity

and lower exosome count in CD151 staining.
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A-549 WI-38 MRC-5

Figure 21.Immunostaining by CD81 primer Ab, first row 20x magnification; second

row 40x magnification.
A-549 WI-38 MRC-5

Figure 22. Immunostaining by CD151 primer Ab, first row 20x magnification; second

row 40x magnification.
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Then acquired images were used to calculate fluorescence intensity of each
isolate from each cell line and each membrane protein. Results can be seen in Figure 23.
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Figure 23.Normalized fluorescence intensity values of studied cell lines; for
immunostaining of proteins CD151, CD81, and EpCAM

As Figure 23 shows; A549 cell line originated exosomes had much higher
expression rates of CD151 proteins. Also, higher amount of CD81 signal suggests a
higher synthesis rate of exosomes. WI138 showed exceptionally higher levels of EpCAM
protein which indicates it may not be the rightest choice as a control group, hence it was
excluded.
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3.2 LSPR Sensor Platform Optimization and Characterization

3.2.1 LSPR Sensor Platform Working Principle

Developed LSPR platform utilized immobilized nanoparticles (NPs) in well
plates and utilized as plasmonic platform that provide electron oscillations. Immobilized
NPs provided an absorbance peak in the spectra between 400-800 nm. As opposed to a
typical setup, where light is directed onto the metallic NP containing solution and the
resonance condition is monitored by measuring changes in the reflected or transmitted
light intensity, immobilized NPs were utilized for better reproducibility, easier handling,
and giving the opportunity for washing steps which would provide lower interference.
Position and intensity of this peak depends on the NP size, shape, composition,
orientation, and local dielectric environment. Therefore, optimizing the sensory
characteristics of LSPR-based sensor platforms such as sensitivity and resolution is
highly dependent on NP features that are being used. Observed shifts in absorbance
maximum are then correlated with the concentration or presence of analytes, enabling
the detection of biomolecular interactions. The working principle of the sensor platform

Is summarized in Figure 24.

Protein Detection

via Antibody
Wavelength Shift Y

Figure 24. Working principle of LSPR biosensor platform with gold nanoparticles

(GNPs) as transducers.
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3.2.2 Gold Nanoparticle Synthesis

Spectrophotometric measurements were carried out to determine the size GNPs
after synthesis, immobilization, and growth procedures. The spectra were obtained in
100 nL PBS solution at range between 400-800 nm as shown in Figure 25. The acquired
peak indicates GNPs with a size ranging between 20-30 nm (Amendola and Meneghetti

2009).
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Figure 25. Mean absorbance peak of synthesized GNPs

3.2.3 LSPR Sensor Platform Fabrication

LSPR sensor platform fabrication was carried out as described in methods
sections. After each functionalization step a UV-Vis spectral measurement was done. A
Amax at 537nm was observed at the beginning and a red-shift was observed with each
functionalization step and after protein-Ab interaction. Experimental results
demonstrating the said shifts can be seen in the following Figure 26. Briefly, GNPs
were immobilized onto well-plates and mercaptoundecanoic acid (MUA) was utilized to
functionalize the surface since MUA provides required carboxyl groups for further Ab
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functionalization. Then protein detection was carried out with the related Ab, in case of

the following figure bovine serum albumin (BSA) detection.
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Figure 26. Wavelength shifts observed during the fabrication and utilization of LSPR
based biosensor platform with GNPs.

3.2.4 GNP Utilization in Sensor Platform

LSPR applications were started with anti-BSA BSA trials. In following figure
responses of BSA with concentrations of 100 uM, 10uM, and 1 pM are shown. LSPR
sensor platforms were prepared as described before. The method had become able to
detect BSA protein down to 1 pM range. Higher concentrations of anti-BSA (higher

than 4% v/v) usage may improve the sensitivity.
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Figure 27. Response signal comparisons between solutions of various concentrations of
BSA protein, from top to bottom; 10 uM, 100 uM, and 1000 uM.
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3.2.5 Membrane Protein Detection

Next, LSPR applications were carried out for samples with protein
concentrations in the range between 1 and 100 nM. For this purpose anti-BSA
functionalization was carried out as described before and anti-EpCAM Ab with 1 pg/ml
was used for functionalization. Results can be seen in Figure 28.
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Figure 28. LSPR results of EPCAM protein detection study utilizing GNPs.

Although no significant difference in AAmax Was observed before and after Ab-
protein interactions it was evident that Ab functionalization was detectable; a sample
graphic can be seen in Figure 29. It also shows that there was an increase in absorbance

intensity too.
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Figure 29. A sample graphic of LSPR measurements before and after Ab

functionalization and after Ab-protein interaction.

Although it is unconventional for LSPR based sensor platforms where generally
a wavelength shift is observed and utilized for sensing purposes; in here there was a
significant difference and correlation between absorbance intensity differences of LSPR
signals between the measurements before and after Ab-protein interaction. The shifts
that were encountered in each sample concentration were analyzed and their related
distributions can be seen in Figure 30. It is possible to see that there is a significant
absorbance intensity difference after protein Ab interaction and ilt is evident that
especially for concentration greater than 10 nM, wavelength shifts increase drastically.
This indicates that the developed sensor system interacts with the protein, however a
wavelength shift was not observable, most likely due to inefficiency of the sensor
platform at its current state, therefore further optimization was done for the platform.
Also it is important to note that the absorbance intensity changes due to protein Ab
interactions are quite small and for higher sensitivity and resolution these intensity

differences should be enhanced.
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Figure 30. Intensity difference between LSPR measurements before and after EpCAM

protein-Ab interaction.

On the other hand, the primary objective of this study was to visualize a
wavelength shift, thereby enhancing the sensitivity of the LSPR sensor platform. To
achieve this objective, comprehensive sensitivity enhancement studies were carried out.
These studies were designed to meticulously evaluate the potential of the sensor
platform in detecting minute changes in the refractive index, which is critical for
achieving higher sensitivity. As part of these enhancement studies, first a detailed
investigation into the dilution of Gold Nanoparticles (GNPs) was conducted. The GNP
solution, which was prepared using the Turkevich method, was subjected to a series of
dilution experiments. These dilutions were performed systematically with dilution
factors of 2x, 5x, 10x, 25x, and 50x, in order to understand the impact of different
concentrations on the immobilization process and subsequent sensor performance.

Prior to immobilization, the diluted GNP solutions were carefully prepared and
characterized to ensure uniformity and reproducibility. The subsequent immobilization
of GNPs onto the sensor surface was monitored and analyzed to determine the optimal

dilution factor that yields the best sensitivity enhancement. The results of these
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immobilization experiments, which are crucial for understanding the relationship
between GNP concentration and sensor sensitivity, are presented in detail below in
Figure 31. This figure provides a visual representation of the immobilization efficiency
across the different dilution factors, highlighting the impact of each dilution on the

overall performance of the LSPR sensor platform.
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Figure 31. Decline of absorbance spectra peaks with increasing GNP dilution.

Later, the same procedure was carried out and BSA was used as a model protein
again. However, higher dilution showed no coherent results and greater deviation.
Hence, Ab concentrations were increased for higher sensitivity. Wavelength shift signal
acquired by triplicated Ab concentration. There was no significant difference when
compared to previous study in case of protein signal. On the other hand, the wavelength
shift that was acquired after Ab functionalization was increased where the Ab
concentration used previously showed a 11.5 + 3.47 nm shift; increased Ab
concentration showed a 15.83 + 2.85 nm shift. It is evident that the platform was able to
differentiate the difference between the initial Ab concentration (2pg/ml) and increased

ADb concentration (6pg/ml). The sensitivity of the platform is highly dependent on the
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molecular size of target molecule; this is also supported by comparing results obtained
by BSA protein study and EpCAM protein study; and also literature (Unser et al. 2015;
Yoon and Kim 2008). This explains the visible shift with the increased Ab
concentration which has relatively larger molecular size (150kDa) compared to BSA
(66kDA).

The same study that has been carried out with EpCAM protein and anti-EpCAM
Ab was reenacted with CD151 protein and anti-CD151 Ab. As expected, based on the
previous experimentation there was close to no observable wavelength shift, however
there was again a refractivity difference which is shown in Figure 32. In the case of
CD151 protein and Ab interaction only significantly different signal was measured from

the protein sample with 100nM.
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Figure 32. Intensity difference between LSPR measurements before and after CD151

protein-Ab interaction.
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Overall Ab-antigen and GNP — sample interactions were successfully visualized.
However, it’s been seen that a wavelength shift was not observable in case of molecules
with smaller molecular masses (<60kDa). Hence a difference in absorbance was be
analyzed as proposed by Englebienne. They proposed that even a kinetic measurement
was possible by simply analyzing absorbance differences. A report shows that the
absorbance difference of colloidal gold particles can be used to measure the apparent
affinity of molecules (Englebienne 1998). Moreover, a more recent study used a very
similar method to detect exosomes. Although their method included lithography
techniques to fabricate single gold nano pillars, their analyses could find resourceful
applications in current study. Their design validation was carried out by utilizing anti-
CD63 antibodies and exosomes synthesized by MCF7 adenocarcinoma cell line.
Exosome detection was manifested by increased nanostructure brightness resulting from
the spectral shift; exosomes induced a 2 nm peak red shift as well as an overall increase
in the scattered peak intensity (Raghu et al. 2018) . All these in mind, this approach of
comparing absorbance intensities might not be necessary after experimenting and

analyzing of in-vitro exosomes are carried out.

Table 3. LSPR results of in-vitro synthesized exosome isolated and then captured via

various antibodies.

A549 MRC5

CD81 CD151 CD81 Ci151
Absorbance 0.002 0.002 0.002 0.002
Difference
Wavelength 1.333 0.667 0.667 0.333
Shift

Table 3 shows the absorbance differences and wavelength shifts caused by
exosome - Ab interactions for exosomes acquired from each cell line and with various
antibodies as recognition elements. Ot was evident that the increase in sample particle
size, from protein to exosome alone, did not provided sufficient increase in absorbance
intensity differences. Hence, to be able to detect and distinguish cancerous and healthy

exosomes it was apparent that a sensitivity enhancement was a necessity. In order to
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satisfy this necessity several plasmonic sensor platform enhancement techniques were

utilized during the study which are detailed in the following parts.

