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ABSTRACT

HYBRID BIOSENSING SYSTEMS FOR THE DETECTION
OF
BIOMOLECULES AND DISEASE BIOMARKERS

Yusuf Aslan
M.S. in Materials Science and Nanotechnology
Advisor : Fatih Inci
August 2023

Optical metasurfaces are configurations of artificially structured surfaces
designed to obtain unusual electromagnetic properties. The ability to manipulate a
confined electromagnetic field enables metasurfaces to be utilized as optical point-of-care
(POC) biosensors for the detection of low concentrations of biomarkers. Moreover, the
integration of fluorescent molecules and plasmonic metasurfaces is utilized to enhance
both plasmonic and fluorescent signals; however, the nanoscale distance and spectral
overlap between the fluorescent emitter and plasmonic metasurface are crucial for the
separation of the fluorescence-coupled plasmonic radiation and non-radiative induced
plasmon surface entrapment. In this study, fluorescently labeled (FITC) proteins are
integrated over a plasmonic metasurface via three different surface modifications for
obtaining a hybrid biosensing system that boosts the device’s plasmonic sensitivity and
lowers the detection limit. The metasurface is fabricated via physical vapor deposition of
titanium (10 nm), silver (30 nm), and gold (15 nm), respectively over polycarbonate
nanograting substrates of optical disks (DVDs). Additionally, the surface modifications
are arranged via short-distance, medium-distance, and long-distance modifications for
fluorescently labeled molecule binding. After the evaluations, the highest plasmonic
wavelength shift over the FITC labeled protein binding is obtained from the medium-



distance modification with ~4.4 times signal enhancement over the short-distance
modification. The medium-distance modification is further combined with an
immunoassay for the detection of Alzheimer’s disease. Consequently, this study paves
the way for designing new arrangements on a metasurface to couple with fluorescence

molecules while enhancing the analytical performance of the plasmonic biosensor.

Keywords : Metasurfaces, Surface Plasmon Resonance (SPR), Fluorescence, Point-of-
care (POC), Alzheimer’s Disease (AD)



OZET

BiYOMOLEKULLER VE HASTALIK
BiYOBELIRTECLERININ TESPITI iCIN HIBRIT
BIiYOALGILAMA SISTEMLERI

Yusuf Aslan
Malzeme Bilimi ve Nanoteknoloji, Ylksek Lisans
Tez Danismani : Fatih Inci

Agustos 2023

Optik metaylizeyler, elektromagnetik dalgayr yonlendirmek ve kontrol etmek icin
kullanilan yapay yapilardir. Nanometre 6l¢egine sinirlandirilan elektromanyetik alani
maniplile etme kabiliyeti sayesinde, metaylizeyler viicutta diisiik konsantrasyondaki yer
alan biyobelirteglerin tespiti ig¢in optik hasta basi (POC) biyosensorleri olarak
kullanilabilirler. Ayrica floresan molekiilleri ile plazmonik metayiizeylerin entegrasyonu,
plazmonik ve floresan sinyallerini artirmak amaci ile kullamilabilir. Ancak bu sinyal
artirnminin  elde edilebilmesi i¢in, floresan molekiilleri ile pazmonik metayiizey
arasindaki nanometre Ol¢egindeki mesafenin ve floresan ile plasmonik kaynaklarin
spektral Ortiismesinin, floresanla arttirilan plazmonik 1s1ma elde edilmesi i¢in optimize
edilmesi gerekir. Bu sekilde, ylizeye hapsolan ylizey plazmonlarinin 1s1ma olmadan enerji
degisimi yapmasi ile floresan eslenen plazmonik 1g1manin sinyal artiriminda bulunmasi
durumlarinin birbirinden ayrilmalar1 gerekmektedir. Bu ¢alismada, floresan molekiilleri
(FITC) ile isaretlenen proteinler ii¢ farkli aymrim mesafesine sahip ylizey
modifikasyonlarinin araciligiyla metayiizeye baglanirlar. Bu calisma, diisiik tespit
sinirina sahip ve fliloresan molekiilleri ile plazmonik duyarliligi arttirilmis bir hibrit
biyosensor sistemi tasarlamayi ve tiretmeyi hedefledik. Calismada kullanilan metayiizey,
polikarbonat tabanli (DVD'ler) ylizey iizerine sirastyla titanyum (10 nm), giimiis (30 nm)

ve altin (15 nm) metallerinin fiziksel buharlagtirma yontemi ile kaplanmasiyla iiretildi.
\'



Ayrica ylizey modifikasyonlari, floresanli molekiil baglanmasi icin kisa mesafe, orta
mesafe ve uzun mesafe modifikasyonlari olacak sekilde se¢ildi. Yapilan degerlendirmeler
sonucunda, avidin-FITC ile isaretlenen orta-mesafeli modifikasyon en yuksek plazmonik
dalga boyu kaymasini sagladi. Bu sekilde, orta mesafe modifikasyonundan elde edilen
sinyal, kisa mesafe modifikasyondan elde edilen sinyale kiyasla yaklasik 4.4 kat sinyal
artis1 sagladi. Bu nedenle, Alzheimer hastalig1 tespiti igin orta-mesafeli modifikasyon
uzerine Alzheimer biyobelirteclerine spesifik antikorlar yerlestirildi. Sonug olarak, bu
calismada, floresan molekiilleri kullanilarak, hem plazmonik biyosensorin analitik
performansi arttirildi, hem de plazmonik metalizey Uzerinde yeni dizenlemeler

tasarlanda.

Anahtar Sozciikler : Metaylizeyler, Yiizey Plazmon Rezonansi, Floresans, Hasta Basi,

Alzheimer Hastalig1
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CHAPTER 1

1. INTRODUCTION

1.1 Introduction to Point-of-Care

Diseases are an integral part of our daily lives, posing constant threats to our
health, as well as prompting the need for medical care to sustain us and accelerate the
healing of injured body parts, such as organs and tissues. Hospitals, universities, and
medical research centers have typically been at the forefront of disease identification,
further investigation, and therapy. These establishments provide diverse traditional
diagnostic modalities, encompassing laboratory analyses, imaging procedures,
endoscopic examinations, microbiological assessments (including biopsy-based
techniques), electrocardiography, and pulmonary function evaluations [1]. In addition to
these methods, laboratory testing provides precise, objective, and most importantly,
quantitative information by utilizing a broad range of disease-specific biomarkers isolated
from bodily fluids. Several conventional laboratory testing platforms are clinical
chemistry analysis, hematology, microbiology culture, polymerase chain reaction (PCR),
immunoassays, flow cytometry, and mass spectrometry. In addition, they often require a
specialist to perform the assays, and they are frequently operated with lengthy procedures.
One critical solution for streamlining diagnosis is to deploy new strategy into point-of-
care (POC) and bed-side. Briefly, POC is defined as the applications surrounded by
laboratory-independent, specific, and sensitive delivery of diagnosis to near-patient with
a short turnaround time. The socio-economic implications of POC diagnostics are worth
analyzing, particularly in the context of 45.4 billion USD global revenue by 2022, which
is expected to rise to 75.5 billion USD by 2027, meaning a compound annual growth rate
of 10.7% [2]. The main impact of the growth is attenuated by the increasing prevalence
of infectious diseases and increased availability of self-testing and home-care products.
Furthermore, the development of multiplexed POC devices is considered a key area of

opportunity in the market, and many researchers are working towards creating single
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platforms capable of simultaneous detection of multiple targets. In the future, high-
throughput integrated platforms with multiplex capabilities are also expected to have an
impact on personalized medicine, similarly to how they have influenced POC.

To adapt the tests/assays at the POC settings, the World Health Organization
(WHO) introduced a set of parameters that an ideal test should meet for utilization at
every stage of healthcare [3]. These parameters are coined under the abbreviation of
ASSURED, which is affordable, sensitive, specific, user-friendly, rapid & robust,
equipment-free, and delivered. These criteria facilitate decision-making in clinical
management and help guide treatment more efficiently. Currently, these parameters have
been further updated under RE-ASSURED, with the addition of real-time connectivity
and ease of specimen collection [4] (Figure 1.1). These new standards provide rapid
access to information for patients and healthcare workers through real-time connectivity.
They also introduce the ease of specimen collection term, such as non-invasive [5] or
minimally invasive methods [6], in order to increase the feasibility of self- and home-
testing. In addition, the RE-ASSURED qualifications have also emphasized the
importance of safely disposing of single-use rapid diagnostic tests by introducing

sustainable waste management regulations.
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Figure 1.1: The term "RE-ASSURED" represents a set of essential criteria guiding the

design and functionality of POC-based strategies.

The utility of the RE-ASSURED criteria in POC diagnostics reduces the patient’s
reliance on centralized laboratories. The advent of biosensors has accelerated this
2



decentralization transition by providing quantitative and rapid measurements at the point
of need. This effectively aids the decision-making process of the patient’s condition and
reduces the burden on healthcare facilities [7]. These biosensors can seamlessly integrate
into portable and affordable platforms, facilitating their distribution to areas with limited
resources, including low-income countries, disaster zones, and rural regions. As the
commercial market for biosensors expands and, they have the potential to be incorporated
into new engineering fields, including the Internet of Things (1oT), artificial intelligence,

and printed electronics [8]-[10].

1.2 Biosensor

Biosensors are analytical devices that integrate receptors and physicochemical
transducers for investigating a biological event, such as antibody-target binding [11]-
[13]. The change in the monitored biomolecular interaction is selectively recognized as a
signal change by the transducer. The receptors in a biosensor are biological or synthetic
molecules that recognize an analyte of interest and share information about the
investigated biological event. Molecularly imprinted polymers [14], aptamers [15], DNAs
[16], enzymes [17], and even cells [18] can be utilized as receptors. They can quantitively
recognize many different analytes, e.g. molecules, proteins, nucleic acids, toxins, whole
viruses or cells, bacteria, extracellular vesicles, and more (Figure 1.2), and utilize them
for the diagnosis and prognosis of diseases [19]-[21]. The transducer of a biosensor is a
platform that converts a biological event into a measurable signal [22]. They serve as a
bridge between the quantification and recognition of analytes (Figure 1.2). Transducers
can vary by the working principle of the physicochemical. Electrochemical [23], optical
[24], piezoelectrical [25], thermal [26], and magnetic [27] transducers are some of the

most utilized platforms in biosensors.
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Figure 1.2: Elements of a biosensor are placed over a 2D graphene layer [28]

The first biosensor, developed by Professor Leland C. Clark in 1962 for
monitoring oxygen levels in the blood during cardiopulmonary bypass, utilized two
simple materials: platinum electrodes (working and reference) and a polyethylene
membrane containing the enzyme Glucose Oxidase [29], [30]. Over time, biosensors have
incorporated various materials in different forms to enhance their performance. Paper
[31], thin films, nanoparticles, chemically patterned or functionalized surfaces [32], [33],
two-dimensional (2D) substrates [34], membranes [35], [36], and photonic crystals [37]
can be listed as examples of these materials. Each of these materials brings a unique
property to the biosensors. For example, 2D materials provide high sensitivity, high
surface-to-volume ratio, and robustness. These features are exploited for the analysis of
surface adsorbing low-concentration analytes [38]. However, their fabrication and device
integration are challenging in geometry, size, and alignment inconsistencies [39]. Another
example is paper-based systems owing to inexpensive, robust, and easy to functionalize
fashions [40]. They also enable passive fluid transport through the capillary effect.

However, they mostly lack multiplexing and real-time monitoring [41]. Furthermore, they
4



may cause false positive or false negative results due to issues such as cross-reactivity
and concentration values lower than the LOD [15]. The usage of each material and the
type of each biosensor provide various advantages and disadvantages. To assess this in a
controlled manner, some performance parameters are introduced to the biosensor-realm
[42]-[44]. Common performance parameters for biosensors include limit of detection
(LOD) [45], dynamic range [46], sensitivity and specificity, response time [47], stability
and reusability [48], reproducibility [49], accuracy [49], resistance to interference and
matrix effects [50], and shelf life [51]. For example, the LOD is the lowest concentration
value that a biosensor can reliably detect and distinguish from background noise [52]. It
represents the sensitivity of the assay and becomes particularly significant when dealing
with low-concentration analytes in bodily fluids. A wide dynamic range provides the
measurement of both high and low concentration values with accurate and reliable signal
[53]. Providing all of these performance parameters in a single device is the ideal
condition for ensuring optimal biosensor performance. Yet, in practice, achieving the
utmost potential of each parameter concurrently represents a challenge since
enhancements in one parameter may be accompanied by drawbacks in another. This
trade-off becomes evident during the design and development of biosensors.

To understand this trade-off, it is critical to overview the benefits and drawbacks
associated with the utilization of various transducers on biosensors. Each transducing
platform offers unique capabilities and limitations that can impact the overall
performance of the biosensor. By considering these factors, researchers can make
informed decisions about which performance parameters to prioritize based on the
specific application requirements. For example, electrochemical biosensors mostly
provide cost-effective, low LOD, and rapid measurements [54]. However, they interfere
with matrix effects in complex samples and sensor surfaces are suspected to fouling which
can impair the sensitivity [55]. Piezoelectric biosensors also perform highly sensitive,
label-free and real-time measurements [56]. However, they are complex and require
frequent calibration [57]. On the other hand, optical biosensors mostly provide label-free,
real-time, high-sensitive, and multiplexed detection of many analytes [58]-[60].Current
challenges associated with them are complex instrumentation [61], device-cost [61], [62],
sample matrix interaction [63], and limited penetration depth. The impact of these

challenges can vary between different subtypes of optical biosensors.



1.2.1 Optical Biosensors

Optical biosensors qualitatively and quantitatively recognize biological events
through changes in optical properties upon the analyte interaction. The signals mostly
include refractive index, absorbance, reflectance, and scattering in these biosensing
modality. Each of these signals is generated through different optical phenomena that
occur between the material and light. For instance, the change in inelastic scattering of
light can be observed through the optical phenomenon of Raman scattering, where
photons interact with molecules of interest, causing shifts in energy values of their
vibrational and rotational modes [64]. Additionally, Raman scattering signals can be
amplified by integration of metal nanostructures (Surface-enhanced Raman
Spectroscopy, SERS), exploiting the confinement of the electromagnetic field at the
nanoscale. Another example of optical biotarget detection is the change in resonance
reflection/transmission of photonic crystals after analyte capture. The shift in resonance
occurs because of the localized changes in crystal dielectric permittivity upon target
interaction [65]. Whispering-gallery mode (WGM) [66], surface plasmon resonance
(SPR) [67], localized surface plasmon resonance (LSPR) [68], and reflectometric
interference spectroscopy (RIfS) [69] can be given as the other examples of optical
biosensor types.

In addition, optical biosensors can be categorized based on the utilized optical
signal transduction mechanism. Each type of optical biosensor offers different benefits
and drawbacks depending on the nature of the optical signal and materials used. For
instance, advanced fluorescence biosensors can provide multiplexed analysis of
biomarkers at the resolution of a single molecule [70]. However, this ultra-sensitivity may
accompanied by higher costs and the need for complex designs [71]. Metal nanoparticles
are also widely used in lateral flow assays (LFAS) for detecting pregnancy (via human
chorionic gonadotropin hormone, hCG) [72], COVID-19 [73], and even cancer [74].
However, LFAs have inherent limitations in sensitivity as they often rely on bioreceptors
through immunoassays and mainly provide semi-quantitative or qualitative results [75].
Among optical biosensors, plasmonic biosensors, such as SPR and LSPR, offer high

adaptability to POC conditions due to their portability and high sensitivity [76]. The main
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challenge currently faced by these biosensors is the need to develop scalable products that

can reduce overall costs while maintaining their high sensitivity.

1.2.2 Plasmonic Biosensors

Plasmonic biosensors have garnered significant interest in the last decades [67],
[76]-[78]. They utilize propagating surface plasmon polaritons (PSPPs) between metal
surface and the dielectric medium, and these PSPPs form an evanescent electromagnetic
(EM) field on the dielectric medium of the biosensor (up to 100 nm in metal surfaces and
few nanometers in metal nanoparticles) which is highly sensitive to the changes in
refractive index [76]. Biomarker interactions on a biosensor cause a change either in the
refractive index or in the wavelength of the resonance [79].

Briefly, utilizing SPR biosensors offer real-time and label-free detection of
biomarkers, allowing for rapid and continuous tracking of biomolecular binding events.
SPR can be harnessed or enhanced throughout many materials including thin metal films
[80], [81], metal nanoparticles [82], [83], 2D materials (such as graphene [84], transition
metal dichalcogenides [85], MXenes [86], and more), and metasurfaces [87]. However,
SPR-based biosensors encounter challenges in achieving to detect low molecular weight
compounds at minute concentrations [88]. In addition, multiplexing [89], [90] and surface
fouling in complex media [91] are also considered as the exiting difficulties of the field.

