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Figure 1: Integration of a plasmonic metasurface with a sandwich
immunoassay

Fluorescence-based methodologies have been used extensively for biosensing and
to analyze molecular dynamics and interactions. An emerging, promising diagnostic tool
are fluorescence-based microarrays due to their high throughput, small sample volume
and multiplexing capabilities. However, their low fluorescence output has limited their
implementation for in vitro diagnostics applications in a point-of-care (POC) setting.
Here, by integration of a sandwich immunoassay microarray within a plasmonic nanogap
metasurface, we demonstrate strongly enhanced fluorescence enabling readout by a
fluorescence microarray even at low sensitivities. We have named this plasmonic

architecture the plasmonically enhanced D4 (PED4) assay. The immunoassay consists of
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inkjet-printed capture and fluorescently labeled detection antibodies on a polymer brush
which is grown on a gold film. Colloidally synthesized silver nanocubes (SNCs) are
placed on top of the brush through a polyelectrolyte layer and interacts with the
underlying gold film creating a nanogap plasmonic structure supporting local
electromagnetic field enhancements of ~100-fold. By varying the thickness of the brush
between 5 and 20 nm, a 151-fold increase in fluorescence and a 14-fold improvement in
the limit-of-detection (LOD) is observed for the cardiac biomarker B-type natriuretic
peptide (BNP) compared to the unenhanced assay, paving the way for a new generation
of point-of-care clinical diagnostics.

To move the PED4 towards a single step point of care test (POCT), SNCs are
conjugated with a secondary antibody that attaches specifically to the detection antibody.
This allows SNCs to deposit on the surface without the need of a charged polyelectrolyte
layer. In addition, multiplexing capabilities are demonstrated in this plasmonic platform
where NT-proBNP, Galectin-3, and NGAL are simultaneously detected and fluorescently

enhanced. Microfluidics integration and use of a low-cost detector is also demonstrated.
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Chapter 1 Introduction

1.1 Introduction

Fluorescent protein microarrays represent a promising platform for POC testing due
to low fabrication cost, straightforward multiplexing, and the need for low sample
volumes®. Significant progress has been made in the fabrication of microarrays, by
optimization of their performance through immobilization strategies>®, miniaturization’,
and automation®. The need for multiple washing and incubation steps, which is
incompatible with POCT, has recently been overcome with the D4 assay where the
capture and fluorescently labeled detection antibodies are inkjet printed on a stealth
protein and cell resistant polymer brush namely poly(oligo(ethylene glycol) methacrylate
(POEGMA) that is grafted from the surface of glass through surface initiated atom
transfer radical polymerization (SI-ATRP). Incubation of this chip with a drop of
biological fluid results in the appearance of discrete fluorescent spots, the intensity of
which correlates with analyte concentration®. However, the readout of the assay is still
severely limited by the fluorescence signal and typically requires the use of expensive
and bulky table-top detectors. Attempts at readout using a detector compatible with
POCT showed that this resulted in a deterioration of the LOD by ~20-fold® underscoring
the need for strategies to enhance the assay’s fluorescence output. As it will be described
in Chapter 2, plasmonics provides a possible solution to this challenge, as plasmonic

nanostructures can concentrate light into small volumes and yield high field



enhancements or “hot spots” that can enhance the efficiency of optical excitation and
emission processes of emitters'®1?,

In the past, plasmonic platforms have shown enhancements that are high enough to
detect single molecules*® and plasmonic metasurfaces have been used for phase
interrogation***%, however, their utilization as POCTSs is limited as they often are not
scalable and need intricate fabrication and functionalization steps*®!’. For instance,
Yesilkoy et al. showed the use of a plasmonic metasurface composed of nanoholes along
with large field-of-view interferometric lens-free imaging reader for the phase-sensitive
biosensing of proteins (IgG)%*. However, the limit of detection in their study is significant
and impractical for POC testing. Another recent example is the use of a
Polydimethylsiloxane (PDMS) stamp for the deposition of nanoparticles on an arbitrary
surface, representing a simple "add-on" to an immunoassay'é. Although the sensitivity
and fluorescence enhancement of this system are increased by a factor of 100, it would
be difficult to apply to substrates that need multiple readings, such as the case of 96-well
plates since the user would have to cut the plasmonic patch and add each patch on each
well. This fact would also make the system difficult to incorporate in microfluidics
applications and thus POC testing.

This thesis explores the use of the plasmonic nanopatch antenna as a fluorescence
enhancer in the D4 assay and it investigates means to translate the system into a point-of-

care test for clinical use, a feat that remains challenging in microarray immunoassays.



1.2 Organization

This dissertation is organized as follows. Chapter 2 focuses on fluorescence in
biosensing and diagnostic technologies and provides an introduction two main
components used in the development of the PED4: 1) the non-fouling polymer surface
POEGMA and 2) the plasmonic nanopatch antenna. In Chapter 3, fabrication of the
PED4 using a polyelectrolyte layer is introduced and difference in fluorescence
enhancement is demonstrated for varying thickness of the polymer brush. In Chapter 4,
efforts to move the PED4 towards a POCT are shown such as particle functionalization,
detection with inexpensive components, and integration in a microfluidic chip. Chapter 5
further demonstrates the clinical value of the PED4 by adding multiplexing capabilities to
the system, where three biomarkers can simultaneously be detected and enhanced.
Chapter 6 discusses future directions that can lead to higher enhancements and assay

performance in the PED4, as well as ways to translate the system for clinical use.



Chapter 2 Background on protein microarrays fluorescence
enhancement through plasmonics

2.1 Overview

The work presented in this thesis amalgamates two state of the art technologies:
1) the D4 assay and 2) the nanopatch antenna metasurface. This chapter provides with an
introduction to these technologies and how their individual properties attribute to the
overall performance of the plasmonically enhanced D4 assay. First, an introduction to
non-fouling surfaces is provided, with a focus on the POEGMA polymer brush. Then,
protein microarrays and their advancement towards clinical applications is discussed with
a focus on the D4 assay. An introduction to plasmonics is then given, emphasizing on
their ability to enhance physical properties of molecules such as fluorophores. Then an
overview of plasmonic biosensors is provided by focusing on its two main classes:
surface plasmon resonance (SPR) and localized surface plasmon resonance (LSPR). A
detailed description of the plasmonic nanopatch antenna is also provided, followed with a
discussion on its fluorescence enhancing properties and its use as a plasmonic
metasurface. Finally, we discuss a few examples of plasmonic microarray technologies

and how the PED4 can outperform in the clinical setting.