3.2.6 Enhancement of Nanoparticles and Their Utilization in Sensor
Platform

Herein, several synthesis and modification methodologies were employed for
sensor sensitivity and resolution enhancement. Following part includes the results that
were most promising in detail, and brief information of all NPs that were utilized at the

end of it. Figure 33 summarizes the followed procedures for these NPs briefly.

Ctrale i Clrate | Citrate

HALC 0T HAUC ] 100°C ’
| e, s 9 T N3 e — -

L-Ascortiic Ackd L-Ascomic Ackl (NH,OH]'CI
AgNO. AgNO HAUCH,

 Lofscorbes Acd . )’, s % L-Ascorbic Acd | i"—’, L Ascorbic Aid 449
y NO - )/ o 4 = A e F
; J aN¢ M iy = A¥e —l P )
> AgNQ “f e 4 AgNO A Y AaNO Iy

dod

Figure 33. Summary of various NP synthesis procedures.

Briefly the methodologies consisted of:

1. GNP synthesis via modified Turkevich method as described in detail in part
“2.2.1 Gold Nanoparticle Synthesis”

2. Silver Nanoparticle (SNP) synthesis via modified Turkevich method as
described in detail in part “2.2.3 Silver Nanoparticle Synthesis

3. Core-Shell Gold-Silver NP synthesis with 50:50 silver to gold ratio utilizing
the method described in the section “2.2.6 Core-Shell Nanoparticle

Synthesis”
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4. Core-Shell Gold-Silver NP synthesis with 70:30 silver to gold ratio utilizing
the method described in the section “2.2.6 Core-Shell Nanoparticle
Synthesis”

5. Gold Growth on Gold Nanoparticles as described in section “2.2.5
Nanoparticle Growth and Coating” for 4 min

6. Gold Growth on Gold Nanoparticles as described in section “2.2.5
Nanoparticle Growth and Coating” for 10 min

7. Consecutive Gold and Silver Growth on Gold Nanoparticles as described in
section “2.2.5 Nanoparticle Growth and Coating” for

8. Silver Growth on Gold Nanoparticles as described in section “2.2.5
Nanoparticle Growth and Coating” for 10 min of gold followed by 30 min of
silver

9. Utilizing Tyrosine as the reducing agent for synthesis of GNPs instead of
citrate and for capping of GNPs as well

Silver Nanoparticle Synthesis

GNP utilization without any modification was discussed in the previous sections
so that here SNP utilization is included first. Figure 34 describes the results acquired
when SNPs were utilized instead of GNPs without any further modification. They were
immobilized via PLL, functionalized by MUA modification and EDC/NHS protocol,
then used for detection of BSA as a model protein as described before as done with
GNPs in previous sections.

Figure 34 suggests that there is a significant and readable difference after protein
sample. Even though, it is significant it was possible that detection of proteins with
smaller molecular size or with smaller concentrations would prove ineffective with
current state of the system. The acquired data was utilized to calculate wavelength shifts
caused by protein-Ab interactions and are compared with other methodologies of
enhancement at the end of this section. Current state of the LSPR-based biosensor
platform, utilizing immobilized SNPs in place of GNPs, was able to provide wavelength

shifts for detection.
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Figure 34. Mean absorbance peak of immobilized SNPs, SNPs with anti-BSA

functionalization, and BSA anti-BSA interaction.

Gold-Silver Core-Shell Type Nanoparticle Synthesis

Core-Shell type nanoparticle synthesis was carried out next for enhancement of
the LSPR sensor platform study. Silver-gold bimetallic nanoparticles were synthesized
by the reaction that was started with GNP synthesis as described by Turkevich as
described in the methods section “2.2.1 Gold Nanoparticle Synthesis”. Then, core-shell
synthesis was carried out as given in the methods section. Figure 35 shows the
absorbance spectrum of synthesized nanoparticles. With newly synthesized NPs
immobilization onto wells were carried out with PLL and then MUA modification was
done. Figure 35 shows the absorbance spectrums of both in comparison, and it indicates
a successful immobilization and modification. The core-shell nanoparticles were then
immobilized onto well plates via PLL linkage with success however MUA modification
was ineffectual, so experimentation was ceased, and Ab functionalization and protein
detection wasn’t carried out at all. A different approach was utilized for core-shell
synthesis, as described in methods section. L-ascorbic acid instead of citrate was
utilized as the reducing agent.
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Figure 35. Core-Shell type Gold-Silver NP synthesis.

As seen in Figure 35 a secondary peak is formed when bimetallic NPs are
synthesized. The absorption spectra of metallic nanoparticles, such as gold and silver,
are primarily influenced by the collective oscillation of conduction electrons. This
phenomenon results in a characteristic peak in the UV-vis spectrum. For individual gold
or silver nanoparticles, the SPR occurs at a specific wavelength, leading to a single
absorbance peak. When it comes to gold-silver core-shell structures the presence of two
different metals introduces additional complexity to the electronic structure and
plasmonic behavior. The combination of gold and silver in a core-shell structure can
result in multiple SPR peaks due to the different properties of each metal (Dikkumbura
et al. 2021; Steinbriick et al. 2011).

In a core-shell nanoparticle, both the core and the shell contribute to the overall
plasmonic response. Interactions between the core and shell, such as charge transfer and
hybridization of electronic states, can give rise to new absorption features. The multiple
peaks in the UV-vis spectrum of core-shell nanoparticles are a consequence of this
interplay between the plasmonic properties of the individual metals and their combined
effects in the composite structure (Borah and Verbruggen 2020; Sood et al. 2016). After
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the synthesis NPs were immobilized using the same methodology and Ab
functionalization was carried out as described. BSA detection was done similar to the

previous studies. Results can be seen in Figure 36.
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Figure 36. BSA detection via Core-Shell Gold-Silver NPs and GNPs.

As seen in Figure 36 both 70:30 and 50:50 core-shell ratio NPs had greater

wavelength shifts when compared to GNPs.

Gold Growth on immobilized GNP Study

GNP growth was carried out in wells and Ab-antigen interaction was
investigated through it. For this purpose 15 min growth was carried out as described in
methods section; in 1 min intervals and growth reaction was ceased at each min. Figure
37 shows the absorbance peak intensity increase and wavelength shift during the growth
reaction. As shown in the figure it was quite possible to control the amount of growth

by ceasing the growth reaction at the desired point.
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Figure 37. GNP growth UV-Vis spectra of each growth period.

Afterwards grown GNPs were functionalized with anti-BSA and BSA detection
was carried out as a model. Detection was carried out using 10 uM BSA solutions with
each well and the observed wavelength shift was the largest when the growth reached 4

min. Results can be seen in Table 6.
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Figure 38. Acquired UV-Vis spectrum during the BSA detection study utilizing g-GNPs

As after 4 min of growth, there was a significant difference in the shifts; using
increased growth time seemed unnecessary though readily providing higher wavelength
shifts compared to GNPs without growth. Further experimentation was carried out with
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4 min grown g-GNPS, in order to compare with GNPs without modification more

thoroughly.
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Figure 39. Wavelength shift of absorbance maximum (A L) values for various
concentrations of BSA, a) Utilizing i-GNPs b) Utilizing g-GNPs.

Figure 39 depicts the obtained data, where i-GNPs served as controls to assess
the sensitivity enhancement resulting from the gold growth procedure. On the other
hand 4 min grown g-GNP were utilized for detection. A correlation was identified
between BSA concentrations and AA values. Notably, a higher AL was observed when
g-GNPs were employed in comparison to i-GNPs. Data linearization was performed to
construct a calibration curve and determine sensory characteristics.

Furthermore, The acquired results reveal a dynamic working range of 0.344 uM
— 1mM, comparable to commercial kits with similar ranges. Additionally, the calculated
Limit of Detection (LoD) value (0.344 uM) closely aligns with the widely used BCA
protein determination technique (0.301uM) (Khamehchian et al. 2008; BioTek
Instruments 2021).
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Silver Growth on Immobilized GNP Study

Next, silver growth on immobilized GNPs was carried out with various methods.
Firstly, the method that has been used on a previous study for GNP growth was
intended, 10 mM hydroxylamine hydrochloride ([NHsOH]*Cl- ) solution of was
prepared and 80 pl of it was added into GNP immobilized wells at the same time with
20 ul, 7.5mM AgNOs. Real time absorbance spectrum was taken every 4 mi, and the
results were given in the figures below, namely Figure 40 and Figure 41. The same
procedure is followed with using 20mM L-ascorbic acid solution of instead of
hydroxylamine hydrochloride and results were given in the figure below.
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Figure 40. Ag growth on immobilized GNPs with [NH:OH]*CI".
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Figure 41. Ag growth on immobilized GNPs with L-Ascorbic Acid
Compared to Ascorbic acid [NHsOH]*Cl~ showed a faster reaction rate however
after the reaction is terminated and wells were washed L-Ascorbic Acid appeared to be

the better option in this procedure.

Literature suggests that silver coating on Gold Nanoparticles (GNPs) can be
identified by the presence of a second absorbance peak around 430 nm (Malassis et al.
2016). This characteristic peak is indicative of the successful deposition of silver onto
the surface of GNPs, providing a reliable spectroscopic marker for the confirmation of
silver coating (Malassis et al. 2016). In our study, the closest results to this expected
absorbance peak were obtained by employing a method that utilized L-Ascorbic Acid as
a reducing agent. Given its promising outcomes, further experimentation was carried
out using this method to optimize the reaction conditions, particularly focusing on the
reaction time. Following Figure 42 shows absorbance spectrum results for 8 separate
reaction times (5, 10, 15, 20, 25, 30, 35, and 40 mis). These results were examined to
discern the optimal conditions that maximize the characteristic silver peak, thus

confirming the successful coating process.
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Figure 42. Silver growth on GNPs with various time frames.

As seen in Figure 42 there is a drastic change in spectrum after 25 minutes of
silver growth. The detailed absorbance spectrum analysis presented here underscores
the importance of reaction time optimization in achieving the desired silver coating on
GNPs. The results highlight the potential of the L-Ascorbic Acid method in producing
consistent and reliable silver-coated nanoparticles, paving the way for further
advancements in nanotechnology. Also, growth slows down after minute 35. Hence,
these two reaction time values were investigated further for detection study. First MUA
functionalization was carried out. After MUA modification, for 35 min grown Ag-GNPs
showed ~17 nm wavelength shift and 25 min grown Ag-GNPs showed ~12 nm
wavelength shift. Since a higher shift promises a greater sensitivity, further applications
were carried out utilizing 35 minutes of silver growth on GNPs. EpCAM detection was
studied to investigate the sensitivity and resolution of developed platform that utilizes
silver growth on GNPs. Figure 43 demonstrates the UV-Vis spectrum measurements
during the application.
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Figure 43. Silver growth on GNP; MUA functionalization comparison of 25 and 35 min

reaction times.