Metasurfaces have potential to tackle these challenges by improving LOD
with greater near EM field enhancement of periodically formed metal nanostructures and
allowing for the detection of small molecules [92]. The periodic structure of these
materials can be also harnessed for multiplex detection by the usage of complementary
metal-oxide semiconductor (CMOS) or charge-coupled device (CCD) cameras [93].
Integrating antifouling coatings, such as zwitterionic polymers [94], of the metasurface
can also address the surface fouling limitation for not only SPR-based system and also
for the other modalities [95].

On the other hand, plasmonic biosensors can be incorporated into compact and
portable devices, enabling applications in POC settings and decentralized healthcare [96].
Their integration with microfluidics reduces sample volume and provides high-

throughput measurement with separated channels or chambers [97]. With their
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exceptional sensitivity, real-time detection capability, versatility, and potential for
integration, plasmonic biosensors have emerged as a promising platform for various

biomedical and diagnostic applications.

1.3 Surface Plasmon Resonance

Surface plasmons (SPs) are electromagnetic waves that propagate along a surface
and are formed by the collective oscillation of free electrons trapped between a dielectric
interface and a conductor surface. These oscillating free electrons create a plasmonic
resonance, which is responsive to changes in surface charge oscillations and the
electromagnetic field of light. By incorporating subwavelength nanoplasmonic structures,
it becomes possible to confine the electromagnetic field within dimensions smaller than
the wavelength, potentially enhancing sensitivity.

The interaction between the surface charge density and the electromagnetic field
(Figure 1.3 a) yields two outcomes. Firstly, the momentum of the SP, Ziksp, mode exceeds
that of a free-space photon, %ko, with the same frequency (Figure 1.3b). This momentum
increase in the SP mode arises from the binding of the SP to the surface, and it is crucial
to establish a connection between the incoming light and SP at the same frequency to
generate SPs. Secondly, the interaction between the surface charges and the surface
propagating electromagnetic field leads to the generation of a perpendicular
electromagnetic field. This field exponentially decays in strength as the distance from the
surface increases (Figure 1.4) from both the dielectric (8q4) and metal layer (6m). This
evanescent field is a consequence of non-radiative SPs being bound to the surface,

preventing their propagation away from the surface.
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Figure 1.3: The interface between a metal and a dielectric host surface plasmons (SPs),
exhibit distinctive dispersion curves. b) A momentum mismatch exists between the SP's
momentum (ksp) and that of a free-space photon (ko) at the same frequency. ¢) When a
periodic pattern is applied to the metal surface, it forms an SP photonic bandgap. d) This
periodic patterning enables the creation of a stop-gap for SPs, known as the SP stop gap
[98].

The momentum mismatch can be addressed through three distinct methods:
Firstly, the utilization of a prism enhances the momentum of the incident light, facilitating
coupling with the momentum of SPs. Secondly, introducing topological defects on the
surface, such as nanoscale holes or bumps, enables the localized generation of SPs
through scattering. Lastly, metallic diffraction gratings (Figure 1.3c) can be employed to
couple the momentum of SPs and incident light by leveraging the scattering of light from
the grating structure. When the metal surface is textured periodically, it can result in the
creation of a stop-gap for SPs known as an SP photonic bandgap. This bandgap occurs
when the period of the texture is half the wavelength of the SP, as depicted in the
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dispersion diagram. Within this bandgap, SP modes with frequencies between the upper
(o) and lower (@) band edges are unable to propagate (Figure 1.3 d). This periodic
texturing can be extended to two dimensions, effectively blocking SP propagation in all
in-plane directions and forming a complete bandgap for SPs. At the band edges, there is
a high density of SP states, which significantly enhances the associated electromagnetic
field.

I E,|

Figure 1.4: Metal (dm) and dielectric (34) decay lengths of the evanescent electromagnetic

field that is perpendicular to the plasmonic metal surface [98].

1.4 Plasmonic Metasurfaces

Plasmonic metasurfaces are artificially engineered interfaces that exhibit unique
optical properties due to their subwavelength-scale structural features and the collective
behavior of plasmons.

They are designed to manipulate and control light at the subwavelength level by
tailoring the arrangement, size, shape, and composition of nanostructured metal elements.
Metallic or dielectric nanoparticles [99], nanowires [100], nanorods [101], nanoholes
[102], bowties [103], or nanoslits [104] are examples of metasurface building blocks. By
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arranging these structures in periodic or aperiodic patterns, plasmonic metasurfaces can
achieve properties that are not found in naturally occurring materials.

These metasurfaces possess the extraordinary ability to control light in ways such
as subwavelength imaging [105], negative refraction [106], enhanced light-matter
interaction [107] and even achieving cloaking effects [108]. This is achieved by
exploiting phenomena like surface plasmon resonances [109], extraordinary optical
transmission [110], and negative refractive index [111]. By engineering the geometry and
composition of the metasurface, researchers can precisely control the interaction between
light and matter, enabling novel functionalities and unprecedented optical properties.

The fabrication processes for the periodic building blocks of plasmonic
metasurface primarily involve electron beam lithography [112], ion-beam milling [113],
nanoimprint lithography [114], and self-assembly techniques [115]. Nevertheless, the
challenge of cost-effective large-scale fabrication of plasmonic metasurfaces persists,
despite advancements in their applications. This hinders the widespread and inexpensive

usage of metasurfaces in POC applications.

1.4.1 Scalable Plasmonic Metasurfaces for Biosensing

Applications

Plasmonic metasurfaces consist of subwavelength nanostructures or meta-atoms
arranged on a planar surface, effectively confining the electromagnetic field to the vicinity
of the surface. These platforms have emerged as promising optical biosensors for rapid
and highly sensitive detection of biomarkers. However, their fabrication processes often
involve expensive and time-consuming methods, limiting their integration into POC
biosensors on a large scale.

Efforts are being made to address this challenge [116]-[120]. R. Ahmed et al.
proposes a solution by utilizing digital versatile discs (DVDs) as grating substrates,
eliminating the need for complex nanofabrication techniques and reducing associated
costs [120]. DVD substrate has an intrinsic polycarbonate (PC) templated grating
structure which provides periodic geometry for the metasurface fabrication eliminating

the need for the nanostructure formation step, enabling a Fano resonance. Fano
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resonances have an asymmetrical sharp peak followed by a dip that is formed by the
constructive interference of broad and narrow resonance. The PC surface can also be
chemically etched for changing the geometrical parameters (width, height) of the gratings
(Figure 1.5). The consequent geometrical change in the grating structure has allowed
tuning the plasmonic resonance of the metasurface. This platform provides the real-time
detection of rec-gp120 protein that is located on HIV-1 viruses. This device represents a

significant advancement in the cost-effective and scalable production of plasmonic POC
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Figure 1.5: Grating structure and cross-sectional representation of the DVD metasurface
[120].

However, there is a need to further enhance the sensitivity of the signal for
tracking minute concentrations of biomarkers, such as amyloid beta and tau [121],
circulating and tumor originated cells and nucleic acids [122], extracellular vesicles
[123], for the early diagnosis of many diseases. Signal enhancing methods can be
employed to achieve this. Furthermore, to meet the RE-ASSURED criteria of POC
biosensors, the optical measurement setups employed for monitoring changes in
plasmonic resonance should prioritize affordability and portability. For instance,
platforms equipped with LED sources [97], [120] and cost-effective detectors, such as
portable spectrometers [120], CCDs [93], and SCMOS [97], featuring 3D printed bodies
[124] can offer cost-effective and easily transportable solutions.
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1.5 Sensitivity Enhancement on Plasmonic Platforms

The signal amplification in plasmonic arrays traditionally relies on field
enhancements achieved through near-field and far-field coupling, employing various
methods. One fundamental approach involves modifying the design of the plasmonic
surface to incorporate smaller periodic structures such as nanorods, nanowires, cavities,
and nanoparticles [125]. However, fabricating these nano-scale subwavelength
dimensions on plasmonic surfaces increases the complexity and cost of the fabrication
process [126].

To address these challenges, researchers have explored alternative strategies such
as integrating metallic nanoparticles with surface coatings [127], [128], modifications
[129], antibodies [68], and aptamers [130], aiming to reduce the fabrication cost of small-
sized nanostructures. Furthermore, the utilization of emitting and radiative materials other
than nanoparticles is becoming progressively more prominent. Examples include
fluorescent proteins [131], luminescent metal-organic frameworks (MOFs) [132],
upconversion nanoparticles [133], and quantum dots [134]. These elements offer stronger
coupling effects through methods like enhancing and inhibiting spontaneous emission
inside a cavity and coupling to plasmonic surfaces.

Fluorescent targets, in particular, have been employed to increase the sensitivity
of plasmonic platforms by monitoring changes in emission intensity [135] and plasmonic
resonance [136]. Plasmonic-enhanced fluorescence biosensors represent a rapidly
growing field with diverse applications in biomarker detection [137]. However,
conventional fluorescence tracking often relies on specialized equipment like confocal
and wide-field fluorescence microscopes, which require bulky and costly detectors such
as photomultiplier tubes (PMTSs) and avalanche photodiodes (APDs) [138]. This reliance
on specialized equipment can significantly increase costs and hinder the portability of
fluorescence tracking setups.

In the literature, there are limited examples of biosensors that utilize plasmonic
resonance tracking for fluorescence-enhanced plasmonic detection [136], [139]. This
poses a challenge for researchers to develop affordable and portable plasmonic biosensors
capable of tracking fluorescence signals coupled with plasmonic resonance. Overcoming

this challenge would enable the development of more accessible and versatile plasmonic
13



biosensing platforms, facilitating the integration of fluorescence tracking with plasmonic

enhancements.

1.6 Coupling Fluorescence and Plasmonic Devices

The energy transfer mechanism of the fluorescence-plasmon coupling is
influenced by the distance between fluorophore and plasmonic surface, the spectral
overlap between fluorescence and plasmon, and the geometry of the plasmonic structure,
such as the size of the nanoparticle [140]-[143]. The plasmonic response of the metallic
nanostructures is determined by their size and shape, leading to two possible outcomes.
In the case of small nanoparticles (less than 15 nm), electron scattering dominates,
causing the plasmons to absorb incoming light and convert it into heat [140].
Alternatively, in larger structures, radiative damping dominates over plasmonic decay,
allowing the plasmon to re-radiate to the far-field [140]. Depending on the size and shape
of the metal nanostructure, the outcome of the light propagation differs.

The energy transfer between the fluorophore and surface plasmon is primarily
influenced by the separation distance between them. When this distance falls within the
range of ~1-10 nm, a non-radiative energy transfer occurs where no photons are emitted
during the process. This type of energy transfer is described by the lossy surface waves.
The lossy surface waves are surface trapped plasmons and their energy cannot be
recovered as a useful signal [141]. As a result, the quenching of the fluorescence near the
metal surface is observed due to the optical constrains formed at the short fluorophore-
surface plasmon separation distance [141].

Instead of undergoing a non-radiative decay, both the signal of the plasmon and
fluorescence can be enhanced near the metal surface. The electromagnetic description of
the fluorescence enhanced-plasmonic radiation was briefly explained as the far-field
radiation of fluorescence coupled plasmonic signal [140], [141], [144], [145]. This effect
occurs after the separation distance increases up to a distance where the non-radiative
lossy surface waves are no longer dominant over the plasmonic radiation. The reason of
the enhancement is attributed to increase in the local incident field of fluorophore [146]
and the modification of the local density of optical states (pLpos) within the cavity. pLpos

is represented by the number of ways an electromagnetic wave can interact with the
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fluorophore and is normalized to the incident intensity (Equation 1.1). Consequently, the
overall radiation rate is enhanced compared to radiation in free space when the LDOS

reaches its peak at the resonance wavelength.

prpos(@) = |Ejpc(w)|? (1.1)

The fluorescence-coupled plasmonic radiation is amplified when the resonance of
the plasmonic scattering or absorption spectrum aligns with the fluorescence spectrum,
accompanied by changes in the LDOS [140], [147]. The enhancement and quenching of
the fluorophore-coupled plasmonic radiation is also strongly influenced by the spectral
overlap between the plasmonic resonance and the fluorescence spectrum. The spectral
overlap region of the fluorescence spectrum (excitation/emission) determines the result
between the fluorophore and metal-surface interaction. Fluorescence-coupled plasmonic
radiation can be obtained by both coupling the excitation and emission spectrum with the
fluorescence spectrum [148], [149]. In summary, achieving fluorescence-enhanced
plasmonic radiation requires the optimization of the spectral overlap and separation
distance. These factors should be carefully arranged together for maximizing the desired

enhancement effects.
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CHAPTER 2

2. ALZHEIMER’S DISEASE

Biosensors are analytical tools to enable us to understand diseases, thereby paving
the way to diagnose a specific type of disease through biomarker and receptor interactions
[150]. In this study, Alzheimer's Disease was chosen as the disease model to evaluate the
biosensor performance of fluorescence-coupled plasmonic metasurfaces. The primary
objective of the research was to develop a biosensor for early-stage diagnosis of
Alzheimer's Disease through serum biomarkers. By utilizing fluorescence-coupled
plasmonic metasurfaces as biosensors, the study remarked on the impact of dementia and
aimed to address the existing challenges in POC platforms for Alzheimer's Disease

diagnosis.

2.1 Dementia

Dementia is a broad definition that refers to a set of illnesses impacting cognitive
skills such as memory, thinking, and the capacity to execute daily tasks. Dementia can be
caused by several factors that damage nerve cells and harm brain over the time. This
frequently results in a decrease in cognitive function (the ability of thinking) that is
exceeding what would be expected from biological aging. Dementia impacts not only on
the patients, but also it has social and financial implications for their caretakers, relatives,
and the society. Insufficient consideration and comprehension of dementia frequently
lead to stigmatization and challenges for the diagnosis and care of the condition.
Dementia may arise due to a variety of neurodegenerative disorders or brain injuries that
lead to direct or indirect harm. Alzheimer's disease is the most prevalent reason for
dementia, accounting for more than half of the global dementia cases. However, the
syndrome is additionally affected by additional disorders such as Lewy bodies and
frontotemporal dementia. Other factors contributing to dementia include stroke, HIV

infection, excessive alcohol consumption, repeated brain injuries, and nutritional
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deficiencies. It is worth to note that different forms of dementia can coexist, including
mixed forms resulting from multiple causes [151].

Moreover, statistically, dementia affects a significant number of individuals
worldwide, with approximately 55 million cases in 2020 and nearly 10 million new cases
emerging each year [152]. It stands as a leading cause of disability and dependency among
elderly globally and ranks as the seventh leading cause of death overall. The economic
impact of dementia is substantial, with global costs reaching 1.3 trillion US dollars in
2019.

2.2 Alzheimer’s Disease (AD) and Neuropathology of
AD

Dr. Alois Alzheimer, a notable neurologist, observed distinct abnormalities in the
brain tissue of a deceased individual suffering from dementia. These abnormalities
manifested as plaques and tangles [153]. Plaques, which are insoluble accumulations,
were identified as aggregates of amyloid-beta (AP), a crucial peptide in the field of
neuropathology. The amyloid precursor protein (APP) undergoes successive cleavages
by B- and y-secretases, forming various amyloid beta deposits with different amino acid
sequences, ranging from 37 to 49 [154]. The most well-known variants are APao and Apao.
AP peptides tend to misfold and form soluble oligomers, which aggregate into larger,
insoluble fibrils. Over time, these fibrils accumulate into amyloid plaques (Figure 2.1 a).
The neurotoxic nature of AP peptide is still under investigation, as multiple species have
been identified [155]. However, their presence inside neurons has been linked to impaired
cellular signalling [156] and synaptic plasticity [157], which can defect the functions of
memory formation and retrieval in the brain.

The clearance of AP peptides by microglia also plays a significant role in the
pathology of Alzheimer’s disease (AD). However, the process of AP clearance can trigger
the release of inflammatory cytokines and subsequent neurodegeneration. Moreover,
microglia can phagocyte synapses further contributing to synaptic dysfunction and
neuronal death [158], [159]. These abnormalities disrupt normal patterns of information
stored in the brain.
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Figure 2.1: Neuropathological pathways of AP and tau. a) Cleavage of APP and Af
plague formation (Created with Biorender®), b) comparison of healthy and
unhealthy/modified tau proteins in microtubules, formation of NFT [160], c) cell-to-cell

spread of tau and resulting cognitive decline [159].