2.2 Non-fouling surfaces and the POEGMA polymer brush.

Non-fouling materials have become ubiquitous in the medical field to prevent the
non-specific binding of proteins and cells in in vivo systems such as drug delivery

carriers and implants, and in vitro systems such and diagnostic biosensors*®. In vivo non-
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fouling materials are beneficial in implantable devices as they resist inflammatory
responses such as tissue fibrosis and infection, which can compromise the effectiveness
of an implanted device and the patient’s outcome?’. In the case of diagnosis devices,
reduction of non-specific protein binding allows for an increase in analytical sensitivity?®.
Poly (ethylene glycol) (PEG) has become the gold standard in materials resisting protein
adhesion. However, these are subject to oxidation and present low stability??. Other
classes of antifouling materials have been investigated, that can be divided into
polyhydrophilic (PEG, polysaccharides, and polyamides) and polyzwitterionic materials
(polymer with positive and negative charge). The basic mechanism in antifouling
surfaces is their minimization of the intermolecular interaction forces between molecules
in proteins or cells and the surface?. This is done through a tight bond water layer
(hydration layer) that creates a physical and energetic barrier to prevent protein
adsorption on the surface.

In addition to surface hydration, surface modification and packing play important
roles in achieving non-fouling properties of a surface. This can be obtained in self-
assembled monolayers (SAMs), “grafted-from-surface” polymers via surface-initiated
atom transfer radical polymerization (ATRP), and in “graft-to-surface” polymers via
dipping, cross-linking, or reaction of the specific groups of polymers with substrate?.
Research by Whitesides?* et. al for example, showed that short-chain hydrophilic SAMs
are well suitable platforms for protein unbinding due to their high surface density.
However, this packed density brings rigidity to the chains, which compromise their
flexibility and ability for steric repulsion®®. Also, SAMs have the propensity to create

5



imperfections, and therefore they do not have the same degree of robustness as
polymers?27, As an alternative, atom transfer radical polymerization (ATRP) can also
create high density coatings such as SAMs, but with thicker, and robust polymer films. In
addition to surface hydration, these also present chain flexibility. This means that when a
protein approaches the surface, the compression of the polymer chains causes steric
repulsion to resist protein adsorption?®?°, In this study, ATRP was used as a method for
polymer growth due to the high polymer coverage it produces, its high control over
growth Kinetics, and because it is easy to perform.

ATRP has been used to grow an oligo(ethylene glycol) (EG)n — functionalized
polymer brush of tunable thickness (5-50nm range) on silicon oxide and gold®*-32, To
perform ATRP of oligo(ethylene glycol) methyl methacrylate (OEGMA) on glass and
silicon oxide, slides were first functionalized with the silane initiator (3-
Aminopropytriethoxysilane, also known as APTES to form an amine-terminated self-
assembled monolayer . The slides were then modified to present an ATRP initiator by
immersing them in a solution of bromoisobutyryl bromide (1%) and triethylamine (1%)
in dichloromethane, which allows the initiator bromoisobutyryl bromide to attach to the
amine groups. Finally, slides were submerged in a degassed polymerization solution of
Cu()Br, bipyridine, and oligo(ethylene glycol) methacrylate (Mn = 300 mg mL™) under

argon to synthesize surface-tethered brushes of POEGMA?®3, as seen in Figure 2.
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Figure 2: SI-ATRP of oligo(ethylene glycol) methyl methacrylate (OEGMA)

on glass and silicon oxide. Slides are first functionalized with a silane initiator (1)

followed by their modification to present an ATRP initiator (2). Finally, slides were

submerged in a degassed polymerization solution under argon to grow the polymer
brush (3).

A slightly different approach is taken when polymerizing on a gold surface. In
this case, a bifunctional molecule is used as the initiator, where an ATRP initiator is at
one end (bromoisobutyrate moiety) and a thiol group on the other end. The same
polymerization procedure as that of glass is taken for gold. In the case of the experiments
performed for this dissertation, the thiol initiator used was that of Bis[2-(2’-
bromoisobutyryloxy)ethyl]disulfide. Figure 3 shows the polymerization growth for our
experiments, where different polymer thicknesses ranging from 3nm-50nm were obtained
by increasing the polymerization time. This figure shows a single polymerization run
where error bars reflect the standard deviation across five different spots on the sample,

showing the high level of thickness control in each slide necessary for the experiments.
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Figure 3: Thickness of POEGMA brush on gold by ATRP as a function of
polymerization time. The POEGMA brush thickness was measured by
ellipsometry. The schematics in the figure shows the steps of the process, where a
dislfide-terminated ATRP initiator Bis[2-(2’-bromoisobutyryloxy)ethyl]disulfide
(BIBOEDS) forms a self-assembled monolayer on gold, and subsequent ATRP of
the monomer (OEGMA) from the tethered initiator leads to the in situ synthesis of a
POEGMA brush on gold.

Polymer POEGMA brushes have shown to have excellent non-fouling behavior
against proteins and cells. Initial studies with ATRP OEGMA polymerization showed
that small POEGMA thickness ( >10 nm) grown on gold resisted protein adhesion from
the sticky protein fibronectin and FBS, with a SPR signal below ~1 ng cm™. A pattered
POEGMA gold surface was also used to demonstrate that cells can be attached to the

gold film and that this cellular pattern can be retained for 30 days®.