EpCAM protein detection study was reenacted with silver grown immobilized
GNPs and no wavelength shift was observed but greater absorbance differences were
measured when compared to only GNP utilization as seen in Figure 44. Specifically, for
protein detection assays, it was found that reaction times beyond 35 minutes did not
result in higher resolution. This is an important consideration for practical applications,
where efficiency and efficacy are paramount. The optimized reaction time not only
enhances the performance of the sensor platform but also ensures that the process
remains cost-effective and time-efficient.Conversely, the 5-fold increase in absorbance
intensity, coupled with the formation of the secondary peak, indicates a substantial
enhancement in the resolution of the developed sensor platform. This significant
improvement aligns with the findings suggested by literature for bimetallic
nanoparticles (Borah and Verbruggen 2020; Eskikdy Bayraktepe, Yildiz, and Yazan
2023). The secondary absorbance peak around 430 nm, characteristic of silver coating,
not only validates the successful deposition of silver but also underscores the enhanced
optical properties of the bimetallic NPs. The increased absorbance intensity directly
correlates with improved sensitivity in detecting proteins, making the sensor platform
more robust and reliable. This enhancement is particularly valuable in applications
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where precise and accurate detection of low-abundance proteins is critical. The
secondary peak formation, indicative of successful silver coating, further reinforces the
enhanced performance of the sensor, providing a higher resolution that is crucial for

detailed and accurate analyses.
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Figure 44. EpCAM detection study with silver grown on GNP for 25 min and utilizing

L-ascorbic acid as the reducing agent.

Absorbance differences for the experiment sets that are shown in Figure 44 can
be seen in detail in the following Table 4. As represented in the table, there was a clear
correlation between the detected protein concentrations in the sample and the read
absorbance difference before and after the introduction of the samples into the
developed sensor platform. However, said absorbance differences were not large
enough for the sensitivity of the system that was aimed at the start of this study. The

difference here is better described in the next section where all the studied NPs that
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were either synthesized or modified by various methodologies are compared in terms of
their platform sensitivity enhancement capabilities.
Table 4. EpCAM detection results with LSPR sensor platform.

Absorbance EpCAM

Difference Concentration (nM)
0.00205 6.25
0.0021 12.5
0.0026 25
0.0051 50
0.0081 100

Although no wavelength shift was observed after protein addition absorbance
difference was increased five-fold compared to GNPs and a wavelength shift of ~17 nm
was seen between Ag growth and MUA modification, whereas in previous studies with
only i-GNPs it was around ~ 3 nm.

Comparison of the Enhancement Efficiency of Utilized Methods

Various NPs were synthesized or prepared by modification and utilized for BSA
detection as a model study so far. For betterment of sensor sensitivity and widening of
working range several NPs were utilized in a single experimentation set to detect BSA.
NPs were immobilized and functionalized with anti-BSA Ab; trails were run in six
replications. Utilized NPs were GNPs, GNPs with 10min gold growth, GNPs with 4
min gold growth, GNPs with 20 min silver growth (after immobilization), GNPs with
30 min silver growth (after immobilization), GNPs with 4 min gold growth followed by
20 min silver growth, GNPs with 10 min gold growth followed by 20 min silver
growths, GNPs with 4 min gold growth followed by 30 min silver growth, GNPs with
10 min gold growth followed by 30 min silver growths, GNPs with 4 min gold 20 min
silver and another 4 min of gold growth, Core-Shell S-GNPs (7:3 v/v), Core-Shell S-
GNPs (1:1 v/v), SNPs, SNPs with 4 min gold growths, TYR capped GNPs. UV-vis
spectrum of all the NPs; synthesized or modified during the study can be seen in Figure
45 and Figure 46.
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Figure 45. UV-Vis spectrum of synthesized NPs, Gold, Silver, Core-Shell S-GNPs
(50/50 v/v), Core-Shell S-GNPs (70/30 v/v), 4 min grown GNPs, 20 min silver growth
on SNPs, and Tyrosine capped GNPs instead of citrate.
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Figure 46. UV-Vis spectrum of synthesized NPs, Gold, 10 min grown GNPs, and GNPs

with 10 min gold 30 min silver growth.
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Figure 47. Absorbance spectrums of LSPR sensor platform prepared with a)
Conventional GNPs; b) 4 min grown GNPs; c) Core-Shell S-GNPs (70/30 v/v); d) 20
min silver growth on SNPs; e) 30 min silver growth on SNPs; f) GNPs with 4 min gold

20 min silver and another 4 min of gold growth.
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As seen in Figure 45 and 46, each fabricated NP showed a characteristic and

specific peak intensity and position. While this phenomenon provided various

plasmonic behaviors it also affected the sensory characteristics of LSPR platforms that

were prepared by utilizing different NPs. Results of BSA detection study with various

NPs can be seen in the above Figure 47.

As shown in Figure 48, the highest shift was encountered in the core-shell NPs

that are synthesized in suspension. The second best was g-GNPs followed by the Silver

grown on immobilized GNPs. Moreover, Figure 48 is the representative for the most

promising results of six replications of each 15 different NP samples and conventional

GNPs as control.
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Figure 48. Wavelength shifts caused by protein-Ab interaction in LSPR sensor

platforms prepared with various NPs.

Consequently, core-shell gold-silver NPs showed greater sensitivity; hence

optimization of their synthesis, modification, and functionalization was carried out next.
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Figure 49. Characterization of NPs with various core to shell ratios; UV-Vis spectra (a),
EDX analyses (b), and SEM images (c).

Optimization for core-shell NP based sensor system was carried out due to its
greater performance in the previous part of this study and as a first step the gold-silver
ratio was optimized. Figure 49 shows NPs that were synthesized via different
volumetric ratios of GNPs and AgNO3. Characterization results with both
spectrophotometric measurements and EDX analyses showed that there is a saturation
ratio in between 60:40 and 70:30 silver to gold ratio. All synthesized NPs were used for

detection studies next utilizing BSA as a model protein. Comparison of most notable
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result can be seen in the figure below. As seen in Figure 50 core-shell NPs between
60:40 and 70:30 silver/GNP ratio had higher shifts with addition of anti-BSA and BSA.

Compared to GNPs there is a significant increase in sensitivity of the system.
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Figure 50. Wavelength shifts of core-shell NPs that showed significant signals,

compared to conventionally synthesized GNPs.

Although a significant wavelength shift was observed, the absorbance intensity
was low, and a higher absorbance intensity was favorable for further applications hence
an optimization of reactant concentration was carried out with 60:40 silver to gold ratio.
Reactant concentrations that were utilized in the previous step of the study were utilized
for BSA detection too. As expected, a correlated increase in intensity was observed with
increasing NP concentration. As seen in Figure 51 doubled reactant concentration
showed a slightly greater wavelength shift. It can also be said that no significant
difference is visible in intensity after immobilization for higher than doubled reactant
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concentration. Moreover, a tertiary peak was observed in the higher reactant
concentrations at ~650 nm (J. He, Wu, and Sun 2019) which may indicate aggregation.
Lastly, the characteristic GNP peak has started to be visible only as a shoulder after

increasing the reactant concentrations tripled, the details of these analyses can be found

in Figure 51.
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Figure 51. Model protein detection with core-shell NPs that were synthesized using

various reactant concentrations.

Afterwards, the ratio of gold and silver was analyzed in synthesized NPs, this
investigation was carried out to observe whether the increase in reactant concentrations
effect the shell*-core ratio or not. It was apparent that the ratio was maintained at a

constant level with increasing reactant concentration which was verified via EDX

analyses.
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Considering both the absorbance intensity increase not significantly changing
after doubled concentration, formation of a tertiary peak at higher concentrations, and
EDX results; doubled reactant concentration was utilized in the remainder of the study

for higher intensity and very low chance of aggregation of NPs in long term storage.
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Figure 52. Characterization of core-shell NPs with various reactant dilution rates; UV-

Vis spectra (a), and EDX analyses (b).

MUA Concentration Optimization for Core-Shell NPs

Optimization was the MUA concentration was carried out next, with the
intention of decreasing the peak caused by MUA functionalization to increase any
possible shifts that would derive from addition of anti-BSA and interactions between
the anti-BSA and BSA. Figure 53 below shows the MUA peaks for both 60:40 and
70:30 silver to GNP ratios. As seen in Figure 53, addition of MUA causes a red shift in
the peak that’s around 530 nm wavelength. It is also evident that with increased MUA

concentrations there was a significant increase in the red shift of wavelengths.
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Figure 53. Absorbance spectrum of LSPR sensor platforms prepared via utilizing

various concentrations of MUA.

The system was tested for its capability to detect BSA using various
concentrations of MUA, and results can be seen in Figure 54. These results were
instrumental in determining the optimal conditions for enhancing the sensitivity of the
system to the ADb-BSA interaction. It was observed that decreasing the MUA
concentration below 10 mM significantly increased the sensitivity of the sensor. This
sensitivity enhancement was particularly notable, as it suggests that lower MUA
concentrations are more effective in facilitating the interaction between antibodies and
BSA, leading to more pronounced signal changes.

In the context of different volume ratios, the 60:40 v/v ratio was of particular
interest. Within this ratio, no significant change in the signal was observed for a MUA
concentration of 1 mM. However, the most substantial shift in signal was detected at a
MUA concentration of 0.1 mM for the 60:40 v/v ratio. This indicates that lower
concentrations of MUA, specifically 0.1 mM, are more conducive to achieving higher
sensitivity in the sensor's response to BSA. Moreover, the 60:40 volume ratio not only
showed a more distinguished peak but also exhibited a higher shift for the same BSA
concentration compared to other volume ratios. This more pronounced peak and higher
shift highlight the effectiveness of the 60:40 volume ratio in enhancing the sensitivity

and resolution of the sensor platform. Based on these findings, the remainder of the
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study was conducted using the 60:40 volume ratio and a MUA concentration of 0.1

mM.
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Figure 54. Wavelength shift after protein Ab interactions on platforms prepared with

various MUA concentrations.
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Figure 55. One on one comparison of 60:40 and 70:30 volume ratio core-shell NPs
prepared via 0.1 mM MUA.