Another pathological pathway of AD is tau—found in microtubules, which
maintains the molecular transport within axons. In the context of AD, tau undergoes
modifications, leading to the formation of aggregated structures known as neurofibrillary
tangles (NFT) [160]. This disruption of molecular transport ultimately results in neuronal
death (Figure 2.1 b). Additionally, tau has been observed to spread between neurons
[159], causing the conversion of healthy tau proteins into modified forms and accelerating
the progression of neuropathology (Figure 2.1 ¢). Overall, both AB and tau are widely
accepted as pathological indicators of AD and utilized as biomarker profiles for the

biological diagnosis of AD.
2.3 Biological Diagnosis of Alzheimer

Initially, AD was considered solely as a clinical syndrome, and the diagnosis has
been made with only clinical symptoms without including neuropathological
identification. There has been a movement, meanwhile, toward a biological explanation
for AD as our understanding of the underlying molecular pathways has increased. The
need for a more precise diagnostic approach to AD became vital as researchers realize the
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relevance of identifying and intervening in the syndrome before the onset of symptoms
during the preclinical phase. Regrettably, clinical settings often struggle with an accurate
diagnosis, with approximately one in four patients receiving an incorrect diagnosis,
making early detection of AD challenging [161].

The National Institute on Aging and the Alzheimer's Association (NIA-AA)
established a set of diagnostic guidelines for staging AD patients in 2011 which assists
the decision-making process and provides the framework for further research [162].
These guidelines introduced the concept of AD without symptoms, but with detectable
biomarkers. Various biomarkers have since been utilized for the diagnosis of AD.
Measuring AP42 or the AB42/AB40 ratio inside cerebrospinal fluid (CSF) or amyloid
positron emission tomography (PET) imaging are available biomarkers for the detection
of AP deposits [163]. The presence of aggregated tau, which forms neurofibrillary tangles
(NFTs), can be detected using CSF phosphorylated tau or tau PET imaging [164].
Additionally, other biomarkers such as anatomic magnetic resonance imaging (MRI)
[165], fluorodeoxyglucose (FDG) PET [166], and CSF total tau [167] have emerged,
providing insights into neurodegeneration and neuronal injury.

Furthermore, in 2018, the NIA-AA proposed a new research framework called the
ATN framework, which aimed to redefine and stage AD based on a purely biological
perspective, integrating both asymptomatic and symptomatic stages. The ATN
framework classifies biomarkers into three general groups: 'A' for Af plaques derived
biomarkers, 'T" for NFT-originated biomarkers, and 'N' for neurodegeneration and
neuronal injury-originated biomarkers [168], [169].

Conventional AD detection methods, such as CSF, MRI, and PET-based
techniques, have shown to be useful for accurately diagnosing AD pathology. However,
these methods have notable limitations. For instance, CSF collection through lumbar
puncture is an invasive procedure and requires surgical skills [170], while imaging
methods like PET and MRI are costly and they cannot be widely accessible, particularly
in developing countries. As a result, these methods do not meet the RE-ASSSURED
qualifications (detailed in Chapter 1) and their common clinical usage is limited in
resource-scarce settings. Hence, there is a great and unmet need for the development of

more affordable and less-invasive diagnostic platforms for AD.
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In addition to collecting biomarkers from CSF, the utilization of blood biomarkers
for AD diagnosis is a promising and emerging approach that reduces the invasiveness of
specimen collection and allows for easy integration into existing immunochemical tests
and biosensors, facilitating widespread AD diagnosis. Among the commonly used blood
biomarkers for AD, plasma AB42/AB40, phosphorylated tau (p-tau), plasma
neurofilament light (NfL), and plasma glial fibrillary acidic protein (GFAP) are
prominent [171], [172]. However, a major challenge with these biomarkers is their
extremely low concentrations (Figure 2.2 b) in blood due to their transfer through blood-
brain barrier (Figure 2.2 a) [172]. Consequently, current detection methods for plasma
biomarkers require high sensitivity, predominantly found in benchtop instruments like
immunoprecipitation-mass spectrometry (IP-MS), enzyme-linked immunosorbent assay
(ELISA), electrochemiluminescence immunoassays, single molecule arrays, and
immune-infrared sensors [171], [173] . To advance the practicality of blood-based AD
diagnosis, the development of more sensitive and accessible detection methods is crucial,

enabling wider adoption and improving early detection and management of AD.

a) b)

Brain Concentration Concentration

Biomarker () \ in CSF in blood

Blood=brain barrier .

Figure 2.2: AD Biomarker mechanicm from brain to blood. a) The transfer of AD

Blood

biomarkers through blood-brain barrier, b) the concentration drop in AD biomarkers
during the transfer brom blood-brain barrier [172].

2.4 Aim of This Study

This study utilizes plasmonic metasurfaces coupled with fluorescence molecular
emitters to construct hybrid (fluorescence and plasmonics) biosensors that demonstrate

high sensitivity against targeted biomarkers, while being simultaneously scalable and
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cost-effective. The geometry of the metasurface design is chosen as one-dimensional
grating. These grating structures are readily found in DVDs, and they can be converted
into a metasurface by coating thin metal films at nano-scale. Furthermore, the utilization
of grating structure rather than a flat surface eliminates the requirement for a high-
refractive index medium to facilitate momentum coupling between surface propagating
plasmons and incident light, thereby minimizing more sophisticated optical set-up,
including a prism to couple this momentum mismatch. DVD-templated metasurfaces are
further combined with fluorescently conjugated surface modifications for obtaining
hybrid plasmonic biosensors. The surface modifications are varied as short, medium, and
long distances to control the separation distance between the plasmonic surface and
fluorophore. The optimum surface modification is selected to maximize the signals. AD
is used as a model disease for the biosensor, with A4z and tau serving as biomarkers.
However, the biosensor can be adapted to detect any other disease and biomarkers by
simply replacing the bioreceptor. The plasmonic signal is monitored using a portable
spectrometer and light source, a 3D-printed optical setup, and a MATLAB-GUI interface.
This thesis introduces a novel approach for coupling plasmonic metasurfaces and
fluorescent molecules; provides a versatile strategy for adjusting the separation distance
through surface modifications; and offers a cost-effective, scalable, and highly sensitive

platform for the early diagnosis of AD.
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CHAPTER 3

3. MATERIAL AND METHODS

3.1 Materials

Methanol, bovine serum albumin (BSA), and 3-Mercaptopropanyl-N-
hydroxysuccinimide ester (3-MNHS) were purchased from Sigma-Aldrich (St Louis,
MO, USA). Absolute ethanol, isopropanol, glycerol, and acetone were obtained from
Isolab (Isolab, Istanbul, Turkey). Avidin-FITC, avidin-Texas Red, streptavidin-Qdot 525,
streptavidin-Qdot 625, and normal human serum were purchased from Invitrogen
(Carlsbad, CA, USA). Phosphate Saline Buffer (PBS) tablets were obtained from
Biomatik (Ontario, Canada). SH-PEG-Biotin (Molecular Weight, MW: 600) and SH-
PEG-Biotin (MW: 2000) were purchased from NANOCS (New York, NY, USA). The
Human Tau colorimetric ELISA kit was purchased from Novus Biologicals (Cambridge,
UK). Recombinant Tau-441 (2N4R), Biotin-anti-Tau (189-195), and Human p-Amyloid
Peptide (1-42) were obtained from Biolegend (San Diego, CA, USA). The Amyloid beta
42 Human ELISA kit, biotinylated beta-Amyloid (1-42) polyclonal antibody, and avidin
were purchased from Thermo Scientific (Waltham, MA, USA). HP (Palo Alto, CA, USA)
brand DVD-R discs were used as the grating substrate for plastic-templated metasurfaces.
Gold (999.9) and silver (999.0) metals were obtained from Istanbul Gold Refinery
(Istanbul, Turkey). All chemicals were used without any pre-processing, and water was

supplied as distilled water from the UNAM facility.

3.2 FDTD Simulation of the Metasurface

The optical response of a DVD-templated metasurface was simulated using finite-
difference time domain (FDTD) numerical software (Lumerical, Ansys) (Canonsburg,

PA, USA). The simulation involved a three-dimensional grating structure of the
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metasurface with specific dimensions (width = 450 nm, height = 25 nm, and period = 730
nm). The metasurface was composed of different layers on a substrate, including
polycarbonate (n = 1.58), followed by titanium (10 nm), silver (30 nm), and gold (15 nm).
The optical properties of the metal layers were determined using Palik's model for
titanium [174] and Johnson and Christy's model for silver and gold [175]. The simulation
used periodic boundary conditions in the x-direction, symmetrical conditions in the y-
direction, and perfect matched layer conditions in the z-direction. A plane wave with p-
polarization was employed as the light source, and refractive indices for both air (n = 1)
and water (n = 1.33) were considered. The absorption spectrum of the metasurface was
obtained by multiplying the normalized intensity of the reflection spectrum with the
utilized lamp (OSL2IR, 400 - 1750 nm) (Thorlabs, Newton, NJ, USA) intensity, and then,

subtracting the result from one (Equation 3.1).
1-R=A+4+T, T=0 (3.1)

3.3 Plasmonic Metasurface Fabrication

Optical discs (DVDs) were chosen as a material for generating the required grating
structure in this study. DVDs offer several advantages, including their availability,
affordability, stability, and lack of brittleness, eliminating the need for complex surface
patterning techniques such as lithography or nanoimprinting. DVDs consist of multiple
layers: a polycarbonate (PC) substrate, a reflective layer, a recording layer, and a
protective layer (Figure 3.1a). HP brand DVD-R model is utilized for DVD-templated
metasurface fabrication in this study.

Initially, in order to prepare the PC substrate for the grating structure, the top
protective layer is carefully separated from the underlying PC layer using a knife (Figure
3.1b). The resulting PC grating structure was then treated with an ethanol and methanol
mixture (1:1) to remove the reflective layer. Subsequently, a chemical etching process
was performed for 60 seconds to modify the nanoperiodicity (width, height, and slope).
To harness the plasmonic properties, the PC substrate was coated with titanium (5 nm),
silver (30 nm), and gold (15 nm) using a thermal evaporator (MiDAS PVD 3T, VAKSIS,
Ankara, Turkey) (Figure 3.1c). Metal sources were evaporated using tungsten boats
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(Midwest Tungsten Service) (Willowbrook, IL, USA) and the tooling factor of this
instrument was individually optimized with the assistance of an optical interferometer for
each material. Finally, the DVD metasurface was later cut into smaller pieces via scissors

for the next step, i.e., the microfluidic integration (mostly 15 mm x 15 mm).
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Polycarbonate #=—— |
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Reflective Layer = |

]
Polycarbonate | :

) — DVD c)

i (i)-Removal of the protective layer

l (ii)-Surface Cleaning

EtOH:MeOH (1:1) Thermal Evaporation

l (iii)-Chemical Surface Etching Au —————
@ Acetone: Isopropanol (1:4) Ag
60s Ti PC Substrate (DVD)

Figure 3.1: DVD-templated metasurface Fabrication. a) DVD layers, b) DVD substrate

cleaning and chemical etching, and c) thermal evaporation of DVD substrate.

3.4 Microfluidic chip preparation

Microfluidic chips were produced via a non-lithography method, i.e., laser-cutting
the substrates. Poly (methyl methacrylate) (PMMA, 2 mm of thickness) was chosen as
the top transparent layer of the microfluidic channel, and a double-sided adhesive (DSA,
50 um of thickness) layer was selected as the adherence layer between the metasurface

and PMMA, thereby forming the channels on the metasurface. The design parameters
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were drawn using RDWorks software (Thunder Laser, Dongguan City, Guangdong
Province, China) and accordingly, DSA and PMMA were cut into desired shapes with a
laser cutter (LazerFix) (Konya, Turkiye). A stretched hexagon was chosen as the shape
of the microfluidic chamber, which was patterned (%15 power and 100 m/s speed) onto
the DSA layer (Figure 3.2a, Right). Inlet and outlet holes were patterned (%40 power and
40 m/s leaser head speed) onto the PMMA layer for providing a continuous flow inside
the microfluidic channel (Figure 3.2a, Left). The entire microfluidic chip was finalized
by assembling PMMA, DSA, metasurface, tubing and syringe tips (Figure 3.2b). The
tubings were attached to the PMMA inlet and outlet holes via epoxy (Pattex) (Henkel,
Dusseldorf, Germany). For adjusting the flow inside the microfluidic channels in a
controlled manner, a syringe pump (New Era Pump Systems Inc.) (Farmingdale, NY,
USA) was utilized. The sampling and washing flow rates were both determined as 10
pL/min for keeping shear stress along the surface minimum and increasing the possibility

of linker attachment to the metasurface.
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Figure 3.2: Integration of metasurface with microfluidic chip. (a) Schematic
representation of the microfluidic chip design, with the left side showing the PMMA
design and the right side illustrating the DSA design. (b) Components of the microfluidic

chip and final assembled design.
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3.5 Optical Setup and Software Interface for Data

Measurement

While measuring the signals, we focused on the collection of reflected light
through normal illumination from metasurface. In this regard, we monitored plasmonic
resonance within the UV-VIS spectrum through a portable and in-house-built optical
setup. This setup consists of three main components: (i) a portable Czerny-Turner charge-
coupled device (CCD) spectrometer (CCS175/M, 500-1000 nm) (Thorlabs, Newton, NJ,
USA), (ii) a fiber-coupled incoherent light source (OSL2IR, 400 - 1750 nm) (Thorlabs,
Newton, NJ, USA), (iii) various optical components including aspheric lenses (A240,
Thorlabs) (A240-A, Thorlabs) (Newton, NJ, USA), beam splitter (BS010, Thorlabs)
(Newton, NJ, USA), linear polarizer (LPVISC050, Thorlabs) (Newton, NJ, USA)
aperture (SM1D25, Thorlabs) (Newton, NJ, USA), and cosine corrector (CCSA1,
Thorlabs) (Newton, NJ, USA) that were integrated into a 3D printed platform, and a real-
time in-house data acquisition interface (MATLAB GUI code that flawlessly works
together with Thorlabs OSA commercial software) [176].

Initial measurements were conducted using either distilled water or PBS, which
provided a background signal. Once the background signals were collected, the analyte
of interest was introduced into the chip. The binding of the analyte to the surface resulted
in a change in the resonance signal, which was observed as a wavelength shift over time,
represented by an association curve. Eventually, the association curve reached to a stable
point, pointing out the saturation level of binding. To remove non-binding analytes from
the surface, a washing step (either distilled water or PBS) was performed. The difference
in wavelength between the background and after the washing step indicated the
corresponding change in resonance signals at the measured point, which was then
correlated to the concentration of the analyte applied.

3.6 Bulk Refractive Index Sensitivity Measurements

In order to assess the sensitivity, the metasurface was exposed to increasing

concentrations of glycerol solutions (1%-70%). The absorbance measurements of the
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glycerol concentrations were measured via the optical setup and the sequential increasing
glycerol concentration formed a ladder-type plot with a red-shifted response. The total
wavelength shift between water (0% of glycerol) and the highest glycerol concentration
(70%) was utilized for the measurement of refractive index sensitivity (S) and figure of
merit (FOM) values. These values were utilized as conventional performance metrics for

the assessment of plasmonic platforms [177].

3.7 Surface Modifications

Different than conventional plasmonic measurements, plasmonic enhanced
fluorescence was strategized in this study. In this manner, the separation distance between
the fluorophores and metasurface was critical to enhance plasmonic signals on the
metasurface. Hence, three different surface modifications were utilized for the integration
of fluorescence conjugated proteins onto the metasurface. The configurations include
three distinct linkers: (i) 3-MNHS as short-distance surface modification, (ii) thiol-PEG
600-Biotin as medium-distance surface modification, and (iii) thiol-PEG 2000-Biotin as

long-distance surface modification.
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Figure 3.3: The surface modifications with different lengths. Short (3-MNHS), medium
(SH-PEG-600-Biotin), and long (SH-PEG 2000-Biotin) are demonstrated from top to

bottom.

The estimated length values of these linkers were ~4 nm, ~6-10 nm, and ~16-20
nm for short, medium, and long-distance modifications, respectively. These values were
calculated using the size of avidin protein and the corresponding linker molecules.
Briefly, 3-MNHS was negligibly smaller than the size of avidin protein. Therefore, the
separation distance for short-distance modification was dominantly designated by the size
of avidin, which is approximately 4 nm [178] (Figure 3.3. Short). The size of the avidin
protein was determined using the Dynamic Light Scattering (DLS) method, yielding a
measurement of 6.4 = 1.1 nm. This value closely aligns with the literature value [178].
The length of medium and long-distance modifications was determined mostly by the
molecular weight of the PEG polymer. The correlation between PEG molecular weight
and the length of the polymer is determined in the following equation, where n is the

number of repeating ethylene glycols [179] (Equation 3.2).