2.3 Use of polymer brushes in analytical protein microarrays
Protein microarrays have served as excellent diagnostic tools due to their high

throughput, low cost, minimal reagent consumption, multiplexing capabilities, fast



kinetics, and functional integration*®*. To test the POEGMA’s capabilities for microarray
integration, POEGMA slides where printed with capture antibodies and a dose response
curve was be generated with IL-6 spiked serum. It was demonstrated that the LOD in the
POEMGA slide had better performance (~10-fold improvement) when compared to
nitrocellulose®.

In order to move microarrays towards clinical and point-of-care applications,
improvements are needed in reproducibility (intra and inter spot variability), sensitivity,
analysis time, automation, and compatibility with portable instruments. Specifically,

some of these challenges include: i) low reproducibility due to variability in chip

substrate, denaturation and immobilization strategy, probe concentration, blocking steps
required, and assay design>2®; ii) low sensitivity due to low detection of low protein

concentration and low affinity to the biorecognition elements; iii) time for reaction

Kinetics and assay reading due to washing steps, read out, and data analysis; iv) use of

large and bulky instrumentation needed for microarray detection; and v) production cost

when designing the assay*. Addressing these challenges are extremely necessary to
translate microarray systems for POC testing and meet the World Health Organization’s
ASSURED guidelines®, where POCT devices should be Affordable (for those at risk of
infection), Sensitive (minimal false negatives), Specific (minimal false positives), User
friendly (minimal steps to carry out test), Rapid and Robust (short turnaround time and
no need for refrigerated storage), Equipment-free (no complex equipment), and Delivered
(to end users). Efforts were then made to address these challenges by optimizing the
POEGMA protein microarray towards a self-contained and robust chip, known as the D4

9



assay. The D4 assay obtains its name from the four simple steps that are needed to run it,
where a small volume of liquid containing the biomarker is (i) dispensed on the chip,
which (ii) dissolves the soluble spots of fluorescently labeled dAb. This is followed by
their (iii) diffusion and binding to the analyte-bound cAb spots, which generates a (iv)
detection signal of fluorescent spots that are imaged by a table-top fluorescence scanner
(Figure 4). One of the new additions in the D4 assay is the dissolvable detection antibody
that is printed on the surface. To make the detection agents soluble and stable during

storage, these are mixed with PEG or trehalose.

a) Dispense bjll 6y Dissolve
_,Ag exa r T_
‘&z’““’*/"*‘“ @ X
Y YY Trehalose .Yv
POEGMA
Glass
c) Diffuse d) Detect

Figure 4: D4 assay steps on POEGMA brushes. a) A drop of blood is
dispensed into the chip. b) This causes soluble detection antibodies to dissolve from
the surface and diffuse towards the capture spots as seen in c). Finally, this generates

a quantifiable fluorescence signal as shown in d)

The D4 assay addresses some of the mentioned challenges in protein microarrays

when moving them towards clinical and POC applications. In terms of reproducibility,
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the D4 assay presents low intra and inter variability in the assay due to the high level of
POEGMA thickness control, which consequently allows for control of antibody
immobilization (see Chapter 6) and highly replicable results. Another major concern in
microarray technology that can cause irreproducibility is antibody denaturation. The D4
assay tackles this problem as a result of POEGMA’s hydrophilic nature, which reduces
the chances of proteins’ hydrophobic core to contact the surface and therefore fold or
denature®®. It has been shown that the chips can be kept under vacuum and room
temperature for several months and still perform the same way as freshly prepared chips?®.
The design of the D4 assay also increases reproducibility from assay to assay due to the
simplicity of its workflow. Since chemical activation or blocking steps are not needed
and all reagents are self-contained, the assay becomes user friendly and variability due to
these steps are eliminated. In terms of sensitivity, the POEGMA’s nonfouling nature
minimizes nonspecific antibody binding and allows for femtomolar sensitivity. As for

time for reaction, the assay can be performed and washed in 90 minutes, scanned in 10

minutes, and analyzed in a few minutes, which is a suitable time rage for POC testing.
With regards to cost, fabricating a single chip becomes inexpensive due to the availability
of reagents and the miniaturization of the devices, which only requires antibody volumes
in the picoliter regime. In addition, the D4 assay does not need to be refrigerated or stored
without hydration, making the need for a refrigerator obsolete. As for the use of large and

bulky instrumentation, the D4 assay can be tested with portable detectors, however its

sensitivity is compromised by about 10-fold®. Different strategies can be taken to address
this problem, including integration of nanomaterials such as quantum dots, increasing
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high density of probes (which can already be achieved with thick polymer brushes), and
by enhancing the intensity of the fluorophore. We explore the latter strategy in this
dissertation, where a plasmonic structure is used to increase the fluorescence output from

the D4 assay.

2.4 Use of plasmonics for biosensing applications
2.4.1 Background

Plasmonics refers to the study of plasmons, or the collective oscillations of
conduction electrons in a metal (such as gold, silver, and platinum) which are excitable
with specific wavelengths of light. When the electron cloud is displaced relative to its
original position due to electromagnetic excitation, a restoring force arises from
Coulombic attraction between electrons and nuclei®. This force causes the electron cloud
to oscillate, and the oscillation frequency is determined by the density of electrons, the
effective electron mass, and the size and shape of the charge distribution*. Figure 5
shows this oscillation of electron cloud in a metallic nanoparticle, which according to the
Drude model, it oscillates 180 degrees out of phase relative to the driving electric field*.
The surface charge-density oscillations associated with surface plasmons at the interface
between a metal and a dielectric can give rise to strongly enhanced optical near-fields,
which are spatially confined near the metal surface. The resulting high field intensity
creates an enhanced local density of states, which strongly boosts optical processes such
as light absorption and emission at the nanoscale. The next section focuses on the
different types of plasmonic modalities that have been used for biosensing, including

wavelength shifting and field enhancement.
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Figure 5: A plasmon refers to the coupled oscillations that rise from the
interactions between light and conduction electrons in a metal. This schematic
shows plasmon oscillation for a small metal sphere with displacement of the
conduction electron charge cloud relative to the nuclei. Adapted from Ref. 40.