Further analyses of the acquired signals were carried out through a meticulous
deconvolution of peaks and an in-depth, peak-by-peak investigation of the spectrums.
This approach was essential for accurately interpreting the complex spectral data and
extracting meaningful insights about the interaction between the nanoparticles and the
biomolecules. The following figures present the comprehensive results of the peak
deconvolution analyses specifically conducted for the 60:40 silver to gold volume ratio
core-shell nanoparticles (NPs). These core-shell NPs were chosen due to their enhanced
optical properties, which are critical for achieving high sensitivity in biosensing

applications.

79



015 12 T v T Al v T

e Fit Peak 1
Fit Peak 2
2
>
= 0.10 T
o
& g
—
)
(v
0.05 | 1

400 450 ‘ 500 550 ‘ 600 650
Wavelength (nm)

Figure 56. Deconvolution result of absorbance spectrum taken after anti-BSA

functionalization.

In these analyses, the spectra for both anti-BSA and BSA interactions were
carefully examined. Each spectrum was subjected to peak fitting procedures, where the
overlapping peaks were deconvoluted to isolate individual components. This
deconvolution process is crucial as it allows for the precise determination of peak
positions, intensities, and widths, providing detailed information about the binding
events and interactions at the nanoparticle surface. As seen in Figure 56, deconvolution
analyses provided much clarity locating the absorbance peaks at both ~420 nm and

~530 nm, ensuring more sensitive and fine determination of wavelength shifts at both

positions.
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Figure 57. Deconvolution result of absorbance spectrum taken after anti-BSA and-BSA

interaction.

After deconvolution, peaks were separated, and peak fitting were carried onto a
separate figure. Figure 58 demonstrates peak shifts on both peaks after anti-BSA and-
BSA interaction. These two peaks were acquired via regression and redrawing of
deconvoluted peaks. As seen in the figure there was a significant wavelength shift and a
refractivity increase after addition of BSA to the sensor platform. There was around 3
nm red shift on ~520 nm peak and around 2 nm red shift on ~400 nm peak after the
interaction whereas no significant shift was ever observed with the rest of NPs that were
modified or synthesized during this study. Deconvolution analyses that were added into
the study at this step were also included in the future LSPR-based biosensor related
analyses in the remainder of the study for better understanding the wavelength shifts

caused by either protein or exosome interaction with the platform.
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Figure 58. Deconvoluted peaks of Ab functionalization and BSA interaction signals.

Overall, deconvolution analyses provided much better visibility and hence
promise better resolution. Figure 58 shows the wavelength shift of deconvoluted UV-
Vis spectrum of 60:40 core-shell GNPs after addition of BSA protein. Henceforth all
the analyses that include wavelength shift calculation of core-shell NPs were carried out
after deconvolution of peaks were done. So far the optimization of the LSPR-based
sensor platform was carried out in terms of nanoparticle synthesis and modification for
enhanced plasmonic characteristics for biosensing applications and also optimization of
utilized reagent such as MUA was concluded. In summary, the optimization of the
LSPR-based sensor platform encompassed nanoparticle synthesis, surface modification
with MUA, and rigorous protein detection studies with BSA. Each phase of the study
contributed to refining the platform's capabilities and understanding its operational
parameters. Moving forward, these advancements pave the way for deploying the LSPR
biosensor platform in diverse research and practical settings, offering a robust tool for
sensitive and selective biomolecular detection. The study followed up with model
protein detection study with BSA to determine sensory characteristics further, for LPSR
biosensor platform.
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3.2.7 Model Protein Detection via Developed LSPR Sensor Platform

After the optimization of NPs was completed, characterization of the platform
for biosensing applications were carried out in terms of detection limits, dynamic
detection range, and resolution. For this purpose, BSA was used as a model protein
initially, and the platform was tested within the protein concentration range of 30-1000

nM. Figure 59 shows both the shifts of six replications and prepared calibration curve.
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Figure 59.Wavelength shifts acquired during BSA detection and prepared calibration
curve for BSA

As seen in the figure, signal acquired from the platform followed a linear trend in the
studied concentration range. The lower detection limit (LoD) was calculated to be 0.26
nM and limit of quantification (LoQ) to be 0.78 nM for BSA. Which are highly
comparable to one of the current gold standards ELISA that reported to have an LoD of
0.96 nM (Khamehchian et al. 2008).
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3.2.8 Membrane protein detection with core-shell LSPR platform

The same procedure that was done for the model protein was followed and a
study range of 6-200 nM for CD81 and 1-100 nM for CD151 was utilized. Figure 60
shows the wavelength shifts of six replications of both protein detection assays. A linear
trend was observed in the whole studied range and a significant difference was seen

throughout all samples. Following figure shows the wavelength shifts acquired during

the study.
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Figure 60. Wavelength shifts acquired during CD81 and CD151 detection.

Next, calibration curves were formed for further investigation of sensory
characteristics of LSPR sensor platform. The prepared calibration curves can be seen in
the Figure 61. The LoD was calculated to be 0.43 nM and LoQ to be 1.32 nM for CD81,
and 0.31 and 0.93 nM for CD151. As CD8land CD151 have lower molecular weights
compared to BSA, it was anticipated to have a relatively lower signal per concentration
difference ratio. Overall, exosomal membrane protein detection studies were carried out

successfully in the determined study range.
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Figure 61. Calibration curves formed utilizing the data acquired via the detection study
of CD81 and CD151 studies.

Overall, LSPR sensor development for exosome detection was completed. For
this purpose, several NPs were synthesized or modified and used during the study.
Then, these NPs were utilized in the developed LSPR biosensor platform for BSA
detection as a model protein. Comparing the sensitivity and resolution enhancement
effectivity of utilized methodologies it was evident that sore-shell NPs showed better
sensitivity for both the model protein. Then further optimization of core-shell NP
synthesis and functionalization was carried out and the sensor platform was made ready
for further characterization of its sensory characteristics such as resolution, working
range, and detection limits. These characterizations were carried out utilizing BSA as a

model protein and then utilizing target ExoMPs.
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3.3 MagLev Sensor Platform Fabrication and Optimization

3.3.1 MagLev Sensor Platform Working Principle

MagLev biosensor platforms provide density-based detection and quantification.
In the magnetic levitation setup that has been utilized in this study, magnets are used in
an orientation facing each other's same poles to overcome gravitational acceleration.
Within this field a paramagnetic medium is filled, and it is used to levitate samples
exploiting their diamagnetic features. This procures a method without complexity and
with high sensitivity which is used to separate samples with minute differences in
density (Chenggian Zhang et al. 2018; Katherine A Mirica et al. 2009). Figure 62
summarizes the detection principle of MagLev biosensor platform. As seen in the figure
the density changes of Polystyrene Microspheres (PSMs) were utilized to verify Ab
functionalization and determine their interaction with proteins or exosomes. Here,
PSMs were functionalized with related Abs. Afterwards Ab functionalized PSMs were
incubated in antigen solutions. The levitation height of PSMs, Ab functionalized PSMs,
and antigen captured PSMs were then compared to procure the effect of antigen on the
mean density of PSMs which was expected to increase accordingly with antigen

concentration due to the density increase in PSM-antigen complex.

Figure 62. Working principle of MagLev biosensor platform
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3.3.2 Optimization of the MagLev Biosensor Platform

Microsphere Size and Concentration Optimization

To obtain higher sensitivity and the best resolution, PSM size optimization for
was carried out first. For this purpose, three sizes of microspheres (5, 20, and 200 um
diameter) were used and standard deviation of sample free PSMs (so), standard
deviation corrected for LOD calculations (so’), calculated LOD, and p-value of
normality test were estimated. Afterwards, dilution rates of microspheres were
analyzed. Acquired microscopy images of said optimizations can be monitored in
Figure 63. As seen in the figure no levitation greater than 600 um was seen in any Size
of PSMs; hence it‘d theoretically be possible to enhance resolution of the platform with
usage of higher concentration paramagnetic agent and fix a higher levitation height as

reference.

Figure 63. Comparison of PSMs with different sizes; A) 200 pum, B) 20pum, and C) Sum

with 100x dilution ratio.

Levitation of all sizes of PSMs were carried out in 50mM Gx solution and
succeeded. However, time period needed for levitation increase with decreasing PSM
diameter where levitation of PSMs with 200 um had taken about 3-5 minutes; PSMs
with 5 um needed more than 20 mins to stabilize at a certain levitation height. Also,

aggregation was monitored in both 20 and 5 pm PSMs.
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Table 5. Statistical analyses for possible sensory characteristics of PSMs with various

diameters.

PSM size P-Value (Kolmogorov- Std. S' LOD n
Smirnov Correction) Deviation (um)

5 um (100x) 0.2253 94.312 17.823  53.467 28

20 pm 0.0528 41.978 7.798 23.393 28

200 pm 0.1349 71.514 13,515  40.455 28

Table 5 gives relevant statistical values of each PSM diameter. Because 200pm
PSMs didn’t provide a larger sample size (number of PSMs that were possible to
visualize in a triplicate experiment due to the size of PSMs; n); all other samples were
derived randomly from a larger pool, hence it’d be safer to compare 20 pm and 5 pm in
a calculation with larger sample sizes, which is in Table 6. In the samples in table 6
nearly 10-fold greater samples sizes were utilized for statistical analyses to investigate

standard deviation and levitation behavior in terms of normal distribution better.

Table 6. Statistical analyses for possible sensory characteristics of PSMs with 5 and 10

pum diameters.

PSM size P-Value (Kolmogorov- Std. S LOD n
Smirnov Correction) Deviation (um)

5 um (100x) 0.2253 104.790 6.722 20.167 243

20 pm 0.0569 47.016 2.000  8.997 243

When larger sample sizes were taken into account LoD value of both PSM sizes
decreased while they retain normality and a relatively close standard deviation.
Comparison between varied dilutions (100x and 200x) of 5 um microspheres was also
carried out and images of both are presented in Figure 64. Both samples have shown
levitation in about 20-30 minutes, and below is Table 7 that indicates related statistical

analyses results.
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Figure 64. Images of microspheres with 5 pm diameter, with dilution factors of a) 100x
dilution factor, b) 200x dilution factor.