28



PEGyw = 18.02 + (44.05 x n) (3.2)

The size of each ethylene glycol changed between 0.278-0.358 depending on the
molecular orientation [180]. By finding the n and multiplying it by the size of single
ethylene glycol, the length of PEG polymers (MW=600 and MW=2000) was calculated.
For instance, the molecular weight of PEG polymer is 600, and n is calculated as 13 units.
The length of repeating 13 ethylene glycols is calculated as 3.61-4.65 nm. By
implementing an avidin protein (~4 nm), the linker becomes 7.61-8.65 nm, representing
~6-10 nm (Figure 3.3, Medium). Likewise, the long-distance modification is calculated
as 16.7-21.9 nm, pointing out ~16-20 nm (Figure 3.3, Long).

The surface modifications were performed by the following procedure. Briefly, 3-
MNHS was prepared in ethanol solution (10 mM) and applied to metasurface by dip
coating it over 12 hours at dark conditions. The thiol group at the end of 3-MNHS
provides a dative metal bond between gold layer and sulfur atoms. The succinimide
groups provide covalent immobilization of fluorophore conjugated proteins by amide
linkages [181]. Both medium and long-distance modifications were prepared in distilled
water (10 mM) and applied for 15 minutes of microfluidic flow (10 pL/min). These
linkers were attached to the gold layer of metasurface via metal dative linker as same as
with short-distance modification. Biotin group at the end of the linkers provided a
connection element for the fluorophore conjugated proteins via avidin-biotin interactions.
All of the surface modifications were self-assembled onto the metasurface. Once all the
surface modification was achieved, the sensors were washed with distilled water for the

further experiments.
3.8 Fluorophore Integration

Fluorophores (FITC, Texas Red, Qdot 525, and Qdot 625) were obtained as
conjugated with either avidin (avidin-FITC and avidin-Texas Red) and streptavidin
(streptavidin-Qdot 525 and streptavidin-Qdot 625). The fluorophore conjugated proteins
bind to the surface modifications by amide-succinimide (short-distance modification) or
avidin-biotin (medium and long-distance modifications) interactions. They were applied

on top of surface modifications for either 3200 seconds (~53 minutes through 10 pL/min
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of flow rate, avidin-FITC and avidin-Texas Red) and 600 seconds (5 minutes through 10
uL/min of flow rate, streptavidin-Qdot 525 and streptavidin-Qdot 625) depending on the

association of the protein and the availability of material.
3.9 Antibody Integration

The antibodies (biotinylated anti-beta-Amyloid,1-42, polyclonal antibody)
(Thermo Scientific) (Waltham, MA, USA) (biotinylated anti-Tau, 189-195) (Biolegend)
(San Diego, CA, USA) were readily conjugated with biotin molecules for providing a
binding with fluorophore conjugated avidin proteins. These antibodies (10 pL of volume
and 25 pg/mL in PBS) were individually applied onto fluorophore conjugated avidin
molecules through the microfluidic chamber via micropipettes, and they were then

incubated at 4°C for overnight.
3.10 Biomarker Detection

In this study, recombinant Tau-441 (2N4R) (Biolegend) (San Diego, CA, USA)
and Human B-Amyloid Peptide (1-42) (Biolegend) (San Diego, CA, USA) biomarkers
were captured using a modified surface that integrated antibodies. Before the
measurements, the solution inside microchannels were changed with PBS, and therefore,
the background signal and washing step was conducted with PBS. The biomarkers were
then applied to the sensor surfaces at a flow rate of 10 uL/min for a duration of 20 minutes.
Additionally, the biomarkers were also studied in biological fluids, i.e., specifically
normal human serum (Invitrogen) (Carlsbad, CA, USA). In this case, the surface was
initially treated with BSA (1% prepared in PBS) for 20 minutes at a flow rate of 10
pL/min to prevent any non-specific binding. After this step, biomarkers were introduced

to the sensors.

3.11 ELISA

Enzyme Linked-Immuno-Sorbent Assay (ELISA) is a high-throughput and
quantitative biochemical tool for the detection of targets in biological specimens [182]. It
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iIs a widely used tool in clinical diagnosis and considered as the gold standard for
biomarker detection [183], [184]. The principle of ELISA depends on specific binding
between target molecule and antibody as a recognition element. The assay is consisted of
immobilized antibodies and signaling enzymes. The most common type of ELISA is solid
phase sandwich method. In this study, two different ELISA kits (Amyloid beta 42 Human
ELISA Kit, Thermo Scientific, Waltham, MA, USA; Human Tau colorimetric ELISA
Kit, Novus Biologicals, Cambridge, UK) were used, each one specific to a single AD
biomarker, tau-441 and af 1-42. Both of the kits involved mainly similar application

procedure.

3.11.1 AP ELISA Kit Protocol

The 96 wells of Amyloid beta 42 Human ELISA kit (Thermo Scientific)
(Waltham, MA, USA) were precoated with Ap 1-42 specific capture antibodies (Figure
3.4. step I). Per the manufacturer’s protocol, 50 pL of the standards, controls, and the
unknown specimens were initially added into capture antibody immobilized wells (Figure
3.4. step 11). Then, 50 puL of detection antibody was introduced to the wells for forming a
sandwich structure (Figure 3.4. step I11). The plate was then incubated for 3 hours at room
temperature with a constant shaking. After the incubation, the wells were aspirated and
washed with washing buffer for 4 times. Later, 100 puL of horseradish peroxide conjugated
anti-Rabbit immunoglobulin G (IgG HRP) antibody was further added to the wells and
incubated for 30 minutes at room temperature for completing three-member sandwich to
four-member with secondary antibody. During each incubation step the wells were
covered with a seal to prevent solvent evaporation. The excessive amount of IgG HRP
was removed from the wells by aspiration and following washing step. Then, 100 pL of
stabilizing chromogen—a compound that change color during oxidation, was added to
the wells and incubated at room temperature at dark conditions for 30 minutes. This step
enabled to remove the unbound HRP enzymes and produced a blue color with the bound
enzymes (Figure 3.4. step IV). After the incubation, 100 pL of stop solution was added
to the wells, which was later finalized color production, and the color turned from blue to
yellow (Figure 3.4 step V). The absorbance values of the wells were measured at 450 nm

using a plate reader (SpectraMax M5, Molecular Devices) (San Jose, CA, USA). The
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color intensity inside wells presented a biomarker concentration proportional with the

mean intensity of wells.

3.11.2 Tau ELISA Kit Protocol

The 96 wells of Human Tau colorimetric ELISA kit (Novus Biologicals)
(Cambridge, UK) were precoated with tau-441 specific capture antibodies (Figure 3.4.
step I). Similar to previous protocol, 100 uL of the standards, the controls, and the samples
were added into separate wells (Figure 3.4. step Il). After the addition, the plate was
covered and samples were incubated at 37°C for 90 mins. Then, the wells were aspirated
and 100 pL of biotinylated detection antibodies were added to the wells without any
washing (Figure 3.4. step I11). The plate was covered and incubated for an hour at 37°C.
After incubation, the wells were aspirated and 350 pL. wash buffer was applied to the
wells for 3 times. 100 pL of HRP conjugated avidin proteins were added to the wells
(Figure 3.4. step 1V). Then, plate was covered and incubated for 30 minutes at 37°C. After
incubation, the wells were again aspirated and washed for five times (350 puL wash
buffer). 90 pL of enzyme substrate was added and incubated for 15 minutes at 37°C after
the plate was sealed. Then, 50 uL of stop solution was added to each well (Figure 3.4.
step V). Lastly, the optical density values of the wells were measured at 450 nm using a
plate reader (SpectraMax M5, Molecular Devices) (San Jose, CA, USA).
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Figure 3.4: Main steps of the ELISA protocols: (I) immobilized capture antibody, (I1)
target addition, (111) addition of detection antibody, (V) addition of HRP, and (V) target
concentration specific color change (Created with Biorender®).

3.12 Characterization Methods

Characterization methods were applied for analyzing surface modifications,
antibodies, separation distance, and fluorescence behavior of the protein conjugated
surface modifications. The chemical investigation of surface modification was
determined using X-ray Photoelectron Spectroscopy (XPS) and Fourier-Transform
Infrared Spectroscopy (FTIR). The chemical investigation of antibodies was determined
using FTIR. The separation distance was characterized using Atomic Force Microscopy
(AFM) and Laser Scanning Confocal Microscopy (LSCM). The fluorescence spectrum
of the fluorophore conjugated proteins was obtained using Time Resolved Fluorescence
(TRF). The fluorescence images were captured using epifluorescence upright

fluorescence microscope.
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3.12.1 Fluorescence Image Acquisition and Analysis

The fluorescence intensity measurements of the conjugated proteins were
measured with an epifluorescence upright fluorescence microscopy (Axio Observer,
ZEISS) (Jena, Germany). In the system, a LED source with 475 nm (%20 intensity) was
utilized for the excitation of avidin-FITC (Invitrogen) (Carlsbad, CA, USA) . The images
were taken with 100x objective and 150 ms exposure time, and then, analyzed using
Image J (National Institutes of Health, NIH) (Stapleton, NY, USA) software. The images
of fluorescent proteins were isolated inside a 4x4 pixels region of interests (ROIls) after
background subtraction (rolling ball radius: 50 pixels). The mean intensity values of 5
similar ROIs from each surface modifications were extracted using histogram analysis

and compared with each other.

3.12.2 Fluorescence Spectra Measurement

The excitation and emission spectra of fluorophore-conjugated avidin proteins
including avidin-FITC, avidin-Texas Red, streptavidin-Qdot 525, and streptavidin-Qdot
625) were characterized using Time-Resolved Fluorescence (TRF) (Fluorolog 3 FL-1057,
HORIBA JVON, Edison, NJ, USA). The instrument employed a broad-spectrum Xenon
lamp with a maximum emission at 467 nm. To determine the precise excitation and
emission spectra of the conjugated proteins, company provided maximum excitation and
maximum emission wavelengths were initially used as the estimated values. The
estimated excitation maximum values were then used to measure the emission spectrum,
and the resulting maximum emission wavelength was used to measure the excitation
spectrum. The acquired excitation maximum wavelength was compared with the initial
estimate. If they were not equal, the initial estimate was updated, and the process of
finding emission spectrum was repeated. This process was continued until estimated
excitation/emission maximum values became equal with the measured

excitation/emission maximum values.
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3.12.3 Dynamic Light Scattering (DLS) Analysis of

Proteins

The size of avidin protein was measured using DLS instrument (Zetasizer Nano
ZS, Malvern Panalytical) (Malvern, UK). This method determines the diffusion rate of
the particles inside a solution using the fluctuation in the intensity of the scattered light.
The fluctuation provides information over Brownian motion of the particles which is
further correlated to a fit model. The model describes the hydrodynamic diameter, shape,
and interactions of the particles with the surrounding medium. To accurately measure the
particle sizes, the equipment used a blue color laser with a wavelength of 488 nm to scatter
the particles. However, this laser wavelength caused emission from the fluorophore-
conjugated particles, leading to misleading information over the size of conjugate
proteins. Therefore, for the purpose of this study, only the control avidin protein was
measured to avoid any confounding effects caused by the fluorophore conjugation. For
the determination of the size of the avidin protein (100 nM), particle size distribution
(Number PSD) and protein characterization software tools were utilized (Zetasizer Nano,
Malvern Panalytical) (Malvern, UK). The data were plotted according to the Gauss Fit.

3.12.4 X-Ray Photoelectron Spectroscopy Analysis of

Surface Modifications

The surface modifications were chemically investigated using X-Ray
Photoelectron Spectroscopy (XPS) (K-Alpha, Thermo Scientific) (Waltham, MA, USA).
Briefly, XPS is a widely used surface-sensitive analytical technique for the investigating
chemistry formed on the surfaces [185]. The method relies on analyzing the kinetic
energy of photoelectrons, which are emitted from the sample surface upon the impact of
X-rays. Detected Kinetic energies provide the essential information regarding to the
chemical composition and chemical states of the studied surface. In this study, surface
modifications, i.e., short, medium, and long-distance, on the metasurface were
investigated. Herein, a comprehensive XPS survey was conducted, and individual

spectrum peaks associated with Carbon (C), Oxygen (O), Sulfur (S), Nitrogen (N), and
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Gold (Au) were also analyzed. The samples were prepared following the procedure
described in the section of 3.7 Surface Modifications, and they were subsequently dried
inside an oven at 40°C for an hour. Additionally, a flood gun was activated during the
XPS analysis to neutralize any charges that may have built up on the metasurface during
the analysis. For the data analysis, the peaks were first shifted according to the C 1s peak
before conducting any data analysis. To determine the peak information related to

different elements, a peak deconvolution method was applied.

3.12.5 Fourier Transform Infrared Spectroscopy
Analysis of Surface Modification and Immobilized
Antibodies

FTIR provides information over the chemical groups, chemical bonds and
molecular vibrations found on the sample, by recording the transmitted or absorbed
infrared light [186], [187]. In this study, attenuated total reflection (ATR) integrated FTIR
instrument (Nicolet is50, Thermo Fisher) (Waltham, MA, USA) was utilized. ATR
(Attenuated Total Reflection) provides direct surface analysis by utilizing the evanescent
wave interaction between a crystal, such as diamond, and sample surface[188] . ATR
simply eliminates the need for extensive sample preparation, and it is well-suited for
surface characterization [189]. The FTIR spectrums of medium-distance modification
(SH-PEG-600-Biotin, NANOCS) (New York, NY, USA), avidin-FITC (Invitrogen)
(Carlsbad, CA, USA), and biotinylated anti-Tau (189-195) (Biolegend) (San Diego, CA,
USA) were analyzed using the transmission mode. The samples were prepared following
the procedure described in the sections of 3.7 Surface Modifications, 3.8 Fluorophore

Integration, and 3.9 Antibody Integration. The results were averaged over 32 scans.
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3.12.6 Contact Angle Analysis of Surface Modification

and Antibody Immobilization

Contact angle measurements were utilized for evaluating surface wettability and
analyzing the interaction between surface and water for studying the wetting behavior of
surface chemistry, roughness, and coatings [190], [191]. The angle between the surface
and water drop designates the hydrophilic or hydrophobic behavior of the surface [192].
In this study, the wetting behavior of surface modification and immunoassay was
investigated using the contact angle instrument (OCA 30, DataPhysics Instruments)
(Filderstadt, Germany) integrated with a sessile drop technique, which measures the
contact angle formed at the interface phase boundary of liquid, solid, and air [193]. The
wetting behaviors of medium-distance modification (SH-PEG-600-Biotin, NANOCS)
(New York, NY, USA), avidin-FITC (Invitrogen) (Carlsbad, CA, USA), biotinylated
anti-Tau (189-195) (Biolegend) (San Diego, CA, USA), and BSA (Sigma-Aldrich) (St
Louis, MO, USA) integrated metasurfaces and bare metasurface were analyzed using
sessile drop technique. For the technique, 5 pLL of water was drop casted on the surface
of the samples and the contact angles were measured using the instrument software. Each
measurement was repeated for three times for obtaining accurate results. The samples
were prepared following the procedure described in the sections of 3.7 Surface

Modifications, 3.8 Fluorophore Integration, and 3.9 Antibody Integration.

3.12.7 Topography Analysis of Surface Modification
and Antibody Immobilization (AFM, SEM and LSCM)

Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)
methods were utilized for surface imagining of the bare metasurface. SEM utilizes
focused beams to excite inelastic scattering induced secondary electrons for generating
high resolution and high depth of field images of micro and nanostructures [194]. The
bare metasurface was imagined using SEM (Quanta 200 FEG, Field Electron and lon
Company, FEI) (Hillsboro, OR, USA) for observing the periodic structure. As the
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metasurface is conductive, there was no need to apply a sputtering process for the
analysis.

As a brief, AFM is a widely used high-resolution imaging technique, where a
scanning probe is employed to visualize and analyze micro and nanostructures [195].
AFM offers diverse applications, including topography analysis [196], force spectroscopy
[197], lithography [198], and even biosensing [199]. The scanning probe in AFM
interacts with the sample surface, enabling precise imaging and characterization at the
nanoscale.