2.4.2 SPR and LSPR in plasmonic biosensors

Plasmonic biosensors can roughly be categorized into those that use
surface plasmon resonance (SPR) such as metallic films, and those that use localized
surface plasmon (LSPR) as in the case of individual nanostructures.'® SPR has become
the most widely used form of biosensing, which relies on a phase or resonance shift when
molecules bind to the surface. Here, when a beam of light traveling through a dielectric
reaches the surface of a metal, a traveling surface wave is generated at the impinging
point of light and it travels along the interface*?. This wave is referred as the surface
plasmon or surface plasmon polariton. When this happens, an evanescent field is
generated, which represents how far into the dielectric the surface plasmon wave extends.
This surface plasmon acts as an antenna as it can sense the presence of analyte in

solutions into the dielectric (up to 1 pm)*. Figure 6a shows a diagram of the common
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Kretschmann configuration, which has become the standard optical configuration in the
generation of SPR. It is important to notice that a design consideration for this system it
the use of adaptive optics (a prism in this case) so that the momentum of light can be
increased and matched to the momentum of plasmons*!. For its procedure, light is
absorbed by the electrons in the middle film of the sensor chip causing them to resonate.
This SPR causes a reduction in the intensity of light reflected at a specific angle from the
glass side of the sensor surface. As molecules bind to the sensor surface, the refractive
index close to the surface changes, altering the angle of minimum reflective intensity®.

In the case of LSPR (metallic nanoparticles), since the lateral dimension of the
interface is much smaller than the plasmon propagation length traveling along the
surface, the surface plasmon is localized, which causes an large increase electromagnetic
field close to the particle (Figure 6b). LSPRs of nanoscale objects can be tuned by
varying the size, shape, composition and surrounding environment***°, Some typical
examples include single nanoparticle sensors, where change in the color of the scattering
nanoparticle (LSPR wavelength), can be used to determine to know if a biomolecule has
attached to the surface*®*’. For instance, a gold nanoparticle can be functionalized with
an antibody, giving a particular resonance wavelength. When the antigen binds to the
antibody, a change in the index of refraction is created, which can be sensed through a
red shift in the resonance wavelength*. Other forms of LSPR consist of a high density of
plasmon resonant nanostructures immobilized on a substrate, which provides an easier
and more robust option to interrogate large number of nanoparticles at a time*°. Other
examples include island-like structures, and structures formed by patterning™®.
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Figure 6: Division in plasmonic biosensors. a) Metallic films that produce a
surface polariton and b) individual nanostructures that produce localized surface
plasmons (LSP). Adapted from Ref. 43.

LSPR enjoys inherent advantages over SPR in biosensing. One restriction in SPR
is that its long field decay length into the dielectric causes a marginal bulk effect. As a
consequence, biomolecules that are not attached to the surface become detectable,
causing false positive reading®. Another disadvantage of SPR sensing is that it needs
adaptive optics and thermal controls to function properly*!, making it difficult to
incorporate into microfluidics or other point of care devices. On the other hand, LSPR
sensing platforms do not have a marginal bulk effect since LSPRs only extend tens of

nanometers into the surrounding medium, localizing their sensor information.
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Furthermore, these are more amenable to miniaturization since the LSPR signal is created
from nanoscale objects which can then be incorporated in small chips for point of care
testing °.

In addition to metallic films that create SPRs and individual nanoparticles that create
LSPRs, film-coupled nanoparticles serve as a platform consisting of both. In this case,
nanoparticle localized surface plasmons couple to surface plasmons in the metallic film,
where charge distributions induced on the nanoparticle in turn induce image charges
within the conducting layer. This can be seen as the nanoparticle having a mirror of itself
on the film, where the film creates an image dipole of the nanoparticle separated in
space'®®, And evident advantage of this system is the high reproducibility of film-
coupled nanoparticles that can be created over the surface due to the precise molecular
spacers that can be fabricated®>>*.An example of this is a plasmonic ruler fabricated with
gold nanoparticles over a gold film, which is able to discern distances on the angstrom
scale in a highly precise and accurate manner®2. Another example of a film-coupled
system is the nanopatch antenna, where silver nanocubes are coupled to a metallic film.
The resonance in the nanopatch, however is fundamentally different from that of coupled
spheres, where the region between the flat faces of the nanocube and the metal film
induces a gap-plasmon mode which can propagate parallel to the film. Multiple
reflections at the nanocube edges cause the gap-plasmon to undergo a Fabry-Perot like
resonance with electric field maxima at the edges®. A detailed description of this

structure is described in Section 2.4.5.
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As seen, LSPR and SPR sensing strongly depends on the refractive index of the
surrounding medium, providing the basis for colorimetric plasmonic sensors. As
mentioned earlier, incident light on a nanostructure and metallic film also interacts with
localized or propagating surface plasmons to create large electromagnetic field
enhancements. This local electromagnetic field can influence optical processes such as
fluorescence, Raman scattering, and infrared absorption, resulting in plasmon-enhanced
fluorescence (PEF), surface enhanced Raman scattering (SERS), and surface-enhanced
infrared spectroscopy. The following section will focus on plasmon-enhanced
fluorescence (PEF) biosensors, since it has become the mostly spread optical sensing
method and it is regularly used for assay readout. This section also illustrates current
developments in fluorescence signal amplification and provides with current examples of

plasmonic biosensors from the literature.

2.4.3 Fluorescence enhancement in plasmonic biosensors

In plasmonic fluorescence enhancement, interaction between the electromagnetic
field and surface plasmons is associated with large enhancement of the field intensity and
local optical density of states which provides means to increase excitation rate, quantum
yield, and control far angular distribution of fluorescence light emitted by fluorophores
and quantum dots®®. Here, the high field created close to metallic structures can interact
with fluorophores at their absorption and emission wavelengths, where the fluorophore’s
radiative and nonradiative decay rates are modified due to an increased local density of
states®®. It is important to note that for short distances from the metal surface Foster

energy transfer between a fluorophore and a metal exists, causing strong quenching of
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radiative transmissions. However, as the distance increases, the emission via surface
plasmons become dominant, which enhances the decay rate and thus the quantum yield.
Another important parameter that can increase the collecting efficiency of fluorescence
light is the ability to control the emission angular distribution. This is critical since in
most fluorescence detection mechanisms less than a few percent of emitted photon is
delivered to a detector®®. Plasmonic structures offer a solution for this since the emitted
radiation intensity can be emitted via surface plasmons, offering high directionality.