As seen in Table 9, 200x dilution factor wasn’t normally distributed, in terms of
LOD and standard deviation; dilution factor is not an effective factor Levitation was
observed in each sample for approximately 20 minutes, but consistent levitation was not
observed. Additionally, there was a continuous circular motion in the capillary, which
impeded the clear imaging of the samples. These motions can be attributed to collisions
between intra-particles and particles with the capillary wall. As explained by Tajfirooz
et al. (2021), a reduction in particle size prolongs the time required for magnetic
levitation to stabilize (Tajfirooz et al. 2021; Haqg et al. 2023; Thompson 2000).
Magnetic levitation is typically confined to the vertical axis; however, with a larger
number of particles, the levitation region may shift. This off-axis levitation can induce
rotation of the PSMs and result in unstable levitation due to constant motion, as
discussed by Liang et al. (2021) and Zhang et al. (2020). Table 10 presents the
statistical analysis results related to 5 um PSMs (Liang et al. 2021; C Zhang et al.
2020).

Table 7. Statictical analyses resilts of microspheres with 5 um diameter, with dilution

factors of 100x 200x.

Dilution P-Value (Kolmogorov- Std. S' LOD n
rate Smirnov Correction) Deviation (um)

100x 0.2253 104.790 6.722 20.167 243
200x 0.016 86.216 5531 16.592 243
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Henceforth, the rest of the experiments were carried out with 20 pm diameter
microspheres both for sakes of lower LoD values and also for better resolution in
microscopy images. Next step was to determine a dilution factor for microspheres since
with its current dilution factor (25x) there were problems of aggregation and also the
need of excess amount of Ab. The following Figure 65 consists of the images acquired
by taking images of serially diluted 20 um PSMs. 0.01% Tween 20 was added to each
sample to prevent any possible aggregation and adhesion to capillary walls. The
microscopy images of mentioned dilution rates can be observed in the following Figure
65. It is clear that, decreasing PSM concentration and the addition of detergent are
effective strategies for preventing aggregation. The successful implementation of these
strategies at 100x and 200x dilutions ensures that a sufficient number of well-dispersed
PSMs are available for further statistical analyses, thereby enhancing the accuracy and

reliability of the study. These findings are instrumental in guiding future experimental

designs and optimizing the preparation of PSMs for various analytical applications.

Figure 65. Images of PSMs with 20 um diameter, with dilution factors a)50x, b)100x, c)
200x, and d) 400x.
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Optimization of Antibody Functionalization

After optimization of PSM size and concentration optimization of Ab
concentration was carried out and Ab concentration for surface saturation was

determined; Figure 66 below summarizes the results.
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Figure 66. Distribution graphic of Ab functionalized microspheres with increasing Ab

concentrations; regarding surface saturation study with various Ab concentrations.

One way ANOVA analysis was carried out and showed the model to be
significant [F (6,311) = 28.932, p<.001], details can be seen in Table 10. Non-linear
regression analyses were also carried out to support this claim and Figure 72 shows the
regression plot and equation below gives the related mathematical model. It can be
observed that concentrations greater than 5 pg/ml showed no significant magnetic
levitation height difference, which point was accepted as the saturation concentration.
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y = 577.841 + 58.929¢0-811X

Mathematical model of the relation between Ab functionalized PSMs, Ab
concentration on PSM surface and levitation height of PSMs; X representing Ab

concentration and y representing mean magnetic levitation height of microspheres.

Table 8. Statistical analyses of Ab surface saturation study for PSMs utilizing anti-BSA
Ab.

S n Mean Standard Deviation = SE of
Mean

0.125 57 635.284 22.497 2.980

0.25 52 623.369 20.997 2.912

0.5 38 613.269 13.685 2.220

1 44 604.181 17.631 2.658

2 46 594.567 25.691 3.788

4 41 574.594 22.497 3.514

5 40 580.813 22.481 3.554

*These values are given as contrast tests with sequent concentration i.e. 0.125% with
0.25%. or 0.25% with 0.5%.

Regression analyses, as depicted in Figure 67, also revealed insightful trends
regarding the mean levitation change of the PSMs in relation to varying Ab
concentrations. The observed levitation changes can be attributed to the increasing
density of Ab-PSM complex with increasing concentration of Abs. Given this data, it
would be safe to assume that at a concentration of 25 pg/mL, the surface of the PSMs
reaches a point of saturation with Abs. This assumption is supported by the relatively
smaller incremental change in levitation height observed beyond the 25 pg/mL
concentration. Essentially, once the PSM surface is saturated with Ab molecules, any
further increase in Ab concentration results in minimal additional binding, thereby
stabilizing the levitation height.

The saturation point at 25 pg/mL is a crucial finding, as it provides a benchmark

for optimizing the concentration of antibodies in future experiments. Knowing this
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saturation point allows researchers to avoid using excessive Ab concentrations that do
not significantly enhance the binding efficiency, thereby conserving valuable resources
and reducing potential experimental costs. The regression analyses illustrated in Figure
67 highlight a critical threshold in Ab concentration, pinpointing 25 ug/mL as the

saturation point for PSM surfaces.
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Figure 67. Nonlinear regression results of Ab saturation study, mean levitation heights

of microspheres (R?=0.97).

3.3.3 Model Protein Detection with MagLev Sensor Platform

The study was followed by a comparison of un-functionalized PSMs in
paramagnetic solution, un-functionalized PSMs in BSA solution of 1 mM, Ab
functionalized PSMs in paramagnetic solution, and Ab functionalized PSMs in 1mM
BSA solution; results can be seen in the Figure 68. This comparison was carried out
determine whether there are any interactions between PSMs without functionalization

with BSA, measuring PSM levitation height and functionalized PSM levitation height to
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serve as control groups, and lastly determination of levitation height difference caused

by protein PSM complex formation.
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Figure 68. Comparison of Ab functionalized microspheres and non-functionalized
microspheres against BSA solution. Left to right: 1st microspheres with no
functionalization, 2nd microspheres with no functionalization in 1ImM BSA solution
(Control), 3rd functionalized microspheres (Blind), and 4™ functionalized microspheres

after interaction with protein solution.

Figure 68 illustrates the interaction between the carboxyl groups of the
microspheres and the BSA protein. This interaction was observed to be relatively
insignificant when compared to the interaction between Ab-functionalized microspheres
and BSA. The functionalization of the microspheres with antibodies significantly
enhances the binding affinity towards BSA, demonstrating the critical role of specific
antibody conjugation in improving the sensitivity and specificity of the sensor platform.

To further evaluate the performance of the magnetic levitation sensor platform,
various concentrations of BSA solutions were prepared and tested. These tests were
designed to rigorously assess the sensor’s capability in detecting and quantifying BSA

at different concentration levels. The goal was to determine the sensor's sensitivity
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range and its potential for practical applications in detecting target proteins in biological
samples. The microscopy images obtained during these tests, presented in Figure 69.
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Figure 69. Top row from left to right: PSMs, functionalized PSMs, 10 nM, 10*nM;
bottom row from left to right: 10° nM, 10* nM, 10° nM, 10° nM. Red line indicates the

mean value of each sample.
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Figure 70. Interaction between suspensions of Ab functionalized microspheres of 20 um

diameter and BSA protein solutions of various concentrations.
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It is evident that developed magnetic levitation sensor platform was able to
successfully determine BSA protein down to 10 nM concentration. The results of the
sample with lowest BSA concentration and Ab functionalized microspheres showed that
the difference between their mean levitation heights is statistically significant (p<.05).
An LoD value of 62.04 nM was calculatedThis calculated LoD is highly comparable to
the current gold standard for BSA detection, ELISA. Literature reports LoD values of
64 ng/ml for ELISA, 157 ng/ml for the BCA assay, and 138 ng/ml for the Bradford
assay (Khamehchian et al. 2008; BioTek Instruments 2021; Sudjarwo, Dobler, and
Lieberzeit 2021). Table 9 summarizes the levitation heights and descriptive statistics of
each sample, also normativity test results.

Table 9. Descriptive statistics and Kolmogorov-Smirnov normality test results of BSA

detection via MagLev sensor platform.

Concentration = Mean Standard Median Variance p-Value
(nM) Deviation

Control 585.097 23.005 586.960 529.250 0.109
10 586.55 19.651 584.074 386.160 0.348
10° 563.740 17.734 564.844 314.488 0.102
10° 526.637 21.840 524.156 476.964 0.034
10* 499.860 13.094 502.614 171.453 0.020
10° 442.949 25.685 445.064 659.740 0.023
10° 409.869 20.485 414.327 419.627 0.001

PSM levitation height showed normal distribution for all studied protein
concentrations, then one-way ANOVA was applied for further analyses and
comparison. One way ANOVA results showed that the population means are
significantly different at the 0.05 level. Also, Tukey post-hoc tests were run, and
Tukey’s Honest Significant Difference (HSD) showed that there is a significant
difference of means between all pairwise comparisons at the 0.05 level. These findings
suggest that there are indeed significant differences in means among the samples with
various concentrations, and the Tukey’s HSD post hoc analysis has helped identify all

samples’ means differ from each other.
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3.3.4 Exosomal Membrane Protein Detection via MaglLev Sensor
Platform

Next, in order to investigate the capability of the MagLev sensor platform to

detect membrane proteins, previous study on BSA detection with MagLev platform was

reenacted for EpCAM ExoMP. Resultant microscopy images can be seen in the Figure
71.

Figure 71. Studied sample concentrations of EpCAM protein were as follows; Top row
from left to right: Control, 1 nM, 5 nM; bottom row from left to right: 10 nM, 50 nM,
100 nM. Red line indicates the mean value of PSMs.

The details of levitation height differences and distribution is demonstrated in
Figure 72. These images provide a detailed visual representation of the microspheres
and their interaction with EpCAM at different concentrations. At first glance results
indicate that prepared PSMs were able to detect EpCAM protein with a concentration as
low as 5nM. In conjunction with the microscopy images, the measured levitation
heights, as shown in Figure 72, quantitatively depict the sensor’s response to the

different EpCAM concentrations.
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Figure 72. Magnetic levitation heights of PSMs in EpCAM protein samples, mean

values, standard deviations, and medians.