Laser Scanning Confocal Microscopy (LSCM), on the other hand, eliminates out
of focus light and provides non-destructive high lateral and axial resolution [200]. LSCM
(VKX-100, Keyence) (Itasca, IL, USA) was used for the roughness analysis of the
medium-distance modification (SH-PEG-600-Biotin, NANOCS) (New York, NY, USA),
avidin-FITC (Invitrogen) (Carlsbad, CA, USA), biotinylated anti-Tau (189-195)
(Biolegend) (San Diego, CA, USA), and BSA (Sigma-Aldrich) (St Louis, MO, USA)
integrated metasurfaces and bare metasurface.

Both AFM and LSCM images were analyzed using open-source Gwyddion
visualization software (Czech Metrology Institute, Czechia) [201] for analyzing the
images, line profiles and surface roughness.

3.12.8 AFM Scratch of Surface Modification and

Antibody Immobilization

In this study, the resultant film thicknesses due to antibody immobilization and
surface modification on the metasurfaces were measured using Atomic Force Microscope
(AFM) in contact mode. The experiment involved scratching the metasurface with an
AFM tip to assess the change in height before and after the scratching process. This test
has been used in the literature to determine the film thickness on contact mode AFM
[202]. The metasurfaces employed in the study were comprised of silicon substrate
metasurface, medium-distance modification (SH-PEG-600-Biotin, NANOCS) (New
York, NY, USA), avidin-FITC (Invitrogen) (Carlsbad, CA, USA), Biotin-anti-Tau (189-
195) (Biolegend) (San Diego, CA, USA), and BSA (Sigma-Aldrich) (St. Louis, MO,
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USA). To ensure accurate measurements, the AFM scratch was applied on a silica
substrate metasurface rather than on the original plastic-templated metasurfaces. The
silica substrate was used due to the periodicity and roughness of plastic-templated
metasurfaces, which can hinder precise measurements. The fabrication procedure for this
metasurface was similar to that described in section 3.2 (Plasmonic Metasurface
Fabrication), but a silicon wafer was used instead of a DVD. The AFM used in the study
was a contact mode AFM (MFP-3D, Asylum Research, Oxford Instruments) (Abingdon,
United Kingdom). The AFM operating parameters were adjusted for the scratching test.
The changes were made to the Z voltage, deflection value, and scanning speed. The
deflection value and Z voltage were updated to 3.5 and -10 V, respectively, to apply
sufficient force to the surface during scratching. The scanning speed was reduced to 1.0
Hz to ensure precise scratching and measurement. On the other hand, the scratching tests
were conducted over a distance ranging from 500 nm to 1 um. AFM images were acquired

froma 5 um x 5 pm area for each test.

3.13 Statistical Analysis

The surface modification and biomarker detection results were analyzed using
one-way Analysis of Variance (ANOVA) and Multivariate Analysis of Variance
(MANOVA). For MANOVA analysis, Minitab Data Analysis software (Minitab) (State
College, PA, USA) was utilized.
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CHAPTER 4

4. FLUORESCENCE COUPLED PLASMONIC
METASURFACES

4.1 Topographic Characterization of Metasurfaces

The topography of the metasurface was analyzed using SEM and AFM. The
general observation of the metasurface was initially demonstrated with SEM (Figure 4.1
a-b), and the captured images designated a uniform surface periodicity of the grating
structures at different scales. The height and period measurements of the metasurface was
then performed using AFM (Figure 4.1 c-e). The measurements stated that the
metasurfaces had ~769 nm of period and ~76.4 nm of height (Figure 4.1 €). The obtained
height and period measurements provided structural information for the design
parameters of electromagnetic simulation. Although DVD surfaces have generally 740
nm of periodicity, we measured this range more than expected. Approximately 4% of
variations in measuring periodicity through AFM might be due to the scanning of small

area, tip radius or potential issues in the calibration process.
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Figure 4.1: Topographic analysis. a) SEM image of the metasurface. b) Uniform

Height (nm)

periodicity of the metasurface. c) Images taken from AFM analysis (scale bar: 500 nm).
d) 3D representation of the grating on the metasurface using AFM acquired data. e)

Height and period measurements between two adjacent gratings.

4.2 Numerical Understanding of Plasmonic Response

from Metasurface

The plasmonic response of the metasurface was determined using both numerical
(FDTD) and experimental analysis. The results regarding the FDTD and experimental

analysis were stated in the following sections.
4.2.1 Electromagnetic Simulation of the Metasurface

At the first glance, the metasurface was computationally studied to investigate the
reflection and absorption spectrum of the metasurface. The metallic layers were arranged
on a polycarbonate (n=1.58) grating structure in the order of titanium (10 nm), silver (30
nm), and gold (15 nm). The structural parameters were set as 730 nm of period, 25 nm of
height, and 450 nm of width for the simulations (Figure 4.2 c). The simulated period and
height values differed from AFM measurements since the simulated rectangle and conical

AFM measurements had different geometries. Therefore, the period and height
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parameters of the simulation were optimized until a peak was observed that closely
matched the experimental results.

The numerical model pointed out a resonance peak at 575 nm on the course of
applying water medium (n=1.33), which was associated with the metasurface plasmonic
resonance. This numerical resonance output was compared with the experimental result,
where the fabricated metasurface exhibited a resonance peak at 552 nm in water medium
(n=1.33) (Figure 4.2 a). While the peak wavelengths showed similarities, the numerical
model indicated a lower intensity of the plasmonic resonance and differed from the
experimentally acquired the plasmonic resonance intensity. Furthermore, the behavior of
the numerically obtained reflection spectra at different media, specifically air (n=1) and
water (n=1.33), was also investigated (Figure 4.2 b). In the air medium (n=1), a sharp dip
at 776 nm was determined; however, there were no plasmonic resonance was observed
between 550 nm and 650 nm. In contrary, the metasurface in water medium exhibited a
plasmonic dip at 575 nm, aligning with the absorption peak. An electromagnetic field
enhancement of 11 (A= 575 nm and n=1.33) was observed at the tips of grating structures,
where they were formed an electromagnetic hot spot (Figure 4.2 d). The simulation results
provided a critical understanding of the absorption and reflection spectrums on different
mediums, and highlighted the distribution and enhancement of electromagnetic field on

the metasurface.
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Figure 4.2: The results of the numerical modeling of metasurface plasmonic resonance.
a) Normalized absorption spectrum plots in water medium (n=1.33), obtained from the
experimental and numerical results. b) The reflectance spectrum of the simulated
metasurface at water (n=1.33) and air (n=1) medium. c) A cross-sectional representation
of the simulated metasurface. d) Electromagnetic field intensity distribution on the

metasurface (A=575 nm).
4.2.2 Bulk Sensitivity of the Metasurface

The bulk sensitivity of the metasurface was experimentally investigated using
various concentrations of glycerol solutions, ranging from 1% to 70%. Since these
solutions had different refractive index values, we were able to assess the metasurface's
sensitivity. In order to monitor the real-time changes in resonance wavelength, a portable
optical setup was utilized. The plasmonic resonance peak of the metasurface exhibited a
red-shift in wavelength and a decrease in optical intensity while increasing the glycerol
concentrations (Figure 4.3 a). The resonance wavelength revealed an average stepwise
red-shift of 36.6 nm from water (0% glycerol) medium to 70% of glycerol concentration
(Figure 4.3 b). As a note, this value slightly varied with each metasurface fabrication,

typically falling within a range of £ 3 nm. Averaged values (based on 100 data points
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from each concentration) for each glycerol concentration were obtained and fitted using

a linear regression model (Figure 4.3 c).

a) — Water b)
Glyceral 505
—_— 1%
010 zsow 600
~ 5% E 595
3 = o
8 005 10% £ 590 N Q
|
%‘ 20% g 585
0.00- 92
- - ;‘2: o 580
E 008 2 575 | y=05102*x + 5678
5
o

Pearson’s r = 0.997
R = 0.904
T T T T T T T
10 20 30 40 50 60 70
1.37070 1.42789 Refractive
a

Glycerol Concentration (%) ndex (a.u.

o0 550 600 850 0 500 1000 1500 2000
Wavelength (nm)
Time(s)

Figure 4.3: Refractive index dependent resonance changes on the metasurface. a)
Absorption spectra of water and glycerol solutions (%1 - %70). b) Real-time changes in
resonance wavelength with the respect to medium refractive index. c) The linear

regression of average peak values of each glycerol solution.

On the other hand, refractive index sensitivity (S) is a critical optical parameter
employed to quantify the bulk refractive index sensitivity of a plasmonic sensor [203]. It
is calculated as the change in the plasmonic resonance divided by the corresponding
change in the refractive index (Equation 4.1). In addition, the Figure of Merit (FOM) is
another crucial metric to assess overall performance and sensitivity of an optical sensor.
It is defined as the ratio of S to full width half maximum (FWHM) of the plasmonic
resonance peak (Equation 4.2) [204]. FWHM—an indicator of the line width of resonance
peak, is inversely proportional to the sensitivity and performance of the plasmonic sensor.
As an example, higher FOM and S values indicate a better ability to track minute changes
in the refractive index of the surrounding medium. Accordingly, the FOM values of the
metasurface was calculated for each glycerol concentration as FWHM was changing for

each change in the refractive index of the medium (Table 4.1).

. . AL 4.1)
Refractive Index Sensitivity (S)= An

4.2)

FOM =
© FWHM

Table 4.1: FWHM and FOM values of the metasurface for each glycerol concentration.
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Glycerol Refractive Index FWHM FOM
Concentrations (%) (RIV) (nm) (1/RIV)

0 1.333 30.54 12.54912

1 1.334 30.28 12.65687
2.5 1.336 29.14 13.15202

5 1.339 28.58 13.40973
10 1.345 27.97 13.70218
20 1.358 27.32 14.02818
30 1.371 26.94 14.22606
40 1.384 26.01 14.73472
50 1.398 25.45 15.05894
60 1.413 24.9 15.39157
70 1.428 23.92 16.02216

4.3 Surface Modifications

The coupling effects between fluorescence and surface plasmon polaritons (SPPs)
were determined upon two factors: (i) the seperation distance between metasurface and
fluorophores, and (ii) the degree of spectral overlap between SPPs and fluorescence
excitation/emission spectrum [205]. In this study, the separation distance was controlled
by using three different surface modifications of varying separation distance through 3-
MNHS (short), SH-PEG 600-Biotin (medium), and SH-PEG 2000-Biotin (long),
providing ~4-6 nm, ~6-10 nm, and ~16-20 nm of estimated lenghts, respectively.

Briefly, at short-distance modification (~4-6 nm of separation distance), the FITC
induced oscillations in the metal surface might form lossy surface waves that can not
radiate to the far-field, wave propagation away from its source [141]. These lossy surface
waves were described as the non-radiative energy dissipation of trapped plasmons to the
metal surface via interband absorptions and decay of the plasmon radiations as heat
instead of the far-field radiation. This energy transfer also quenches the fluorophore

intensity which is found in the close vicinity of the metal surface by long-range dipole
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and surface plasmon interaction [141], [206]. The rate of energy transfer between
fluorophore and surface plasmons was inversely proportional to the seperation distance
between fluorophore and metal surface with an exponential factor [141]. Considering the
lengths of the medium (~6-10 nm) and the long-distance (~16-20 nm) modifications,
these lossy surface waves that enables non-radiative energy transfer between metal
surface and fluorophore might be replaced by the far-field plasmon radiation [207]. The
change in the plasmonic resonance and the fluorescence intensity can provide critical
information about the energy transfer via the integration of various surface modifications
over the metasurface.

The effect of the seperation distance on the plasmonic resonance was investiaged
using surface modifications on the metasurface and fixing a single fluorophore
conjugated avidin protein (avidin-FITC). Avidin-FITC was compared with avidin
proteins on short, medium, and long-distance modifications. In this manner, the effect of
fluorescence signal on different separation distances was investigated by the changes in
plasmonic resonance wavelength. The addition of avidin protein led to an average of 2.32
+ 0.08 nm wavelength shift at short-distance modification (3-MNHS, 100 nM), this value
was decreased to 1.24 + 0.09 nm by the addition of avidin-FITC (Figure 4.4 a). The
presence of FITC decreased the normalized wavelength shift around 1.17 times when
compared with solely avidin (Figure 4.4 g-h). This decline in wavelength shift implied
that the presence of FITC non-radiatively coupled with the plasmonic radiation. The
reason of this signal drop was suggested by the non-radiative energy transfer between
fluorophore and surface plasmons at the height of short-distance modification (~4 nm)
(Figure 4.4 b). The mean of plasmonic wavelength shift for avidin protein on the medium-
distance modification (SH-PEG 600-Biotin, 1nM) was measured as 0.45 + 0.14 nm, and
this value was increased to 2.03 + 0.11 nm when avidin-FITC was applied to medium-
distance modification instead of avidin (Figure 4.4 c). The normalized wavelength shift
increased in the presence of FITC around 4.4 times of signal enhancement on medium-
distance modification (Figure 4.4 g-h). This result suggested the fluorescence-enhanced
plasmonic signal formation on medium-distance modification which was attributed to the
FITC induced far-field plasmonic radiation at ~6-10 nm separation distance (Figure 4.4
d). The avidin protein on long-distance modification caused a mean wavelength shift of
0.1 £ 0.11 nm, while avidin-FITC designated 0.88 + 0.15 nm (Figure 4.4 e). The
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normalized wavelength shifts was increased ~2.7 times in the prescence of FITC on long-
distance modification (Figure 4.4 g-h). Likewise, this result was comparable to the
fluorophore-enhanced plasmonic signal enhancement obtained at medium-distance
modification. Overall, the highest signal enhancement was observed on the medium-
distance modification. This result implied that the coupling effect between fluorophore
and surface plasmons reduced while the length increased between ~6-10 nm and ~16-20
nm (Figure 4.4 f).
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Figure 4.4: The plasmonic investigation of avidin and avidin-FITC on short, medium, and
long-distance modifications. The mean plasmonic resonance shift of a) short, c) medium,
and e) long-distance modifications. The representation of avidin-FITC (on left) and avidin
(on right) on b) short, d) medium, and f) long-distance modifications. g) Comparison of
wavelength shift values and h) normalized mean data of short, medium, and long-distance
modifications. The statistical analysis was performed using a non-parametric Kruskal-
Wallis analysis, and the statistical difference between data groups was shown as* p<0.05
and ** p<0.01.
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4.4 Spectral Overlap Between Fluorescence and SPPs

The largest wavelength shifts in the presence of avidin-FITC were obtained while
applying the medium-distance modifications that exhibit an fluorescence-enhancement
over the plasmonic resonance through the coupling of fluorescence-SPPs. On the other
hand, the spectral overlap between fluorescence excitation/emission and plasmonic
resonance is also critical for utilizing the coupling effect between fluorescence most
effectively and ultimately achieving the highest plasmonic resonance shifts [208], [209].
To investigate the spectral overlap between the plasmonic resonance and the fluorescence
spectrum, different fluorophore-conjugated avidin and streptavidin proteins were used on
medium-distance modification by keeping avidin protein as the control. Avidin-FITC,
avidin-Texas Red, streptavidin-quantum dot 525 (Qdot 525), and streptavidin-Qdot 625

were utilized as conjugate proteins with medium-distance modifications.

4.4.1 Fluorescence Spectrums of Fluorophore

Conjugated Proteins

Initially, the fluorecence spectrum of the fluorophore conjugated avidin and
streptavidin proteins were individually measured using TRF, and their spectral overlaps

with plasmonic resonance were compared accordingly.
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Figure 4.5: The normalized fluorescence spectrum of avidin conjugates. a) the
fluorescence spectrum of avidin-FITC, b) avidin-Texas Red, c¢) streptavidin-Qdot 625,
and d) streptavidin-Qdot 525.

Briefly, avidin-FITC displayed an excitation maximum at 492 nm and an emission
maximum at 516 nm (Figure 4.5 a). Avidin-Texas Red exhibited an excitation maximum
at 590 nm and an emission maximum at 610 nm (Figure 4.5 b). Streptavidin-Qdot 625
revealed an excitation maximum at 368 nm and an emission maximum at 621 nm (Figure
4.5 ¢). Streptavidin-Qdot 525 had an excitation maximum at 344 nm and an emission
maximum at 526 nm (Figure 4.5 d). The emission spectra of avidin-FITC and avidin-
Texas Red were broader than those of streptavidin-Qdot 525 and streptavidin-Qdot 625.
Moreover, the excitation spectra of avidin-FITC and avidin-Texas Red were narrower
than those of streptavidin-Qdot 525 and streptavidin-Qdot 625. These variances in the
spectra were expected to potentially impact over the spectral overlap of plasmonic
resonance. Considering the observations at the vicinity of plasmonic resonance, the
excitation maximum of avidin-Texas Red and the emission maximums of avidin-FITC,
avidin-Texas Red, streptavidin-Q dot 525, and streptavidin-Qdot 625 were estimated to
couple with the plasmonic resonance of the metasurface (Figure 4.6).
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emission spectra of avidin-FITC, avidin-Texas Red, streptavidin-Qdot 525, and

streptavidin-Qdot 625. The Blue dotted rectangle represented the estimated coupling
region.