Numerous examples of plasmonic structures exist for the fluorescently based
sensing of biomolecules. These range from chemically synthesized metallic
nanoparticles® >, flat continuous metallic films®-63, metallic islands and
nanoclusters®*®, and metallic nanostructure arrays prepared by lithography**¢-% Some
outstanding examples include the use of a “bowtie”” nanoantenna prepared by electron
beam lithography (EBL), where a 30nm gap between the nanostructures offered and
enhancement factor of 1300-fold*3. As a result of such high intensities, authors were able
to detect a single fluorescence molecule. Although this kind of enhancement and
sensitivity are desired for biosensing applications, fabrication techniques such as EBL
can be difficult and expensive to use, hence limiting the biosensor use as a point-of-care
test. Furthermore, this technique also requires nanostructures to create a very small and
defined gap region that can be difficult to reproduce and fabricate in large scale, liming
its use to a single plasmonic detector element.

Plasmonically enhanced microarray assays have become of interest in the
biosensing community due to their fabrication simplicity, reproducibility, multiplexing
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capabilities, scalability, miniaturization, and ability to be integrated in microfluidics. For
instance, Dai et. al reported the use of a plasmonic chip with chemically grown gold nano
islands on a glass substrate!’. These chips created up to 100-fold near-infrared
fluorescence enhancement, extending the dynamic range of protein detection by three
orders of magnitude. A disadvantage of this plasmonic assay is the need for surface
functionalization to generate NHS activated substates. This becomes a disadvantage since
this extra functionalization requirement brings intra batch variability to the slides, which
is undesired when translating the system towards clinical use. Another example of
plasmonically enhanced microarray is a “plasmonic patch” that can be placed on top of
an immunoassay*®. In this modality, plasmonic nanoparticles are attached to a PDMS thin
film that can be added to any surface containing an immunoassay. In this case,
fluorescence enhancement relies on the proximity of the nanoparticles to the fluorophore
on the assay. This distance is modified by the growth of a copolymer layer on the
nanoparticle surface, where its optimal thickness is about 3 nm. Some of the
disadvantages of the flexible patch is that adding an external substrate with embedded
nanostructures can be cumbersome and time consuming as it requires careful drying of
the assay to obtain optimal proximity of the nanostructures to the fluorophores. In
addition, the patch does not offer permanent binding of the plasmonic structures to the
assay, which can bring challenges in reproducibility and when performing measurements.
As an alternative, the nanopatch antenna offers a plasmonic platform that can be

easily fabricated, does not require surface functionalization, and is highly reproducible.
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The following section introduces the nanopatch antenna and Chapter 3 introduces its use

as a biosensing system.

2.4.4 The plasmonic nanopatch antenna

A promising plasmonic structure that can be used for fluorescence enhancement
in biosensors is the plasmonic nanopatch antenna®%°-®, In this structure, emitters are
sandwiched between a polymer layer on a gold surface and a cube nanoparticle, creating
an enhanced plasmonic environment of nanometer sized cavities that have shown to
exponentially increase spontaneous emission rate and radiative quantum efficiency due to
the large field enhancement underneath the particles and the increased density of states,
process also known as the Purcell Effect®®. Specifically, this plasmonic structure consists
of a 5-15 nm thick dielectric material with embedded fluorescence emitters sandwiched
between single crystal silver nanocubes (60 — 100 nm) and a metal film, as illustrated in
Figure 7. The dielectric gap consists of the layer by layer deposition of the positively
charged polyelectrolyte poly(allylamine hydrochloride), or PAH and the negatively
charged polyelectrolyte poly(sodium 4-styrenesulfonate) or PSS. As previously
mentioned, the fundamental plasmonic mode in the film-coupled nanocube system is a
Fabry-Perot resonance resulting from multiple reflections of the waveguide mode beneath
the nanocube that propagates within the gap region, with maximum field enhancement
occurring near the nanocube edges and corners®®. This brings a significant advantage to
the system compared to other film-coupled platforms because 1) the resonant wavelength
can be tuned by varying the nanocube size and the gap size (as opposed to the film-

coupled sphere resonance which can only be tuned by changing the gap thickness), and 2)
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the nanopatch couples to incident light predominantly through the magnetic field, making
the coupling with external detectors significantly more effective®. Due to these
properties, it has been shown that the field enhancement is the greatest at the plasmon
resonance wavelength, which can be tuned by controlling the nanocube size and the
dielectric gap thickness and have resulted in a record-high, 30,000-fold fluorescence

enhancement and a 1,000-fold emission rate enhancement®.
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Figure 7: Schematic of the plasmonic nanopatch antenna which consists of a
fluorecence molecule sandwiched between a silver nanocube and a metallic film.
Color indicates electric field enhancement as obtained from COMSOL simulations.

An important component in the nanopatch antenna system is the dielectric gap
thickness, which dictates how far the silver nanocubes are located relative to the gold
film. Previous work with Ru-dye as the emitter showed that as the gap thickness
increases, two main effects affect the fluorescence enhancement factor: 1) the quantum
yield increases due to reduction in quenching, and 2) the excitation rate decreases due to
the decreased field enhancement. Combining these two effects, it is seen that the
enhancement factor increases as the gap thickness increases and it is the highest at

thickness around 10-12 nm before it starts to decrease®®. Another important aspect of this
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plasmonic structure is the single lobe radiation pattern of the antenna at the resonance
wavelength, which is normal to the surface. This is an important characteristic of the
antenna as it allows for more efficient coupling to external optics. Specifically for the
nanopatch, simulation and experimental data showed that the fraction of emitted light
collected by an external lens is that of 84%.