Next, linear fitting was applied between results of samples with concentrations
of 5, 10, 50, and 100 nM below the results can be seen in Figure 73. It is evident that a
linear dynamic range between 5-100 nM was reached with possibility of further
improvement for higher protein concentrations.

As Figure 73 suggests, there is a linear relation between magnetic levitation
height difference and target protein concentration. The increase in protein concentration
in the samples directly affected the levitation height difference between Ab
functionalized PSMs and PSMs that formed a complex with ExoMPs in this study. The
LoD value of the sensor platform was calculated to be 5.47 nM, and the LoQ to be

16.42 nM. For further investigation statistical analyses were carried out.
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Figure 73. Calibration curve prepared by the linear fitting of EpCAM detection MagLev

results.

Table 10 below shows the results descriptive statistical analyses of these results.

In the table, Kolmogorov-Smirnov normality test results can be seen where each sample

showed a normal distribution.

Table 10. Descriptive statistics and Kolmogorov-Smirnov normality test results of

EpCAM detection study via MagLev sensor platform.

Concentration
(nM)

Control

1

5

10

50

100

Mean

467.056
459.715
456.000
442.478
398.836
346.084

Standard
Deviation
32.43
25.78
19.98
20.98
28.93
31.42

Median

463.081
461.413
459.590
446.929
403.701
350.394

Variance

1051.841
664.762
399.539
439.989
837.027
987.277

p-Value

0.588
0.307
0.458
0.260
0.567
0.630
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One way ANOVA results showed that the population means are significantly
different [F (6, 469) = 183.4] at the 0.05 level. Also, Tukey post-hoc tests were run and
Tukey’s Honest Significant Difference (HSD) showed that there is a significant
difference of means between all consecutive pairwise comparisons at the 0.05 level,
except for 1 and 5 nM. These findings suggest that there are indeed significant
differences in means among the samples with concentrations greater than 5nM.

The same procedure then was applied with CD151 protein and due to better
sensitivity of the MagLev platform for CD151 protein lower protein concentrations
were also added to experimentation plan. The same detection methodology was
followed, except instead of anti-EpCAM Ab PSMs were functionalized with anti-
CD151 Ab with the same concentration. Then the procedure was followed as described
before. The levitation heights of the samples visualized by light microscopy can be seen

in Figure 74.

Figure 74. Studied sample concentrations of CD151 protein was as follows; Top row
from left to right: Control, 0.1 nM, 0.5 nM, 1nM; bottom row from left to right: 2.5 nM,
5nM, 10 nM, and 50 nM. Red line indicates the mean value of PSMs.

Results indicate that prepared PSMs were able to detect CD151 protein with a
concentration as low as 0.5 nM. Figure 75 exhibits all the experimental results
graphically which also summarizes the results of CD151 detection study for MagLev
sensor platform. Next, linear fitting was applied between results of samples with
concentrations of 1, 2.5, 5, and 10 nM below the results can be seen. It is evident that a
linear dynamic range between 0.5-10 nM was reached with possibility of further

improvement for higher protein concentrations.
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Figure 75. Magnetic levitation heights of PSMs in CD151 protein samples, mean
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Figure 76. Calibration curve prepared by the linear fitting of CD151 detection MagLev

results.

Figure 76 suggests, there is a linear relation between magnetic levitation height
difference and target protein concentration in the range between 0.5-10 nM CD151
concentrations. The LoD value of the sensor platform was calculated to be 0.81 nM, and
the LoQ to be 2.43 nM. There was a definitive sensitivity variation between the proteins
that were used in the detection studies so far. This sensitivity difference against BSA,
EpCAM, and CD151 can be explained by density differences between proteins. As
explained by Fischer et al., average protein density is a molecular weight-based
property especially for proteins with a molecular weight lower than ~40kDA (Fischer,
Polikarpov, and Craievich 2004). The density slowly increases after the mentioned
limit, and it shifts from 1.35g/ml to 1.42g/ml at 20kDA; where EpCAM and CD151
proteins reside in between, hence it can be said that there is an increase in density as the
experiments advanced from BSA to EpCAM and to CD151 which explains the increase
in MagLev platform sensitivity. Overall Ab -antigen interactions were successfully
visualized with an increased sensitivity and lower detection limit in case of molecules
with smaller molecular masses (<40kDa).

For further investigation statistical analyses were carried out. Table 11 shows
the results descriptive statistical analyses. These findings suggest that there are indeed
significant differences in means among the samples with concentrations greater than 0.5
nM.

Table 11. Descriptive statistics and Kolmogorov-Smirnov normality test results of

CD151 determination study via MagLev sensor platform.

Concentration = Mean Standard Median Variance p-Value
(nM) levitation Deviation

height
Control 361.081 32.04 421.601 1026.531 0.602
0.1 360.186 42.17 416.548 1532.260 0.612
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0.5
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50
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320.300
280.635
209.385
153.940
102.373
84.215

56.768

52.76
64.49
72.06
76.81
49.32
40.13
24.90

436.146
362.053
349.002
284.076
179.108
164.234
130.270

2783.427
2389.860
4737.551
5050.910
1541.44

1610.658
620.060

0.191
0.747
0.593
0.537
0.881
1

0.633

Each sample showed a normal distribution as demonstrated in Table 13. One

way ANOVA results showed that the population means are significantly different [F (8,

371) = 310.4] at the 0.05 level. Also, Tukey post-hoc tests were run and Tukey’s Honest

Significant Difference (HSD) showed that there is a significant difference of means

between all consecutive pairwise comparisons at the 0.05 level, except for 0.1 and 0.5

nM.

CD81 protein detection was carried out next, as an exosome marker for this

purpose PSMs were functionalized with CD81 Ab and CD81 protein solutions with

concentrations between the ranges of 1-100nM were used. Figure 77 comprises the

microscopy images and it shows that there was a visible decrease in PSM magnetic

levitation height with increasing protein concentration in samples.
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Figure 77. Studied sample concentrations of CD81 protein was as follows; Top row
from left to right: Control, 1 nM, 5 nM; bottom row from left to right: 10 nM, 50 nM,

and 100 nM. Red line indicates the mean value of PSMs.

In Figure 78 are the related distribution trends for CD81 sample results via
MagLev sensor platform. The figure suggests that after 10 nM CD81 concentration
there is a significant difference in magnetic levitation height when compared to
functionalized PSMs. This significant decrease carries on up to the greatest studied
concentration, which is 100nM. 1t is evident that the sensor platform was able to detect
CD81 protein down to 10 nM concentration and quantification was possible up to 100

nM which gave a linear working range between 5 nM-100 nM.
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Figure 78. Magnetic levitation heights of PSMs in CD81 protein samples, mean values,

standard deviations, and medians.

The related calibration curve, which was prepared utilizing the data in Figure 78
can be seen in Figure 79. As Figure 79 suggests, there is a linear relation between
magnetic levitation height difference and target protein concentration in the range
between 10-100 nM CD81 concentrations. The LoD value of the sensor platform was
calculated to be 3.99 nM, and the LoQ to be 11.98 nM. Statistical analyses were carried
out for further investigation of the developed MagLev sensor platform, in context of

detecting CD81 exosomal marker protein.
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Figure 79. Calibration curve prepared by the linear fitting of CD81 detection MagLev

results.

Following statistical results were acquired by processing the data that were

drawn from the images. All samples showed normal distribution and ANOVA results

showed that means of populations are significantly different. As normal distribution was

achieved descriptive statistics were carried out and Table 12 summarizes the descriptive

statistical analyses and normality test results.

Table 12. Descriptive statistics and Kolmogorov-Smirnov normality test results of

CD81 determination study via MagLev sensor platform.

Concentration  Mean
(nM)

Control 551.783
1 547.372
5 542.042
10 538.826
50 499.986
100 497.241

Standard Median Variance
Deviation

27.391 544.870 625.401
53.927 549.750 1324.138
57.880 550.55922  950.414
50.113 541.289 1295.500
57.690 511.210 1750.685
46.216 500.851 992.020

p-value

0.514
0.924
0.310
0.734
0.237
0.820
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In the experiment mean and median values of magnetic levitation heights
decreased with increasing protein concentration. One way ANOVA results showed that
the population means are significantly different [F (5, 258) = 10.07] at the 0.05 level.
Also, Tukey post-hoc tests were run and Tukey’s Honest Significant Difference (HSD)
showed that there is a significant difference of means between all consecutive pairwise
comparisons at the 0.05 level, except for 1 and 5 nM. These findings suggest that there
are indeed significant differences in means among the samples with concentrations
greater than 5 nM,

Overall, MagLev sensor platform development was completed through
optimization of PSM size and concentration optimization, followed by Ab
functionalization optimization. Ab concentration was determined by determining the
required Ab to saturate PSM surface. Then, optimized sensor platform was verified by
utilizing it to detect a model protein, BSA. Also this model protein study was used to
incestigate the sensory characteristics of MagLev sensor platform for soluble proteins.
Lastly, the MagLev sensor platform was used for detection of exosomal membrane
proteins EpCAM, CD151, and CD81. Results were promising and satisfactory for each
of the studied exosomal membrane proteins; in terms of sensory characteristics such as
detection limit, sensitivity, and resolution for. Next, the developed sensor platform was
utilized for isolated exosome detection, and the ability of distinguishing cancerous and

healthy exosomes were tested.

3.4 Utilization of Developed Biosensor Platforms for in-vitro Exosome
Detection

Detection of exosomes that were isolated from cell culture supernatants was
carried out next. For this purpose, developed LSPR and MagLev platforms were utilized
in optimized sensing conditions. The isolated exosome samples were diluted to
investigate correlation of the signals with exosome concentration in samples. Exosome
detection was performed using both sensor platforms, utilizing isolates obtained from
the A549 (non-small cell lung cancer) and MRC5 (healthy lung fibroblast) cell lines.

Each experimental set was conducted in triplicates.
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3.4.1 Exosome Detection via Developed LSPR Biosensor Platform

Herein, the optimized core-shell NPs were used for detection of ExoMPs and
ExoMP containing exosome detection was to detect exosomes; and 1:2, 1:4, and 1:8
dilution rates (0.5, 0.25, and 0.125 dilution factors) were used for in-vitro exosomes.
First, anti-EpCAM Ab functionalized NPs were utilized for both A549 (cancerous) and
MRCS5 (healthy) cell line derived exosome detection. The procedures that were used for
ExoMP detection was repeated for exosome samples. Figure 80 is composed of single
detection results that demonstrate the average shift of triplicate experiments for EpCAM

where core-shell NPs were used as an experimental platform.
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Figure 80. Exosome detection via anti-EpCAM Ab functionalized core-shell NPs with
through LSPR sensor platform, for 0.5 dilution factor.