4.4.2. Plasmonic Response to the Changes in Spectral

Overlap

The inclusion of fluorophore conjugated avidin and streptavidin proteins were
adsorbed onto the biotin molecules in the case of the medium-distance modification. For
investigating the spectral overlap changes, the surface modification was decided as the
medium-distance modification (SH-PEG 600-Biotin).

Firstly, avidin-Texas Red (100 nM) was integrated on the medium-distance
modification (Figure 4.7 a). The addition of avidin-Texas Red caused a mean wavelength
shift of 0.57 £ 0.0.4 nm (Figure 4.7 b). Compared to the wavelength shift (0.45 + 0.14
nm) of avidin on medium-distance modification, the wavelength shift through avidin-
Texas Red determined ~1.3 times signal enhancement. This value was much smaller than

50



the avidin-FITC induced signal enhancement, ~4.4 times, and avidin-FITC demonstrated
2.5 times higher plasmonic signal enhancement than avidin-Texas Red(Figure 4.7 d). This
result suggested that the excitation spectra of avidin-Texas Red (excitation maximum,
590 nm) coupled with SPPs and showed a lower pLpos(w) value at plasmonic resonance
wavelength (~550-570 nm) than avidin-FITC.

The integration of streptavidin-Qdot 525 (1 nM) and streptavidin-Qdot 625 (1 nM)
(Figure 4.7 e) over medium-distance modification performed -0.35 + 0.18 nm and -0.88
+ 0.58 nm blueshifts, respectively (Figure 4.7 f-g). The reason of blueshift observation
instead of redshift was explained by the gain and longer lifetime properties of Qdots under
broadband light source excitation [139]. The gain property of Qdots amplified the
intensity of light on the metasurface and contributed to a negative local index change.
The normalized plasmonic response of avidin was 5.1 and 1.8 times higher than
streptavidin-Qdot 525 and streptavidin-Qdot 625, respectively (Figure 4.7 h). This result
showed that the presence of Qdot-conjugated streptavidin proteins failed to achieve an
optimum spectral overlap between the fluorescence spectrum and plasmonic resonance.
The highest plasmonic signal enhancement, resulting in optimal spectral overlap, was

observed while utilizing avidin-FITC with a medium-distance modification.
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Figure 4.7: The spectral overlap between fluorescence and plasmonic signals was
investigated using different fluorophore conjugates of avidin and streptavidin. a) Seperate
integrations of avidin-FITC and avidin-Texas Red on medium-distance modification, b)
Mean wavelength redshift values of avidin-FITC and avidin-Texas Red, ¢) Comparison

of wavelength shift values, and d) normalized mean redshift data of avidin control, avidin-
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FITC, and avidin-Texas Red. e) Separate integrations of streptavidin-Qdot 525 and
streptavidin-Qdot 625 on medium-distance modification. f) Mean wavelength blueshift
values of streptavidin-Qdot 525 and streptavidin-Qdot 625 and avidin-Texas Red. )
Comparison of wavelength shift values and h) normalized mean wavelength shift data of
avidin control, streptavidin-Qdot 525, and streptavidin-Qdot 625. The statistical analysis
was performed using a non-parametric Kruskal-Wallis analysis, and the statistical

difference between data groups was shown as* p<0.05 and ** p<0.01.

4.5 Fluorescence Investigation of Fluorophore Coupled

Metasurfaces

The distance dependant energy transfer between fluorophore and surface plasmon
waves also alters the fluorescence intensity by the application of each surface
modification [210]-[213]. Therefore, the change in of fluorescence intensity over the
surface modifications (short, medium, and long-distance) was investigated using a
fluorescence microscopy. Medium-distance modification provided the highest mean
value of fluorescence intensity, followed by long- and short-distance modifications. The
normalized fluorescence intensity of medium-distance modification was ~3.68 and ~2.61
times higher than short- and medium-distance modifications, respectively (Figure 4.8 a-
b). This result was interpreted as the appearance metal enhanced fluorescence at medium-
distance modification (Figure 4.8 d) with the respect to long- and short-distance
modifications. The short-distance modification showed the lowest fluorescence intensity
(Figure 4.8 c, i), suggesting the formation of lossy surface wave induced non-radiative
energy transfer between metasurface and fluorescence. This result quenched the
fluorescence intensity with the respect to medium- (Figure 4.8 c: ii) and long-distance
(Figure 4.8 c: iii) modifications. The long-distance modification provided a fluorescence
enhancement over the short-distance modification; yet, this was not strong as observed in

the presence of medium-distance modification.
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Figure 4.8: Fluorescence intensity measurements of avidin-FITC over surface
modifications. a) Normalized fluorescence intensity comparisons of avidin-FITC over
short, medium, and long-distance modifcations. b) Histogram values of avidin-FITC over
short, medium, and long-distance modifications. c) 4x4 pixels sized Reigon of Interests
(ROIs) of avidin-FITC proteins on short, medium, long-distance modifications. d) A

single ROI of avidin-FITC on medium-distance modification.

Both the fluorescence intensity and the plasmonic resonance shift were found to
be highest for the medium-distance modification, followed by long- and short-distance
modifications, respectively. This suggests that both the fluorophore-enhanced plasmonic
signal enhancement and metal-enhanced fluorescence were achieved most effectively
with the medium-distance modification.

The fluorescence measurements showed the adsorption of the surface
modifications over the metasurface. To investigate the coverage of fluorescence emitters
(avidin-FITC) on medium-distance modification, the fluorescent intensity of the
metasurface was analyzed before (bare DVD), during and after washing steps of avidin-
FITC (Figure 4.9). The washing step was employed for preventing the analysis of non-

adsorbed avidin-FITC proteins.
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Figure 4.9: The fluorescence intensity investigation of avidin-FITC by the comparison of

bare, avidin-FITC addition and after washing steps. a) Fluorescence images of bare (i),
avidin-FITC (ii), and wash (iii) steps. b) Histogram plot of the steps combined. c)

Normalized fluorescence intensity of bare (i), avidin-FITC (ii), and wash steps (iii).

The fluorescence intensity values of the bare DVD, avidin-FITC, and wash steps
were compared with each other (Figure 4.9 a-b). The normalized fluorescence intensity
values were 0.84, 0.51, and 0.15 for the steps of avidin-FITC addition, washed surface,
and bare DVD, respectively (Figure 4.9 c). This indicated %60 of recovery in terms of
fluorescence intensity after washing the surface, pointing out that the medium-distance
modification was sufficiently covered with avidin-FITC. This was especially critical for
maximizing the surface area of avidin-FITC molecules, which were subsequently
functionalized with biotinylated antibodies to capture biomarkers in future experiments
(Chapter 5).
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4.6 XPS Characterization of the Surface Modifications

The elemental investigation of the surface modifications on the metasurface was
demonstrated by using XPS analysis. In this study, C 1s, O 1s, N 1s, S 2p, and Au 4f
regions of the binding energy spectrum were analysed for the surface modifications.
Briefly, short-distance modification was formed by two different functional groups, thiol
ending mercaptopropane group and N-hydroxysuccinimide (NHS) ester group. The C 1s
results revealed the carbon bindings of C-C and/or C-H at 284.13 eV, C-N and/or -C-O-
Cat 284.13 eV and -C=0 at 285.98 eV (Figure 4.10 a). The -C=0, C-O-C, C-N bindings
were associated with NHS ester group which verifies the presence of surface modification
on the metasurface. The O 1s scans revealed C=0 and -C-O-C- bindings at 533.33 eV
and 531.80 eV (Figure 4.10 b), respectively which were consistent with C 1s results. On
the other hand, the N 1s results did not provide sufficient intensity to fit a peak (Figure
4.10 c). The metal dative bond formed between gold and sulphur (Au-S) was observed at
162.96 eV and the C-S bond was observed at 164.28 eV (Figure 4.10 d). The gold surface
associated Au (0) 4f72 and Au (0) 4fs> peaks were observed at 87.21 eV and 83.53 eV
(Figure 4.10 e). The obtained results represented the 3-MNHS adsorption on the
metasurface and the peak informations were consistent with the literature [214]-[216].
The C 1s (43.85 %) possessed the highest atomic ratio of the short-distance modification
followed by, O 1s (21.44 %), S 2p (8.89 %), and N 1s (0.65%).

The medium-distance modification consisted of PEG polymer chain (MW: 600
Da), thiol group and biotin molecule. The C 1s results were collected at 286.79 eV, 285.51
eV, and 284.07 eV for the associated bindings of C=0, -C-O-C, and C-C/C-H,
respectively (Figure 4.10 g). The O 1s scans provided peaks at 531.82 eV and 530.22 eV
for C=0 and -C-O-C, respectively (Figure 4.10 h). The C=0 groups were found on the
biotin molecule [217] and the observed peaks on C 1s and O 1s were confirming its
presence. The -C-O-C- groups were found at the backbone of PEG. The O 1s and C 1s
peaks were complementary each other. The N 1s scan resulted with a peak at 398.8 eV
(Figure 4.10 i) which was associated with amide group in biotin molecule [218], [219].
The S 2p scans demonstrated characteristic peaks at 162.65 eV and 161.25 eV for Au-S
and S-C bonds, respectively (Figure 4.10 j). The peaks were associated with the thiol

group found at the end of medium-distance modification. Au (0) 4f72 and Au (0) 4fsp
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were found at 86. 84 eV and 83.27 eV, respectively (Figure 4.10 k). The Au 4f results
were similar with short-distance modification and showing the presence of metallic Au
bond on the metasurface. Similar to short-distance modification, the C 1s (48.68 %) was
determined as the highest atomic ratio on the medium-distance modification followed by,
O 1s (14.17 %), S 2p (6.57 %), and N 1s (2.75%).

The long-distance modification was consisted of the same functional groups on
medium-distance modification, instead the PEG polymer had longer ethylene glycol
backbone (MW: 2000 Da). The C 1s results were collected at 287.15 eV, 285.54 eV, and
283.93 eV for the associated bindings of C=0, -C-O-C, and C-C/C-H, respectively
(Figure 4.10 m). The O 1s scans provided peaks at 531.83 eV and 530.23 eV for C=0
and -C-O-C, respectively (Figure 4.10 n). The biotin associated C 1s and O 1s peaks were
on similar positions with the medium-distance modification. The N 1s scan resulted with
a peak at 398.8 eV (Figure 4.10 0). The S 2p scans demonstrated characteristic peaks at
161.37 eV and 160.15 eV for Au-S and S-C bonds, respectively (Figure 4.10 p). Au (0)
4f72 and Au (0) 4152 were found at 86. 84 eV and 83.27 eV, respectively (Figure 4.10 p).
The results were similar with medium-distance modification. Likely medium-distance
modification, the C 1s (48.68 %) was observed as the highest atomic ratio of the long-
distance modification followed by, O 1s (14.17 %), N 1s (3.87 %), and S 2p (2.22%).
Overall, these results verified successful immobilization of the surface modifications onto

the metasurface.
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Figure 4.10: XPS measurements‘of surface modifications. The presence of 3-MNHS was
analyzed using a) C1s, b) Ols, c) N1s, d) S2p, and e) Au4f scans, along with f) the
corresponding atomic ratio. Similarly, g) C1s, h) O1s, i) N1s, j) S2p, and k) Au4f scans
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were performed, and the corresponding I) atomic ratio was investigated for SH-PEG 600-
Biotin. Finally, m) C1s, n) O1s, 0) N1s, p) S2p, and r) Au4f scans were conducted, and

the corresponding s) atomic ratio was determined for SH-PEG 2000-Biotin.
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CHAPTER 5

5. DETECTION OF ALZHEIMER’S DISEASE
BIOMARKERS WITH FLUORESCENCE COUPLED
PLASMONIC METASURFACES

Avidin-FITC functionalized medium-distance modification was chosen as the
building blocks for biosensing experiments in detecting AD biomarkers, since the highest
fluorophore-induced plasmonic enhancement was observed on this configuration. Ap 1-
42 and tau-441 were chosen as model AD biomarkers. The avidin-FITC over medium-
distance modification was then decorated with biotinylated anti-tau-441 antibody and
biotinylated anti-Ap 1-42 antibody for this regard. The detection of the biomarkers for
the respective antibodies was monitored in a label-free manner by tracking the change in

the plasmonic resonance.

5.1 ATR-FTIR analysis of Antibody Functionalized

Medium-Distance Modification

To verify that the plasmonic wavelength signals were specific to the AD
biomarkers, it was essential to ensure antibody immobilization on medium-distance
modification. For this purpose, ATR-FTIR analysis was performed on each layer of the
tau-441 capturing assay, which included bare metasurface, medium-distance
modification, avidin-FITC, and biotinylated anti-tau (189-195) antibody.
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Figure 5.1: ATR-FTIR analysis of the polycarbonate templated DVD metasurface.

DVD metasurface was composed of mainly polycarbonate. The presence of the
wavenumbers corresponding to the vibrational stretching of C-H bonds in -CHs groups at
2968 cm™tand -CHjs vibrations at 1080 cm™ indicated the presence of methyl groups found
in the polycarbonate backbone. In addition, the presence of the carbonate group in the
polycarbonate backbone was obtained by the carbonate group vibrations (C=0) at 1769
cmt, asymmetric symmetric stretching of carbonate groups (O-C-O) between 1219-1158
cmt, and vibrational stretching of carbonate groups (O-C-O) at 1014 cm™. Moreover, the
stretching of C=C double bonds in phenolic rings at 1503 cm™ and vibration group
specific to para (1 and 4) phenols at 828 cm™ suggested the presence of characteristic
phenolic rings in the polycarbonate backbone (Figure 5.1). These results agreed with the
reported results for polycarbonate in the literature [220].
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Figure 5.2: ATR-FTIR analysis for medium-distance modification (SH-PEG 600-Biotin).

Medium-distance modification (SH-PEG 600-Biotin) was composed of a thiol
group, a polyethylene glycol backbone (MW: 600 Da), and a biotin molecule. It was
applied to the metasurface for the immobilization of avidin-FITC proteins. The stretching
of -CH.- groups within the PEG moiety was observed at 2853 cm™. Further, the stretching
of —SH groups were monitored at 2676 cm™, suggesting the presence of thiol group in the
medium-distance modification. Moreover, the stretching of carbonyl ketone groups (R-
(C=0)-R") at 1735 cm%, the stretching of the secondary amine group in biotin at 1654 cm
! and the stretching of the secondary amine at 1067 cm™ revealed the presence of biotin
moieties in the medium-distance modification (Figure 5.2). The obtained results were
consisted with previously reported thiolated PEG and biotin molecules in the literature
[221], [222]. In addition, vibrational stretching of C-H bonds in -CH3 groups associated

to the polycarbonate templated metasurface was observed at 2924 cm™ (Figure 5.2).
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Figure 5.3: ATR-FTIR analysis of avidin-FITC over medium-distance modification.

Avidin-FITC is a conjugate molecule consisting of avidin protein and
fluorochrome fluorescein isothiocyanate. The wavenumbers corresponding to avidin-
FITC over medium-distance modification revealed more intense and broader amino group
signals at 1090 cm™ compared to the medium-distance modification (Figure 5.5) [223].
The observation of amid I at 1660 cm™ and amid I1 at 1637 cm™ suggested the occurrence
of the avidin-biotin binding interaction (Figure 5.3) [224]. Moreover, the presence of
isocyanate groups (N=C=0) were reported at 2175 cm™ which was associated with the
fluorochrome (Figure 5.3) [225]. In addition, the wavenumbers observed at 2925 cm™,
2850 cm, and 2684 cm showed similarities with those in Figure 5.2.
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Figure 5.4: ATR-FTIR analysis of biotinylated anti-tau antibody over avidin-FITC

functionalized medium-distance modification

Protein associated amid | (C=0) and amid Il (N-H) are typically observed in the
wave number range of 1700-1600 cm™ and 1600-1500 cm™, respectively [226]. As
observed in Figure 5.4, the broad signal in the range of 1500-1750 cm™ with the peak at
1735 cm indicates the binding of antibodies to the surface. In addition, the wavenumbers
observed at 2925 cm?, 2855 cm?, 2510 cm?, 2135 cm?, and 1106 cm™? showed
similarities with those in Figure 5.3. The ATR-FTIR analysis of the bare metasurface,
medium-distance modification (SH-PEG 600-Biotin), avidin-FITC, and biotinylated anti-
tau antibody was designated in Figure 5.5 from top to bottom order.
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Figure 5.5: The ATR-FTRIR analysis of the functional layers applied on medium-

distance modification for the capture of tau-441. a) Bare metasurface, b) medium-distance

modification, ¢) avidin-FITC, and d) biotinylated anti-tau antibody associated peaks were

summarized.
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5.2 Contact Angle Analysis of Antibody Functionalized

Medium-Distance Modification

The contact angle measurements were performed additional to the ATR-FTIR
analysis of the antibody (biotinylated anti-tau antibody) functionalized medium-distance
modification for understanding the hydrophilic and hydrophobic behavior of the
metasurface. For this purpose, contact angle measurements were performed on each layer
of the tau-441 in serum capturing assay, which included bare metasurface, medium-
distance modification, avidin-FITC, biotinylated anti-tau (189-195) antibody, and BSA.