The nanopatch antenna can also be implemented over large areas of any shape.
This gives rise of a plasmonic metasurface characterized by the homogenous deposition
of high density silver nanocubes, which gives rise to a resonant behavior and perfect
absorption (up to 99.7%) of light at frequencies that can be modified depending on
particle size and gap thickness’”’. Specifically, it has been demonstrated that light can
be absorbed across the visible and infrared range. For this structure, each film-coupled
nanocube acts like a magnetic dipole’®, where the resonance of the dipole is determined
by the size of the nanocube and the spacer. The collective action of many nanocubes on
the surface creates an effective magnetic response. As a result, the impedance of the
surface is matched to free space and both reflection and transmission of the surface are
eliminated, resulting in complete absorption®*. The nanopatch metasurface is attractive
for biosensing since it offers flexibility in the area and shape of where the fluorescence
enhancement can be applied to in a very easy to handle and cost-effective manner without
the need of expensive nanofabrication approaches and without changing the original

procedures of the exciting sensing techniques.
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Chapter 3 The plasmonically enhanced D4 (PED4) assay

3.1 Introduction and sample description

In this work, a protein microarray assay is integrated with a plasmonic
metasurface composed of film-coupled nanocube antennas to uniformly enhance the
fluorescence from the assay by over 100-fold while maintaining assay performance. As
introduced in Chapter 2, the film-coupled nanocube antennas consist of colloidally
synthesized silver nanocubes (~100 nm) separated from a metal film by a thin (3-25 nm)
dielectric spacer layer®%%8% and can be created over large areas to form metasurfaces
using simple particle deposition’”"®, The plasmonically enhanced D4 (PEDA4) assay is
demonstrated in this chapter for the quantification of B-type natriuretic peptide (BNP),
which is an important biomarker for the prognosis and long-term monitoring of cardiac
disease. The clinically relevant detection limits in BNP for heart failure monitoring are
100-400 pg/mL which in the grey zone and the patient would requires further testing or
echocardiogram, and >500 pg/mL which indicates high-risk patients that needs expedited
diagnosis and treatment®-8, Chapter 5 will demonstrate the feasibility of adding
multiplexing capabilities to this system for the simultaneous analysis of three other
clinical biomarkers for the diagnosis and prognosis of heart failure.

To enable optimized and uniform fluorescence enhancement, the D4 assay is
integrated in the gap region between the silver nanocubes and the metal film, where large

electromagnetic field enhancements are created (Figure 8a). Figure 8b shows the
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fabrication steps of the PED4 assay, where a gold film is first deposited on glass,
followed by growth of a POEGMA brush by SI-ATRP3%-32 as described in Chapter 2.
Two types of microspots are then inkjet-printed on the polymer brush: “stable” spots of
capture antibodies (CAb) surrounded by “soluble” spots of fluorescently labeled detection
antibodies (dAb- Alexa 647) mixed with an excipient (typically trehalose) that helps
dissolve the dAbs upon contact with biological fluid, such as serum, plasma or blood. For
this specific assay, capture Abs (monoclonal anti-BNP 1gG) were obtained from HyTest
and dAbs (polyclonal anti-BNP 1gG) were obtained from R&D Systems. The dAbs were
directly conjugated to fluorophores by following the antibody suppliers’ instructions
(Invitrogen, Alexa Fluor 647 Antibody Labeling Kit). The cAbs were spotted onto
POEGMA-coated substrates using a Scenion S11 noncontact printer under ambient
conditions at 1 mg/mL concentration. Spots of soluble detection reagents were composed
of dAbs (1 mg/mL) mixed with excipient (0.25 mg/mL trehalose) and printed in a similar
fashion. In the D4 assay (Figure 8c), a small volume (~80 pL) of liquid, containing the
clinically relevant cardiac biomarker BNP is (i) dispensed on the chip, which (ii)
dissolves the soluble spots of fluorescently labeled dAb. This is followed by their (iii)
diffusion and binding to the analyte-bound cAb spots, which generates a (iv) detection
signal of fluorescent spots that are imaged by a table-top fluorescence scanner.

Finally for the PED4 assay, silver nanocubes are adhered to the surface through a
poly(allylamine hydrochloride) (PAH) interfacial layer or by incubating silver nanocubes
conjugated to a secondary Ab (S.A), methods that will be discussed in Chapter 4. To
generate dose—response curves, D4 chips were incubated in a dilution series of analyte-
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spiked calf serum (Clontech) for 90 min. Substrates were then briefly rinsed in 0.1%
Tween-20/PBS, and then dried. Arrays were imaged on an Axon Genepix 4400 tabletop
scanner (Molecular Devices, LLC). Data from three different samples were averaged and
data was fit to a five-parameter logistic (5-PL) fit curve using OriginPro 9.0 (OriginLab
Corp.). The limit-of blank (LOB) was estimated from the mean fluorescence intensity (p)
and standard deviation (o) from three blank samples, defined as LOB = ppjank +
1.6450biank. LOD was estimated from spiked low concentration samples (LCS) above the
LOB, such that LOD = LOB + 1.645c.cs.

Figure 8d shows representative fluorescence images of the capture spots (i)
before and (ii) after adding the silver nanocubes to the gold surface for a 10 nm
POEGMA brush. A 216-fold fluorescence enhancement is obtained from comparison of
the “pre cubes” and “post cubes” on gold at a BNP concentration of 1.9 ng/mL, as can be
seen by the increase in intensity of the capture spots. A 151-fold enhancement is

observed when compared to a glass control at the same analyte concentration (Figure 9)
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Figure 8: Design and fabrication of the plasmonically enhanced D4 (PED4)
assay. a) Schematic of plasmonic nanoantenna with the assay integrated between the
gold film and silver nanocube (SNC). Color indicates electric field enhancement as
obtained from COMSOL simulations. b) PED4 fabrication starts by evaporating
gold on a glass slide, followed by poly(oligo(ethylene glycol) methacrylate
(POEGMA) growth by surface initiated atom transfer radical polymerization (SI-
ATRP). “Stable” capture antibodies (cAb) and “soluble” detection reagents are
spotted onto the surface by noncontact inkjet printing (NCP). ¢) The D4 assay is
performed. d) Finally, silver nanocubes are attached to the surface resulting in 216-
fold fluorescence enhancement of the capture spots for a 1.9 ng/mL B-type
natriuretic peptide (BNP) concentration and a 151-fold increase when compared to
a glass control at the same concentration.
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Figure 9: Fluorescence measurements for the three different assays in this
study. Glass control, a gold slide with a 10 nm POEGMA brush and no SNCs, and a
gold slide with a 10 nm POEGMA brush with SNCs deposited on the surface with a
PAH layer.