As seen in the figure, a three-fold greater wavelength shift was observed for
Ab549 cell derived exosomes. Since A549 is a cancerous cell line, samples from A549
CCS were expected to contain a higher concentration of EpCAM and EpCAM

containing exosomes. Figure 81 shows the comparison of two cell lines with various

dilution factors.
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Figure 81. Comparison of A549 derived in-vitro exosomes with MRC5 derived in-vitro
exosomes in terms of wavelength shift signal acquired via anti-EpCAM functionalized

LSPR sensor platform (n=3).

Samples from both cell lines exhibited a clear and consistent decreasing trend in
signal intensity with decreasing dilution factors. This observation strongly indicates a
linear relationship between exosome concentration and the acquired signals. This
finding aligns well with previous studies conducted on exosomal membrane proteins,
reinforcing the robustness of the detection method employed in this research. The linear
relationship not only corroborates earlier findings but also underscores the potential of
this approach for precise quantification of exosomes in various samples. Further
investigations were carried out utilizing NPs that are functionalized with anti-CD81
Figure 81 provides a detailed depiction of the wavelength shifts induced by the
interaction between exosomes and the anti-CD81 Ab-functionalized NPs. The samples
tested had a 0.5 dilution factor, which was chosen to represent a moderate concentration

of exosomes.
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Figure 82. Exosome detection via anti-CD81 Ab functionalized core-shell NPs with

through LSPR sensor platform, for 0.5 dilution factor.

As shown in Figure 82 there is a three-fold increase in wavelength shift when
cancerous cell line derived exosomes are introduced into the sensor platform. As
described in the literature cancer cells tend to generate more exosomes compared to
healthy cell lines, which supports the results acquired here (Whiteside 2016). Figure 88
demonstrates the results with various dilution rates from both healthy and cancerous cell
lines.

Figure 83 shows a linear relation between A549 derived exosome concentration
and wavelength shifts. The same was not true for MRC5 derived exosomes, as in the
previous graph healthy cell line derived exosomes caused a much lower wavelength
shift. Though a semi-linear relation might be funded between healthy cell line derived
exosomes it would have a much lower slope compared to cancerous cell line derived

exosomes.
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Figure 83. Comparison of A549 derived in-vitro exosomes with MRC5 derived in-vitro
exosomes in terms of wavelength shift signal acquired via anti-CD81 functionalized

LSPR sensor platform (n=3).

Lastly, anti-CD151 functionalized NPs were used for cell derived exosome
detection. Figure 84 contains the data acquired by 0.5 dilution rate. As with the previous
exosome detection studies here, A549 derived samples showed a five-fold greater
wavelength shift compared to MRC5 derived ones. These wavelength shifts are critical
indicators of the sensor’s performance. A clear and distinct shift signifies a strong and
specific interaction between the exosomes and the anti-CD151 Ab-functionalized NPs,
highlighting the sensor’s capability to accurately detect and quantify exosomes even at
relatively low concentrations. As CD151 is considered to be a exosomal cancer
biomarker for NSCLC and A549 is a NSCLC fibroblast cell line this results were most

expected and welcomed.
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Figure 84. Exosome detection via anti-CD151 Ab functionalized core-shell NPs with

through LSPR sensor platform, for 0.5 dilution factor.

In literature, it was previously shown that A549 cell line synthesizes exosomes
that contain CD151 protein (J. Zhu et al. 2021), hence the initial expectation here was
met; results indicated that both healthy and cancerous cell line derived isolates
contained exosomes and NSCLC derived exosomes contained greater concentration of
CD151 protein. The sensor platform, prepared utilizing developed sensitivity
enhancement methodology, was able to distinguish CD151 containing exosomes and
provide statistically significant signals (.05>p) compared to healthy cell line derived
exosomes. Moreover, NSCLC marker CD151 showed a significant shift only for A549
derived exosomes, where MRC5 derived exosomes showed no significant shift. On the
other hand, cancer cell line derived isolates contain much greater concentration of
CD151 NSCLC marker comprised exosomes. In conclusion, the data from both cell line
samples and the anti-CD151 Ab-functionalized NP experiments collectively

demonstrate the efficacy and precision of the sensor platform.
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Figure 85. Comparison of A549 derived in-vitro exosomes with MRC5 derived in-vitro
exosomes in terms of wavelength shift signal acquired via anti-CD151 functionalized
LSPR sensor platform (n=3).

Figure 85 illustrates the increase in wavelength shifts with increasing dilution
factors, providing a clear visual representation of the sensor's response to varying
concentrations of exosomes. As seen in the figure slope of A549 results show a decrease
around a dilution factor of 0.33 which indicates the saturation of LSPR sensor platform
surface with exosomes, indicating a much higher number of exosomes compared to
healthy cell line derived samples. This phenomenon is critical as it highlights the
sensor's binding capacity and the point at which additional exosomes no longer
contribute to an increased signal. The observed saturation at a dilution factor of 0.33
specifically for the A549 cell line indicates that these cancer-derived samples contain a
significantly higher number of exosomes that contain CD151compared to those derived

from healthy cell line.
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3.4.2 Exosome Detection via Developed MagLev Biosensor Platform

Detection via MagLev sensor platform of exosomes that were isolated from cell
culture supernatants were carried out next. For this purpose PSMs were functionalized
with anti-EpCAM Ab first and 1:2, 1:4, and 1:8 dilution rates (0.5, 0.25, and 0.125
dilution factors) were used for in-vitro exosomes. Following results were acquired for
EpCAM containing exosomes. Figure 86 shows the results of detection for A549

NSCLC cell line derived exosomes in comparison to MRC5 as a healthy control.
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Figure 86. Exosome detection via anti-EpCAM Ab functionalized PSMs with through
MagLev sensor platform.

Both cell line derived exosomes caused a significant decrease in Ah values, and
A549 derived exosomes caused a higher decrease. Moreover, there was a significant
increase in standard deviation of beads when exosome samples were introduced, and
this suggests that exosome-bead interaction might not be homogenous. Increase in the
deviation might be investigated and possibly correlated with decrease in sample
concentration. Next, descriptive statistics and normality tests were carried out for the

acquired data. Table 13 summarizes the relevant results.
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Table 13. Exosome detection via anti-EpCAM functionalized PSMs, mean value and
standard deviation of magnetic levitation heights and Kolmogorov-Smirnov normality

test results.

MRC5 A549

Exo Mean Std. p- Exo Mean Std. p-
Number Dev. value  Number Dev. value
(x 10°%) (x 10°%)

Control  428.320 24.803 0.685 Control  492.242 30.844 0.684
0.90 396.124 30.341 0.109 144 392.098 29.631 0.731
0.45 405.062 35.141 0547 0.72 411.350 29.631 0.326
0.23 451.148 20.154 0.106 0.36 428.323 45926  0.310

As the table suggests each exosome derived cell line sample showed a normal
distribution. One-way ANOVA analyses were carried out next with the Tukey post-hoc
test for multiple comparisons. One way ANOVA results showed that the population
means are significantly different [F (5, 301) = 57.41] at the 0.05 level. Tukey post-hoc
tests were run, and Tukey’s Honest Significant Difference (HSD) showed that there is a
significant difference of means between all consecutive pairwise comparisons at the
0.05 level, and also comparison of same dilution factor for different cell line derived
exosomes. This shows that the developed platform showed successful performance both
in distinguishing cancerous and healthy cell line derived exosomes and distinguishing
exosome samples with different concentrations.

Next, MagLev sensor platform was utilized to detect CD81 protein containing
exosomes. For this purpose, PSMs were functionalized with anti-CD81 Ab and 0.5,
0.25, and 0.125 dilution factors were used for in-vitro exosomes, as previously done.
Figure 87 shows the results of detection for A549 NSCLC cell line derived exosomes in

comparison to MRCS5 as a healthy control.
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Figure 87. Exosome detection via anti-CD81 Ab functionalized PSMs with through

MagLev sensor platform.

Both cell line derived exosomes caused a significant decrease in Ah values, and
A549 derived exosomes caused a greater decrease in magnetic levitation height of
PSMs. Comparing to the EpCAM results the difference between cell lines was smaller.
Since, CD81 is an exosomal biomarker as opposed to EpCAM being a cancerous
exosomal biomarker it was expected to see a higher decrease in MaglLev height in
healthy cell line derived exosomes here (Halvaei et al. 2018). Moreover, there was a
significant increase in standard deviation of PSMs when exosome samples as were in
EpCAM results.

Next, descriptive statistics and normality tests were carried out for the acquired
data. Table 14 summarizes the relevant results for both cell lines A549 and MRC5. As
the table shows, the increase in the standard deviation was similar to previous detection
study. Each sample showed normal distribution and results indicate that for both cell

lines there is a significant amount of exosome synthesis.

116



Table 14. Exosome detection via anti-CD81 functionalized PSMs, mean value and
standard deviation of magnetic levitation heights and Kolmogorov-Smirnov normality

test results.

MRC5 A549

Exo Mean Std. p- Exo Mean Std. p-
Number Dev. value  Number Dev. value
(x 10%) (x 10%)

Control  485.749 35.781 0.118 Control  542.263 71.111 0.726
0.90 377.600 22496 0,571 1.44 473.419 38.191 0.932
0.45 387.838 21.064 0.985 0.72 514.252  45.381 0.641
0.23 433.029 37.736 0.972 0.36 517.118 78.160 0.631

Compared to A549 cell line, assuming each cell lines’ exosomes contain similar
amount of CD81 protein, MRC5 cell line synthesized a lower number of exosomes,
which was in correlation with exosome characterization study that was carried on in this
study previously. One way ANOVA results showed that the population means are
significantly different [F (5, 308) = 80.06] at the 0.05 level. Tukey post-hoc tests were
run, and Tukey’s Honest Significant Difference (HSD) showed that there is a significant
difference of means between all comparisons of same dilution factor for different cell
line derived exosomes.