The bare metasurface exhibited an average contact angle of 81.67° + 7.4° (Figure
5.6 a). This value is below 90°, indicating a hydrophilic surface [227]. The application of
medium-distance modification (SH-PEG 600-Biotin) on metasurface reduced the contact
angle to an average value of 60.1° + 4.3° (Figure 5.6 b). The thiol functional end and PEG
(CH2-CH2-0O) backbone present in the medium-distance modification demonstrated a
hydrophilic effect [228], while the biotin groups, on the other hand, contributed to a
hydrophobic structure [229]. The decrease in the contact angle is due to the dominance
of PEG molecules over the biotin groups. The application of avidin-FITC molecules on
the surface increased the contact angle to 64.7° £ 3.4° (Figure 5.6 c). This increase in the
contact angle could be attributed to the specific hydrophobic structure associated with
avidin-biotin binding [229].

Integration of biotinylated anti-tau antibody decreased the contact angle of 42° +
1.2° (Figure 5.6 d). The decrease in the contact angle indicated that the antibody structures
were predominantly hydrophilic. This finding aligned with general polarity of the regions
where antibodies specifically bind to antigens [230]. Subsequently, when BSA protein
was applied to the surface (surface blocking), the corresponding contact angle further
decreased to 31.6° + 1.4° (Figure 5.6 e). This result designated the predominant presence

of hydrophilic regions in BSA protein [231].
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Figure 5.6: Contact angle measurements of the functional layers applied on medium-
distance modification for the capture of tau-441. a) Bare metasurface, b) medium-distance
modification, c) avidin-FITC, d) biotinylated anti-tau antibody, and e) BSA protein.

5.3 Surface Topography Analysis of Antibody

Functionalized Medium-Distance Modification

The change in surface topography upon surface functionalization steps were
intended to be investigated using LSCM. The surface functionalization steps were applied
in the following order: bare metasurface, medium-distance modification, avidin-FITC,
biotinylated anti-tau antibody, and BSA protein. The surface was marked with a reference
scratch where all the measurements could be collected from the same region (Figure 5.7
a-b). The results were converted to root mean square (RMS) roughness values from a line
of grating consisted of 100 nm (Figure 5.7 c-e). RMS results provided the variance in the
height of selected grating which was utilized to obtain structural information of the
functionalization steps and verify the immobilization of each functional layer through
change in RMS value. The RMS roughness results were obtained as follows: 22.62 nm +

5.41 nm for the bare metasurface, 21.66 nm * 2.60 nm for the medium-distance
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modification (SH-PEG 600-Biotin), 13.20 nm = 1.95 nm for avidin-FITC, 21.06 nm *
1.25 nm for biotinylated anti-tau antibody, and 30.5 nm + 5.76 nm for BSA (Figure 5.7
f).

The RMS value of the medium-distance modification was slightly lower than that
of the bare metasurface. After introducing avidin-FITC, a decrease in RMS roughness
values was observed due to the effect of avidin-biotin interactions on the surface.
Depending on the location of biotin on the antibody, an increase in the RMS value was
observed due to the change in the orientation of the antibodies [232]. The BSA
modification resulted in the highest RMS value.

The calculated difference in average height variances between the bare
metasurface and BSA functionalization was 7.88 nm £ 5.41 nm. It was important to note
that this value did not correspond to the thickness of the medium-distance modification.
Instead, it indicated that the metasurface was structurally functionalized, and the height
variance from the mean value was particularly significant between avidin-FITC and BSA

protein.
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Figure 5.7: Surface topography and RMS roughness analysis of functionalized
metasurface. a) The optical image of the metasurface was provided with a hook-shaped
scratch which provided a reference marker for the measurement point (scale bar: 48.6
um). b) Confocal laser microscopy acquired image (scale bar: 50 microns). c) Grating
structures on the metasurface are shown (the region where data was taken for linear
roughness analysis was marked as blue). d) The detailed 3D surface morphology of the
measurement area. e) Linear roughness graph obtained from the line of a single grating.
f) A comparison of RMS roughness values between surface functionalization steps were
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designated. Statistical evaluations were reported using one-way analysis of variance
(One-way ANOVA) with Tukey's post-hoc multiple comparison test (n=3; **: p<0.01).

The AFM scratch test was employed to measure the thickness of the medium-distance
modification functionalized with biotinylated anti-tau antibody and BSA protein. The
sample was dried before the application of the scratch test. The DVD-templated
metasurface was replaced with a silicon wafer substrate which was coated with titanium
(10 nm), silver (30 nm), and gold (15 nm) for replicating the metasurface without any
grating structure. The reason of choosing a silicon substrate for the metasurface was
simplifying the process of scratch test by removing the grating structures. The final
thickness of biotinylated anti-tau antibody and BSA functionalized medium-distance
surface modification was expected to be around to be 20-25 nm including the approximate
size of antibody (10-15 nm) [233], [234]. The AFM scratch test utilized three steps to
measure the thickness of the medium-distance modification functionalized with
biotinylated anti-tau antibody and BSA protein. Primarily, the surface was scanned to
obtain a baseline image of the surface (Figure 5.8 a). Secondly, a specific region of
interest was chosen, and the scratch test was applied to this selected area. Finally, the
surface was scanned again to capture the image of post-scratch surface (Figure 5.8 b). To
ensure accurate measurements and eliminate any potential deviations (in this case, 1 um),
a reference point was selected. A surface artifact was chosen as the reference point in the
measurements (Figure 5.8 c-d). By comparing the line profiles obtained from before and
after scratch images, the scratch test revealed a height difference of 5.1 nm (Figure 5.8 e-
f). The results suggested that PEG polymers were entangled with each other and
precipitated, especially after drying, due to the lack of hydrophilic interactions in the PEG
backbone. This can be attributed to the breaking of PEG polymers and intramolecular
binding of PEG [235]. As a result, the resultant thickness (5.1 nm) differed from the
expected thickness (20-25 nm).
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Figure 5.8: AFM scratch test of the biotinylated anti-tau antibody and BSA functionalized
medium-distance modification over silica wafer templated metasurface. a) AFM image
acquired before scratching. b) AFM image acquired after scratching. ¢) Line profile
acquired from region of interest. d) Line profile acquired after scratching. Axial height

obtained from line profile e) before and f) after scratching test.

The AFM tip used for the scratching test was analyzed using SEM and Energy-Dispersive
X-ray (EDX) spectroscopy to verify the scratched surface modification on the AFM tip
(Figure 5.9 a). EDX is capable of providing elemental analysis of the samples imagined
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under SEM by collecting the surface-emitted X-rays. These X-rays were then used for the
identification and quantitative analysis of the elements present on the surfaces. The EDX
analysis of the AFM tip revealed the presence of shallow peaks (low counts, 20-200)
associated with sulfur (S La, 0.14 keV), carbon (C Ka, 0.28 keV), and oxygen (O Ka,
0.51 keV) (Figure 5.9b). The AFM tip was composed of only Silicon (Si Ka, 1.75 keV)
(high counts, ~1000) (Figure 5.9c). Therefore, the presence of O, S, and C elements
suggested that the medium-distance surface modification was scratched from the silica
wafer templated metasuface. These peak results were consistent with the literature [236]—
[238]

180 4 [ I Sulphur, SLa
Carbon, CKa
Oxygen, OK a

Energy (keV)

c) [ silicon, K o

800

600

Counts

400

200

0 T T 1
1.00 1.256 1.50 1.75 2.00

Energy (keV)

Figure 5.9: EDX Analysis for AFM tip used on the course of the scratch test. a) SEM
image of AFM tip. b) H, S, C, and O associated peaks obtained from EDX analysis of the
AFM tip. ¢) Si associated peak obtained from EDX analysis of the AFM tip.
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5.4 Detection of Amyloid Beta 1-42

Biotinylated anti-Ap 1-42 antibodies (25 uM) were immobilized over avidin-
FITC functionalized medium-distance modification. Initially, PBS solution was used for
the background measurement before detecting the biomarkers association peak. Different
concentrations spanning from 100 to 400 pg/ml of AP 1-42 were introduced to these
sensors, and then, the sensors were washed with PBS solution in order to remove any
non-bound biomarkers from the surface. The average plasmonic wavelength shifts for
different AP 1-42 concentrations were reported as follows: 0.14 + 0.04 nm, 0.67 + 0.08
nm, 1.11 + 0.33 nm, 0.6 = 0.11 nm for 100, 200, 300, and 400 pg/ml of AB 1-42,
respectively (Figure 5.10 a-d). The highest mean value was observed in 300 pg/ml AP 1-
42. This concentration value was further investigated in human serum for the evaluation
of the immunoassay for clinical samples. The serum was diluted 1/1000 (v:v) for close-
matching the refractive index of PBS and injected with 300 pg/ml AP 1-42. In serum
samples, the surface was functionalized with BSA for preventing non-specific binding
which may cause false positive results [239]. 300 pg/ml AB 1-42 in serum designated
0.36 = 0.18 nm wavelength shift (Figure 5.10 e).

The mean wavelength shift values of Ap 1-42 were compared with each other
using point and violin plots (Figure 5.10 f-g). One-way analysis of variance (one way-
ANOWA) with Tukey post hoc multiple comparison test was performed for determining

statistical difference between the concentration groups (Figure 5.10 g).
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Figure 5.10: The real time changes in the plasmonic resonance wavelength of Ap 1-42 at
different concentrations were presented. The concentration values of Ap 1-42 were
determined as follows: a) 100 pg/ml, b) 200 pg/ml, ¢) 300 pg/ml, d) 400 pg/ml in PBS,
and e) 300 pg/ml AP1-42 in serum. The wavelength shift results of Ap 1-42 was
demonstrated in f) a point plot and g) a violin plot. The statistical evaluations were
reported on the violin plot using one-way analysis of variance (One-way ANOVA) with
Tukey's post-hoc multiple comparison test (n=3; *: p<0.05; **: p<0.01; ***: p<0.001).
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5.5 Detection of Tau-441

Biotinylated anti-tau (189-195) antibodies (25 uM) were immobilized on an
avidin-FITC functionalized medium-distance surface modification to capture tau-441,
similar to the immobilization of biotinylated anti-Af 1-42 antibodies. Different
concentrations of tau-441 (5, 10, 15, and 20 pg/ml) were introduced to the antibody-
functionalized sensor. The mean plasmonic wavelength shifts for tau-441 concentrations
were followed as: 0.24 + 0.23 nm, 0.30 + 0.34 nm, 0.38 £ 0.17 nm, and 0.44 £ 0.2 nm for
5, 10, 15, and 20 ug/ml tau-441, respectively (Figure 5.11 a-d). The highest mean value
was observed at 20 pg/ml tau-441, which was further investigated in human serum to
evaluate the immunoassay for clinical samples. The serum was diluted 1/1000 to match
the refractive index of PBS, and then 20 pg/ml tau-441 was injected, similarly to the
detection of AP 1-42. The serum specimen injected with 20 pg/ml tau-441 designated a
wavelength shift of 1.33 £ 0.6 nm (Figure 5.11 e).

Similar to AP 1-42 detection analysis, the mean wavelength shift values of tau-
441 were also compared using point and violin plots, and one-way ANOVA with Tukey
post hoc test was applied to determine significant differences between concentration
groups of tau-441 (Figure 5.11 f-g).
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Figure 5.11: The real time changes in the plasmonic resonance wavelength of tau-441 at

different concentrations were presented. The concentration values of Tau-441 was
determined as follows: a) 100 pg/ml, b) 200 pg/ml, ¢) 300 pg/ml, d) 400 pg/ml in PBS,
and e) 300 pg/ml tau-441 in serum. The wavelength shift results of tau-441 was

demonstrated in f) a point plot and g) a violin plot. The statistical evaluations were

reported on the violin plot using one-way analysis of variance (One-way ANOVA) with

Tukey's post-hoc multiple comparison test (n=3; *: p<0.05; **: p<0.01; ***: p<0.001).
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5.6 ELISA test of Amyloid Beta 1-42

AP 1-42 detection performance of the fluorescence-enhanced plasmonic
metasurface was compared to the gold-standard method, i.e., ELISA (Amyloid beta 42
Human ELISA Kit). Briefly, ELISA method utilizes secondary labels for detecting
biomarkers. Therefore, the sensitivity and the dynamic range of the ELISA kits would be
down to pg/ml levels. As a result, the AP 1-42 samples analyzed with ELISA were serially
diluted, in stepwise manner, by a factor of approximately one thousand (10%) from pg/ml
to pg/ml. A set of standard solutions (0-1000 pg/ml) was measured for obtaining a
calibration curve and quantifying the concentration value of the samples (Figure 5.12 a).
ELISA test was performed on both PBS and diluted human serum. In both solutions, 12
samples (3 replicates for each concentration value) were used with AP 1-42
concentrations of 200, 400, 600, and 800 pg/ml. Both the PBS and the human serum
samples AP 1-42 designated a linear response with increasing concentration (Figure 5.12
b-c). One-way ANOVA with Tukey post hoc test was applied to the AP 1-42
concentration values in PBS and serum to determine the significant differences between
concentration groups (Figure 5.12 d-e). For comparison of sample mediums, PBS and
diluted serum were measured without any samples, and they showed no significant
difference between each other, and also, demonstrated a significant difference with the

lowest concentration (0 pg/ml A 1-42) value of the standard solutions (Figure 5.12 f).
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Figure 5.12: The ELISA results of Ap 1-42. a) Linear response of standards. b) Linear
response of samples in PBS. c) Linear response of samples in serum. Violin plots of d)
PBS and e) serum samples. e) Signal comparison between 0 pg/ml standard solution, PBS
control and serum control. The statistical evaluations were reported on the violin plot
using one-way analysis of variance (One-way ANOVA) with Tukey's post-hoc multiple
comparison test (n=3; *: p<0.05; ****: p<0.0001).

5.7 ELISA test of Tau-441

The tau-441 detection performance of the fluorescence-enhanced plasmonic
metasurface was also compared with the ELISA test (Human Tau colorimetric ELISA
Kit). Similar to the Ap 1-42 ELISA detection, down to pg/ml concentration window was
also projeccted for the detection tau-441. Initially, a set of standard solutions (0-1000
pg/ml) was measured (Figure 5.13 a). Then, PBS and serum samples of tau-441 were
measured with concentration values of 75, 225, and 300 pg/ml. Both PBS and serum
samples were detected with the ELISA Kit, but serum samples failed to designated a linear
response (Figure 5.13 c¢). One-way ANOVA with Tukey post hoc test was applied to the
tau-441 concentration groups both in PBS and serum (Figure 5.13 d-¢). Similar to the A
1-42 ELISA detection, PBS and diluted serum solutions were measured without any

samples, and they showed no significant difference between each other, and also,
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demonstrated a significant difference with the lowest concentration (0 pg/ml tau-441)

value of the standard solutions (Figure 5.13 f).
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Figure 5.13: The ELISA results of Tau-441. a) Linear response of standards. b) Linear
response of samples in PBS. c) Linear response of samples in serum. Violin plots of d)
PBS and e) serum samples. e) Signal comparison between 0 pg/ml standard solution, PBS
control and serum control. The statistical evaluations were reported on the violin plot
using one-way analysis of variance (One-way ANOVA) with Tukey's post-hoc multiple
comparison test (n=3; *: p<0.05; ****: p<0.0001)
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CHAPTER 6

6. CONCLUSION AND FUTURE PROSPECTS

In this study, coupling effect between fluorophores and the surface plasmons was
investigated in a distance-dependent manner. Herein, a DVD-templated plasmonic
metasurface was fabricated and integrated with three different surface modifications
varying in separation distances between the fluorophore molecules and the metasurface.
The DVD-templated metasurface was chosen to reduce fabrication-related costs and
provide scalable production of the end product. Therefore, the utility of DVD substrate
eliminated the requirement of traditional nanoperiodic structure fabrication methods, such
as FIB, photolithography, and e-beam lithography [120]. DVD surface readily contains a
nanoperiodic grating, and hence, it does not require any additional steps for surface
patterning. This has also paved the way to meet the criteria for developing POC devices
according to the RE-ASSURED qualifications [240]. Besides, these devices need to
maintain high sensitivity for the tracking of low concentration biomarkers. This is
especially vital for the early diagnosis of AD, since the presence of AD biomarkers at
early stages is low in concentration, especially in serum [241]. The current DVD-
templated metasurfaces, hence, need to be integrated with signal amplification methods
for achieving this goal. Among signal amplification methods, the coupling effect between
fluorescence and surface plasmons holds great potential for strategizing next-generation
POC biosensors [242].