3.2 Enhancement through particle deposition using an interfacial layer
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Figure 10: Schematic of PED4 assay obtained by depositing silver nanocubes
(SNCs) using an interfacial poly(allylamine hydrochloride) (PAH) layer.
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To investigate the fluorescence enhancement of the assay provided by the
plasmonic metasurface, first PAH was used to electrostatically adhere the silver
nanocubes on the surface (Figure 10). For this end, D4 chips printed on a gold film were
submerged in a suspension of 3 mM Poly(allylamine hydrochloride) (PAH) and 1 M
NaCl for 5 mins after completion of a D4 assay followed by rinsing and drying. A silver
nanocube solution (1 mg/mL) was pipetted on top of a large coverslip spacer and placed
on top of the D4 chips to ensure uniform thickness of the solution over the whole sample
and the D4 assay slides were placed face down on top of the coverslip. The slides were
kept in a refrigerator for 60 min to reduce evaporation, after which they were rinsed with
DI water and dried with N2. The plasmonic metasurface characterized by the
homogenous deposition of the silver nanocubes on the capture spots is seen in the
photograph in Figure 11a, the dark field image in Figure 11b and the scanning electron
microscopy (SEM) image in Figure 11c and 11d. From these figures, is interesting to
notice that the silver nanocubes only deposit in the location of the antibody capture spots,
offering a reduction of noise around the surface background. It is also worth highlighting
the that the uniformity and density of the nanocubes on the surface is like those of the
metasurfaces introduced in chapter 2, which gives rise to an absorber at the plasmon

resonance of the structure.
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Figure 11: a) Photograph of capture spots show silver nanocubes attach
specifically to printed spots. b) Dark-field and c-d) SEM images show uniformity of
the nanostructures constituting a large area metasurface.

As it was introduced in chapter 2, a perfect absorber metasurface can be used to
absorb light at certain frequency of light depending on the thickness or particle size in the
nanopatch antenna. This was also investigated with the PED4 where the thickness of the
POEGMA was grown to 5 nm, 10 nm, 15 nm, and 20 nm while maintaining the particle
size constant. Nanocubes of 100 nm in sized where then placed on the surface to
determine the resonant behavior of the structure. To obtain the resonant behavior, white
light reflectance measurements at near normal incidence were performed using a custom-

built confocal microscope with a 20x objective and detected by a spectrometer with an
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attached charge coupled device (CCD). As seen from the reflectivity measurements in
Figure 12, as the thickness of the polymer is increased, there is a blue shift in the

resonance of the metasurface, as was seen earlier in chapter 2.
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Figure 12: Plasmon resonance in PED4 for different POEGMA thickness.

Resonance blue shifted 50 nm from 721 nm to 671 nm when increasing the
POEGMA thickness from 5 nm to 20 nm.

3.3 POEGMA thickness dependence on fluorescence enhancement

Next, we systematically probed the role of the POEGMA thickness on the dose-
response curves for BNP, as this thickness varies the critical distance between the silver
nanocubes and the gold film of the metasurface. Because POEGMA is grown in situ from
the gold or glass surface by SI-ATRP, the ATRP provides highly controlled growth
kinetics of the polymer for thicknesses between 5 and 50 nm as seen in Chapter 2 (see

Figure 3). Before performing detailed measurements of dose-response curves, the effect
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of the gain setting on the photomultiplier (PMT) detector was characterized for an assay
on a 70 nm POEGMA brush on glass as well as when embedded in the plasmonic
metasurface to determine its effects on the enhancement and LOD, as it will be discussed
in detail in the next section. A gain of 400 was chosen for the following experiments, as it
provided the highest fluorescence enhancement without saturation of the detector and a
low LOD. Before adding the silver nanocubes, slides were measured to determine their
response on the gold film as seen in the purple curves in Figure 17a for POEGMA
thicknesses of 5, 10, 15 and 20 nm. The fluorescence intensity for the 5 nm and 10 nm
POEGMA brushes on gold was similar to the D4 assay on glass, while it was slightly
higher for the 15 nm and 20 nm brushes. This is likely due to a small plasmonic
fluorescence enhancement from the gold film alone of approximately 2-fold (for a 20 nm
brush and a gain of 400) which is less pronounced at very close proximity to the surface
due to fluorescence quenching effects. Embedding the assay in the plasmonic
metasurface resulted in two orders of magnitude fluorescence enhancement (red curves)
when compared to both the glass control (black curves) and the samples before silver
nanocube deposition. It is also important to note that adding the silver nanocubes to the
D4 assay on glass did not appreciably alter the fluorescence intensity (Figure 13b),
demonstrating that the fluorescence enhancement is caused by the formation of the film-
coupled nanocube antennas constituting the plasmonic metasurface, and not from the
simple addition of silver nanoparticles.

The fluorescence enhancements from the dose-response curves were calculated by
two separate methods: 1) a linear enhancement extracted from the linear component of
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the sigmoidal curve, and 2) a maximum enhancement extracted from the BNP
concentration providing the largest enhancement, both compared to a control consisting
of 70 nm POEGMA on glass (Figure 13c). The linear enhancement (LR Enh) was
obtained by averaging the enhancement across all concentrations in the linear regime
(fitted using linear fit with R-squared value > 95%) from the control calibration curve,
and error bars represent the standard error of the three replicates.