MagLev experiments were then conducted using CD151 Ab functionalized
PSMs and acquired results can be seen in Figure 88. Literature reported that blood
samples obtained from NSCLC patients showed a significant increase in expression of
CD151 in their exosomes (Sandfeld-Paulsen, Jakobsen, et al. 2016; Sandfeld-Paulsen,
Aggerholm-Pedersen, et al. 2016). Hence, CD151 was targeted as a cancer biomarker in
this study. The highest Ah value was obtained from A549 cell line derived exosomes,
whereas no significant Ah difference was encountered when samples isolated from
MRC5 analyzed, since those are healthy cell lines. The acquired outcome was in
parallel with clinical studies in literature; a greater amount of CD151 was observed in
exosomes generated by NSCLC cell line A549 compared to healthy cell lines; this was

also validated via immunostaining previously.
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Figure 88. Exosome detection via anti-CD151 Ab functionalized PSMs with through

MagLev sensor platform.

Lastly, descriptive statistical analyses and normality test were run for samples
and Table 15 includes the descriptive statistical analyses and normality test results for
CD151 containing exosome detection in both cancerous and healthy cell line derived
exosomes. As seen in the table all data sets showed normal distribution for
Kolmogorov-Smirnov normality test. Then, one-way ANOVA was applied to further
investigate the difference of the means of samples. One way ANOVA results showed
that the population means are indeed significantly different [F (5, 327) = 45.39] at the
0.05 level. Tukey post-hoc tests were run and Tukey post-hoc tests were run, and
Tukey’s Honest Significant Difference (HSD) showed that there is a significant
difference of means between all comparisons of same dilution factor for different cell
line derived exosomes. Also, there was no significant difference encountered between
MRCS5 dilution rates, indicating a much lower number of exosomes that include CD151
membrane protein compared to A549 cell line derived samples. Consequently, the
analyses showed that it was possible to distinguish exosomes gathered from A549 cell
line and MRCS5 cell line utilizing anti-CD151 functionalized PSMs.
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Table 15. Exosome detection via anti-CD151 functionalized PSMs, mean value and
standard deviation of magnetic levitation heights and Kolmogorov-Smirnov normality

test results.

MRC5 A549
Exo Mean Std. p- Exo Mean Std. p-
Number Dev. value  Number Dev. value
(x 10%) (x 10%)
Control  406.855 43.305 1 Control  540.001 13.410 0.422
0.90 372.406 51.119 1 1.44 411.145 49.898 1
0.45 394,714 23.666 0.244 0.72 427370 51.415 0.824
0.23 397.660 17.887 0.456 0.36 464.930 54.750 0.744

Overall, the results obtained functionalized PSMs were used as capturing agents.
All data collected from the experiment showed a normal distribution and ANOVA
analysis that were performed revealed statistically significant differences between the
populations in terms of their means (p < .05). As shown in the figure, A549 had the a
much greater expression of CD81 protein which was in correlation with
immunostaining results. Also, as described in the literature, cancerous cells generate a
greater number of exosomes compared to healthy ones, as encountered in this study (L.
Zhang and Yu 2019).EpCAM detection in samples were also concluded in similar
results, with A549 having a greater Ah value, indicating a higher number of EpCAM
containing exosome secretion in cancerous cell line.

Lastly, an immunostaining study was carried out directly on utilized PSMs as
described previously with the same Ab combination on PSMs after exosome capturing
end detection was concluded. Figure 89 shows the acquired results.

Immunostaining was carried out to determine the proteins utilizing the same Abs
that were used during the study for functionalizing both LSPR and MagLev biosensor
platforms. CD81 and CD151, red color indicates stained exosomes, and it is evident that
PSMs capture more exosomes when samples from A549 cell line were utilized for
detection studies. This verifies the results acquired so far with both LSPR and MagLev

sensor platforms.
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MRC5

Figure 89. Microscopy images of immunostained exosomes attached to PSMs that were

used to capture said exosomes.

Literature reported that blood samples obtained from NSCLC patients showed a
significant increase in expression of CD151 in their exosomes (J. Zhu et al. 2021;
Sandfeld-Paulsen, Aggerholm-Pedersen, et al. 2016; Jakobsen et al. 2015; Pérez-Callejo
et al. 2016)Hence, CD151 was targeted as a cancer biomarker in this study. The highest
Ah value was obtained from A549 cell line derived exosomes, whereas no significant
Ah difference was encountered when samples isolated from MRC5 were analyzed. The
acquired outcome was in parallel with clinical studies in the literature; a greater amount
of CD151 was observed in exosomes generated by NSCLC cell line A549 compared to

healthy cell line; this was also validated via immunostaining.
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CHAPTER 4

CONCLUSION

The main goal of the thesis was to develop alternative optical biosensor
platforms for prognosis, diagnosis, and monitoring of cancer targeting exosomal
membrane proteins as biomarkers in the context of future liquid biopsy applications.
The main cause of this motivation is that the current technologies to prognose, diagnose
or monitor cancer are not effective at early-stages of cancer; they are either not reliable,
or too invasive for casual check-up procedures. These obstacles hinder the early-
diagnosis possibility of cancer, which leads to lack or delay of treatment. For this
purpose, Non-Small Cell Lung Cancer (NSCLC) is selected as a model, due to the lack
of early diagnosis with current methodologies. Also, it has a well-defined membrane
protein profile in the current literature which can act as a robust starting point.

The detection procedures were planned to be carried out via Localized Surface
Plasmon Resonance (LSPR) and Magnetic Levitation (MaglLev) methodologies. The
prior utilizes the ability of gold nanoparticles (GNPs) to resonate with an incident light
when certain pre-requirements are met; such as light polarization and resonance angle,
which brings particles to be fine sensors of local refractive index. The latter exploits
fine density differences between particles for detection assays. The fundamental of the
method involves employing microspheres of established densities and assessing their
levitation heights within the MagLev sensor platform. Subsequently, a calibration curve
is constructed using the acquired data, with density plotted on the Y-axis and height or
vertical position on the X-axis. Finally, the analyte under analysis is introduced into the
system and levitated, and its levitation height is compared against the calibration curve
to ascertain its density, utilizing the pre-existing data obtained from the standard PSMs.

Overall, two optical biosensor platforms with separate detection principles were
developed, optimized, characterized, and utilized for exosome detection with the aim of
reaching a promising applicability for future liquid biopsy applications. After the
optimization steps were carried out both platforms proved effective in detecting and

quantifying specific exosomal membrane proteins; CD81, EpCAM, and CD151, and
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exosomes containing those proteins which were isolated from cancerous and healthy
cell lines.

The development of LSPR based biosensor platform started with BSA detection
as a model protein and immobilized GNPs (i-GNPs) as transducers. Whereas its initial
sensitivity and working range appeared unsatisfactory, so that optimization procedures
were followed, this started with optimization of GNP synthesis and immobilization.
Afterwards, syntheses of various NP properties were carried out via well-established,
modified, and novel methods for tuning of NPs during the study. The synthesized NPs
were characterized via SEM imaging, EDX analyses, UV-Vis spectrum and DLS
measurements and optimization was done with reaction time, reactant concentration and
ratios as parameters. Effectivity of the sensitivity enhancement was then tested via a
model protein detection assay. Synthesized NPs were then immobilized into well plates
separately for biosensor applications to increase sensitivity, reusability, stability and
reduced background signals. Moreover, various tuning applications were carried out for
several NPs such as in-situ size growth and coating for further tuning. Afterwards, NPs
were functionalized with anti-BSA protein and protein detection was observed via the
shift in Amax measured. The highest sensitivity was observed in core-shell gold-silver
NPs, Amax Shift increased more than ten-fold compared to conventionally utilized LSPR
techniques. The highest sensitivity among core-shell NPs was encountered when 65%
gold to silver ratio was used for the synthesis; Limit of Detection (LoD) value of 27.5
nM and a dynamic linear working range between 62.5 - 1000 nM was calculated.
Detection of target membrane proteins were then carried out. The detection procedure
was followed for EpCAM, CD81, and CD151 and LoD values were calculated 0.43 nM
and LoQ to be 1.32 nM, respectively.

The development of MaglLev based biosensor platform started with
determination of microsphere (PSM) size and dilution rate; and concentration
optimization of Ab functionalization. Conclusively, it was determined that PSMs with a
diameter of 20 um at a concentration of 0.005% (W/V), functionalized with anti-BSA
antibodies at a concentration of 25 pg/mL, exhibited superior resolution and sensitivity.
These parameters were consequently employed for the remainder of this study to ensure
enhanced reliability and reproducibility. Utilizing the developed system, density-based
detection and quantification of BSA was successfully carried out as a model protein,
achieving a dynamic range of 100 nM to 1 mM, with a LoD value of 62.04 nM. The
magnetic levitation-based biosensor platform demonstrated good potential for protein
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detection and quantification, offering simple, rapid, cost-effective, and highly sensitive
results of significant importance. Density-based detection and quantification of target
membrane proteins were conducted using the developed biosensor platform, revealing a
dynamic range of 1 — 100 nM with Limit of Detection (LoD) values of 1.324, 0.638,
and 0.722 nM for EpCAM, CD81, and CD151, respectively.

Lastly, both biosensor platforms were utilized for detection of in-vitro exosomes
isolated from MRC5 healthy lung fibroblast cells and A549 NSCLC cell line. Isolated
exosomes were diluted serially, and detection procedures were carried out. It was
evident that both sensor platforms were able to differentiate between cancerous and
healthy cell lines down to 2*10® particles/mL. All data acquires throughout exosome
detection study were subjected to ANOVA and post-hoc tests which supported the
results. A549 had the highest expression of EpCAM, CD81, and CD151 which was in
correlation with immunostaining results. Also, as described in the literature, cancerous
cells generate a greater number of exosomes compared to healthy ones, as encountered
in this study.

Overall, two optical biosensor platforms were developed and were utilized for
detection of exosomes with specific membrane proteins. Throughout the study,
fabrication and optimization of said platforms were carried out utilizing several
approaches and these applications were verified via characterization of sensor platforms
using various assays, devices, and procedures. Thus, it was possible to exhibit current
state of the biosensor platform, which promises further applications in the field, and
both platforms promise; with further investigation, development, and labor, they one
day may pave the road for a sensitive, feasible, applicable, and easily accessible liquid

biopsy methodology for cancer prognosis, diagnosis, and monitoring.
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