This thesis projects to assess the optimum fluorescence-enhanced plasmonic
condition on the DVD-templated metasurface, and at the same time, it aims to detect AD
biomarkers from complex biospecimens. In Chapter 1, we elaborated on POC biosensors
and plasmonic metasurfaces. We further discussed the integration of fluorescent proteins
over the metasurfaces for developing fluorescence-enhanced plasmonic radiation. This
signal enhancement was desired for the development of plasmonic POC biosensors. In
Chapter 2, AD diagnosis and blood-based AD biomarkers were highlighted. AD was

implemented as the model disease for the developed biosensor. In Chapter 3, we
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introduced and explained the materials and methods used throughout the thesis. This
chapter included details over the experimental protocols and characterization methods.
On the other hand, the thesis was mainly structured on Chapter 4 and Chapter 5. Briefly,
Chapter 4 describes the optical properties of the metasurface; explains the requirements
of fluorescence-surface plasmon coupling; and examines the optimization conditions of
a fluorescence-enhanced plasmonic metasurface. Chapter 5, on the other hand, provides
the details on the detection of AD biomarkers using the optimized fluorescence-coupled
plasmonic metasurface.

Particularly, in Chapter 4, it was aimed to integrate the metasurface with
fluorescent proteins using different surface modifications and optimize spectral overlap
between the fluorescent proteins and the plasmonic resonance of the metasurface.
Initially, the plasmonic response of the metasurface was evaluated both numerically and
experimentally. In this manner, the dimensions of the fabricated metasurface were
characterized using AFM (Figure 4.1 e). The results were then transferred into an FDTD
simulation model of the metasurface, and accordingly, the experimental and simulated
reflection spectra of the metasurface in a water medium (n=1.33) were consistent with
each other (Figure 4.2 a). The FDTD model designated a plasmonic resonance peak at
575 nm while experimental results indicated a peak at 552 nm. The peak position of the
plasmonic resonance of the simulation and experiment results were close, and the
difference would be possible fabrication challenges during the chemical etching steps and
differentiation in metal coatings. Further, the FDTD model designated the confinement
of electric field at the corners of the metasurface, these regions are known as
electromagnetic hotspots (Figure 4.2 d). These hotspots are critical for providing a strong
coupling between fluorescence and surface plasmons. Next, the bulk sensitivity of the
plasmonic metasurface was analyzed while applying various concentrations of glycerol
solutions. From this analysis, S and FOM values were calculated for obtaining a
numerical value of the performance of the metasurface (Table 4.1). After the analysis of
the optical properties, the metasurface was ready to couple with the fluorophores.

Moreover, the coupling effect requires two critical optimization factors for the
development of fluorophore-enhanced plasmonics. These are the separation distance
between the fluorophore and the metasurface and the spectral overlap between the

fluorescent spectrum and plasmonic resonance [140], [141]. The changes in the
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separation distance have two possible distinct outcomes: (i) At short separation distances,
a non-radiative energy transfer between the fluorophore and the metasurface results in the
formation of lossy surface waves [141]. These surface waves were trapped on the surface
and cannot radiate to the far field, resulting in the quenching of the fluorophore. (ii) The
other possible outcome was the coupling between the fluorescence and plasmonic
resonance forming a far-field radiating plasmon radiation at longer separation distances
[243]. Surface modifications were chosen to have distinct molecular lengths and
functional sites for coupling fluorophore plasmonic metasurface in a controlled manner.
Here, three different surface modifications were adapted through 3-MNHS (~4-6 nm),
SH-PEG 600-Biotin (~6-10 nm), and SH-PEG 2000-Biotin (~16-20 nm) which were
entitled as short, medium, and long-distance modifications, respectively. The length of
these surface modifications was calculated by considering the molecular size of the
surface modification building blocks, such as avidin protein, ethylene glycol, and biotin
molecules as reported in the literature [179] (Figure 3.3). These surface modifications
were further integrated with avidin-FITCs to functionalize the metasurface with
fluorescent proteins. The effect of fluorescence-plasmonic coupling was investigated
using the wavelength shifts in plasmonic resonance. In this manner, avidin and avidin-
FITC integrated surface modifications were investigated and their response to the
presence of fluorescent label (FITC) was analyzed. On the short-distance modification,
avidin protein enabled 1.17 times higher plasmonic signals over the avidin-FITC (Figure
4.4 3, b, and h). This result designated that the non-radiative energy transfer was dominant
on the short-distance modification which led to the entrapment of plasmon radiation to
the plasmonic nanostructure, instead of the far-field. In contrary, avidin-FITC decorated
on the medium-distance modification enabled 4.4 times of signal enhancements with the
respect to the avidin counterparts (Figure 4.4 c, d, and h), suggesting fluorescence-
enhanced plasmonic radiation on this modification. Moreover, the long-distance
modification maintained the fluorescence-enhanced far-field plasmon radiation with ~2.7
times of signal enhancement (Figure 4.4 e, f, and h). However, the signal-enhancement
was lower than medium-distance modification, pointed out the long-distance
modification drifted apart from the optimum separation distance, ~6-10 nm . After
collecting the signals, the surface modifications were characterized using XPS. For this

step, each surface modification was analyzed with carbon, oxygen, nitrogen, sulfur, and
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gold scans while looking at the binding energy spectrum (Figure 4.10). The peaks
associated with the carbon, oxygen, nitrogen, and gold scans were utilized to verify the
presence of surface modifications over the metasurface.

The separation distance between the fluorophore and surface plasmons has also
an impact on the fluorescence intensity. This phenomenon is known as plasmon-enhanced
fluorescence, and the fluorescence intensity can be enhanced near-surface plasmon with
optimized separation distance. Therefore, the impact of surface modifications on the
fluorescence intensity was also investigated. The highest fluorescence intensity of avidin-
FITC was observed on medium-distance modification, following long- and short-distance
modification. The medium-distance modification had 3.68 and 2.61 times higher
normalized fluorescence intensity than short- and long-distance modifications,
respectively (Figure 4.8 a). Therefore, the medium-distance modification provided the
optimum separation distance between fluorophore and metasurface. Furthermore, the
fluorescent intensity was investigated before, during, and after avidin-FITC
immobilization over the medium-distance modification for investigating the surface
coverage. This was an essential parameter for maximizing the surface area of immobilized
biotinylated antibodies for biomarker studies. The fluorescence intensity was around 60%
recovered after the washing step, and hence, more than half of the medium-distance
modification was functionalized with avidin-FITC (Figure 4.9 c).

The spectral overlap between the fluorescence spectrum and plasmonic resonance
is the second most critical parameter for obtaining fluorescence-enhanced far-field
plasmonic radiation. The efficiency of both non-radiative energy transfer and
fluorescence-coupled surface plasmon was significantly affected by the spectral overlap
[140], [142]. The impact of spectral overlap on the fluorescence-enhanced plasmonic
radiation was investigated by changing the fluorophore over the medium-distance
modification. Herein, avidin-FITC, avidin-Texas Red, streptavidin-Qdot 525, and
streptavidin-Qdot 625 were applied over the medium-distance modification, and the
changes in wavelength shift were investigated with the respect to avidin. The wavelength
shift of the avidin-Texas Red was recorded as 1.3 times higher than that of avidin protein
(Figure 4.7 d). This signal enhancement was lower than the avidin-FITC integration (~4.4
times). Furthermore, avidin wavelength shift was observed to be 5.1 and 1.8 times higher
than streptavidin-Qdot 525 and streptavidin-Qdot 625, respectively (Figure 4.7 h). This
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designated a signal drop towards Qdot-conjugated streptavidins. The results designated
the highest wavelength shift on avidin-FITC, followed by avidin-Texas Red, streptavidin-
Qdot 625, and streptavidin-Qdot 525, respectively. In a nutshell, the optimization steps
of the separation distance and spectral overlap provided the avidin-FITC functionalized
medium-distance modification as the optimum condition for achieving the fluorescence-
enhanced plasmonic radiation over the DVD-templated metasurface.

In Chapter 5, it was aimed to convert the fluorescence-enhanced plasmonic
metasurface to a biosensor in order to detect AD biomarkers that can be further adapted
into the POC settings. Therefore, this combination was further utilized for capturing AD
biomarkers. In this manner, biotinylated anti-tau antibody and biotinylated anti-Afp 1-42
antibody were immobilized over the avidin-FITC functionalized medium-distance
modification. Tau-441 and AP 1-42 were utilized as the AD biomarkers, and the capture
events were monitored using the change in plasmonic resonance. A 1-42 was captured
on the medium-distance modification with the concentration values of 100, 200, 300, and
400 pg/ml. The average plasmonic wavelength shifts towards Ap 1-42 were 0.14 + 0.04
nm, 0.67 = 0.08 nm, 1.11 = 0.33 nm, 0.6 £ 0.11 nm for 100, 200, 300, and 400 pg/ml AB
1-42, respectively (Figure 5.1 a-d). 300 pg/ml Ap 1-42 was further prepared using a
diluted serum and the capture of AP 1-42 in serum was also detected by tracking the shift
in plasmonic resonance (Figure 5.1 f and g). Likewise, the capture events of tau-441 was
monitored for the concentration values of 5, 10, 15, and 20 ug/ml. The average plasmonic
wavelength shifts towards tau-441 were 0.24 + 0.23 nm, 0.30 £ 0.34 nm, 0.38 £ 0.17 nm,
and 0.44 £ 0.2 nm for 5, 10, 15, and 20 pg/mL tau-441, respectively (Figure 5.2a-d). 20
pg/ml tau-441 was further prepared in the diluted serum and the capture of tau-441 was
also tracked with the plasmonic wavelength shift (Figure 5.2 f and g). The immobilization
of the biotinylated antibodies was then investigated using ATR-FTIR, contact angle,
surface topography analysis, and AFM etching tests. The first three analyses were
performed on a layer-by-layer measurement method where each layer was analyzed
individually before the addition of other layers. Therefore, the analysis was performed
individually on the bare metasurface, medium-distance modification, avidin-FITC, and
biotinylated anti-tau antibodies, respectively. The ATR-FTIR analysis confirmed the
immobilization of biotinylated anti-tau antibodies over the medium-distance modification

by the presence of the amid | and amid Il groups (Figure 5.6) [226]. The contact angle
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measurement depicted a drop in the contact angle after the addition of biotinylated anti-
tau antibodies over the avidin-FITC functionalized medium-distance modification
(Figure 5.4 d). This result suggested the immobilization of biotinylated anti-tau antibodies
since the surface becomes more hydrophilic with the hydrophilic property of the
antibodies at binding points [230]. The AFM etching test and surface topography analysis
provided insights regarding the biotinylated anti-tau antibody's immobilization over the
medium-distance modification and thickness of the medium-distance modification layer.
In particular, the identification of the medium-distance modification and biotinylated
anti-tau antibodies on the metasurface was confirmed by the EDX result obtained from
the AFM tip which was utilized in the AFM scratching test (Figure 5.11).

The detection of AP 1-42 and tau-441 was confirmed and compared with the gold-
standard method ELISA tests. In this experiment, Ap 1-42 Human ELISA Kit and Human
Tau colorimetric ELISA Kit were utilized using both PBS and serum samples. The
concentration values applied to the ELISA kits were rearranged since the working range
of the ELISA Kkits was in the 1-1000 pg/ml range. The AB 1-42 Human ELISA Kit
determined 200, 400, 600, and 800 pg/ml for Ap 1-42 both in PBS and serum with a linear
range response in both types of sample (Figure 5.12). The Human Tau colorimetric
ELISA Kit determined 100, 200, and 300 pg/ml for tau-441 both in PBS and serum with
a linear range response for only serum samples (Figure 5.13). Our sensor platform has
several advantages over the ELISA kits. The ELISA process consists of 8 steps in a multi-
step detection protocol. These steps include sample incubation (1.5 hours), detection
antibody incubation (1 hour), washing process (10 minutes), enzyme (HRP) incubation
(30 minutes), washing process (10 minutes), color-generating substrate solution
incubation (15-30 minutes), stop solution (5 minutes), and spectrometer measurement
[244]-[246]. The total duration, varying from test to test, including sample preparation
and washing steps, is approximately 5 hours (1 hour for standard and sample preparation,
and 4 hours for the ELISA protocol). In contrary, our sensor requires only 3 steps (initial
data measurement, sample application, and washing) and the biomarker can be detected
within 20 minutes. Additionally, ELISA requires a large volume of antibodies and
samples (100 uL of sample and 100 pL of antibody) [247], [248]. Moreover, our sensor
Is integrated with a microfluidic chip and requires much less sample and antibody volume
(50-75 pL of sample and 10 pL of antibody). On the other hand, ELISA utilizes two
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antibodies: one for capture and one for the detection of the biomarker. Our sensor requires
only one antibody for the detection of AD biomarkers. Furthermore, ELISA Kits are
costly, with a complete kit costing around $750-1000, and the cost per well is
approximately $9-10 (for 96 wells). Our sensor reduces the cost per sample to
approximately $1.5, offering a platform 6-7 times cheaper alternative for ELISA Kits.

In a nutshell, the coupling effect between fluorescence and plasmonic resonance
was combined in a distance-dependent manner for obtaining a hybrid platform for the
detection of biomolecules and biomarkers. Consequently, we aimed to develop a POC
platform that follows RE-ASSURED qualifications for the detection of AD biomarkers.
To provide an inexpensive biosensor platform, the metasurface was fabricated using off-
shelf DVDs and integrated with lithography-free microfluidics. The sensitivity of the
platform was aimed to be enhanced by the integration of fluorescent proteins on the
metasurface. Therefore, the separation distance and spectral overlap were optimized
accordingly. Our biosensor demonstrated sufficient analytical performance for the
detection of AD biomarkers. The sensitivity of the metasurface platform was enhanced
using fluorophores in a distance-dependent manner. The fluorophore-enhanced
plasmonic metasurface demonstrated a linear response for the capture of tau-441; yet, it
did not performed much sufficient for the case of AB 1-42. The LOD values were
observed as 5 pg/mL for tau-441 and 100 pg/mL for AP 1-42. The detection ranges were
5-20 ug/mL for tau-441 and 100-400 pg/mL for AP 1-42. These LOD values could be
further enhanced by increasing the refractive index sensitivity of the metasurface which
can be obtained by changing the design of grating structures into finer nano-dimensional
lattice geometries, such as nanopores, nanocrescent arrays, nanocavities, and asymmetric
arrays. On the other hand, changing the fluorescence emitters that would enhance the
plasmonic signals more would be another solution. Through such strategies, the LOD of
the biosensor can be improved from ug/ml to lower concentration values such as, ng/mi
or pg/ml, and this might extend dynamic linearity in the detection range. Selectivity is
also a crucial element for preventing false-positive results. In this case, we applied serum
samples including many other proteins rather than biomarkers of interest, and through our
experiments, we did not encounter any significant wavelength shift towards the non-
specific bound analytes rather than AP 1-42 and tau-441 in the serum experiments. This

pointed out that our platform was selectively responding to the AD biomarkers and there
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was no significant cross-reactivity observed. The repeatability of the biosensor at low
concentrations was diminished, as indicated by the proximity of the error values to the
wavelength shift values. This challenge can be improved by tracking refractive index of
the biosensor while applying low concentrations of biomarkers. This platform paved the
way for developing efficient and inexpensive methods for the diagnosis of AD. In
addition, the idea of using fluorescent molecules integrated with different surface
modifications for adjusting the separation distance can be utilized in also crystal vacancy
investigation [249]. Furthermore, instead of using different surface modifications, a
single aptamer can be also utilized for the fluorescence detection of biomarkers which
provides a dynamic detection platform due to the conformational changes on the aptamer
[135]. Therefore, this study provides new strategies for the integration of fluorophores on

various platforms in a distance-controlled manner.
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