From this, we note larger enhancements for assays with thinner (5 -10 nm)
POEGMA brushes, with linear and maximum enhancement levels of 74-fold and 105-
fold, respectively. These values are reduced for assays with thicker (20 nm) POEGMA
brushes, with linear and maximum enhancement levels of 40-fold and 53-fold,
respectively. Larger enhancements for smaller POEGMA thicknesses can be attributed to
film-coupled nanocube antennas with smaller mode volumes and, in turn, larger local
electromagnetic fields. Although the fluorescence enhancement is greater for smaller
POEGMA thicknesses, the intensity variation between slides is larger as seen by the error
bars in the dose-response curves, which likely can be attributed to diminished

immobilization of the cAb on thinner POEGMA brushes.
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Figure 13: Dependence on brush thickness. a) Evaluation of the
plasmonically enhanced assay for 5, 10, 15, and 20 nm POEGMA brushes for a
PMT gain of 400. Experimental data is shown for the assay before (purple) and

after (red) nanocube deposition as well as for a control on glass with a 70 nm
POEGMA brush (black). Solid lines show fits to the data. b) Additional control
experiment where the fluorescence intensity of a 70 nm POEGMA brush on glass is
observed to not be enhanced by the addition of silver nanocubes. c) Linear and
maximum enhancement summary for plasmonic metasurfaces with different
POEGMA thicknesses along with the glass control. Error bars in all panels are
based on three independent replicates of each experiment. Enhancement was
deemed statistically significant when compared to control but not among each other.
Bars with the same letter are statistically significant.
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3.4 Gain dependence on fluorescence enhancement and limit of detection

The effect of the gain setting on the photomultiplier (PMT) detector was also

characterized for an assay on a 70 nm POEGMA brush on glass as well as when

embedded in the plasmonic metasurface, as seen below, where error bars in the dose-



response curves represent the standard error from three replicates that were performed on

different days.
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Figure 14: Dose-response curve for different PMT gains for 20 nm
POEGMA on glass and on gold embedded in the plasmonic metasurface (PEDA4).

As seen in Figure 14, for the lowest PMT gain of 300, the limit of detection
(LOD) decreases by approximately 14-fold from 0.56 to 0.04 ng/mL when compared to
the glass control and is accompanied by a 27-fold maximum fluorescence enhancement
provided by the plasmonic metasurface. Reducing the photomultiplier gain allows us to
demonstrate how the PED4 can be used to compensate for the loss of sensitivity during
detection, as we were able to obtain a low LOD of 0.04 ng/mL at 300 gain with the
PED4, which even surpasses the LOD of 0.07 ng/mL from the control at higher
sensitivities of 500 gain. This serves as a demonstration on how the PED4 can potentially
be used with less sensitive and inexpensive detectors that can be used in limited resource

settings and it is critical for POCT applications. Larger fluorescence enhancements are
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observed for gains of 400, which show a linear enhancement of 40-fold and maximum
enhancement of 53-fold. Large enhancements were also observed for 500 gain, but they
were lower than 400 gain due to saturation of the PED4 sigmoidal curves at the line. In
these cases, the change in LODs is not significant from 0.26 to 0.16 ng/mL for a gain of
400 and from 0.07 to 0.15 for a gain of 500. Albeit clinically irrelevant, this small
increase in the LOD for higher gains, which is greater than for the glass control, is likely
arising due to noise associated with non-specific binding of the silver nanocubes to the
assay. After the addition of the silver nanocubes, an increase in the average noise is
observed which is likely caused by scattering from the cubes that is collected more
effectively at higher gains. Figure 15 presents a summary of enhancements obtained with
all thicknesses and gains used in experiments, and Table 1 presents this data in a
summarized form. Figure 16 presents 3D plots for better visualization for both linear

(Figure 16b) and maximum (Figure 16c¢) enhancement.
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Figure 15: Fluorescence intensity for photomultiplier gains of 300, 400, and
500 and assay performance for polymer thickness of 5, 10, 15, and 20 nm POEGMA.
LODs were calculated for the PED4 and glass control.
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Table 1 Summary of linear and maximum fluorescence enhancement for
unconjugated case

Fluorescence Enhancement

300 gain 400 gain 500 gain

LR Enh | Max Enh | LR Enh Max Enh LR Enh | Max Enh

5 nm Post-cubes Au | 33%1 88+14 | 74%11 105+ 15 50+13 | 77+39

10 nm Post-cubes Au | 43+5 78+4 84 + 16 110+ 23 63+16 | 132+42

15 nm Post-cubes Au | 21 +£5 42 + 23 52+5 69 + 22 39+8 62+14

20 nm Post-cubes Au | 20 £ 6 21 +7 40+ 9 53+9 33+6 39+19

%
3
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Figure 16: Summary of the results in Figure 19 of the effect of
photomultiplier gain and POEGMA thickness on fluorescence enhancement. These
are plotted as 3D bar graphs in a) and b), respectively.

The LOD was also characterized for all cases, summarized in the Table2 and 3D
plot in Figure 17. In the case of the glass control, it is seen that as the gain increases the
LOD decreases due to the increase in sensitivity in the detector. However, this is not the
case for the PED4, where increasing the gain from 300 to 400 leads to an increase in

LOD due to the increase in the intrinsic fluorescence variability as discussed earlier. The
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decrease in LOD from 400 to 500 gain is due to the saturation of the detector, which
leads to an inaccurate fit of the dose response curves at this gain. When focusing on 300
and 400 gains where saturation is avoided, it is seen that as the POEGMA thickness
increases, the LOD decreases because of the smaller variability at this polymer thickness.
Most importantly, comparing the LOD of the thicker (20 nm) POEGMA brush in the
PED4 to that of the glass control reveals a 14-fold improvement in the LOD for the 300
gain case and it maintains a similar LOD for 400 gain.

Table 2: Summary of LODs for unconjugated case

Limit of Detection
300 gain 400 gain 500 gain
LOD [ng/mL] | LOD [ng/mL] | LOD [ng/mL]
70 nm POEGMA glass 0.56 0.26 0.07
5 nm Post-cubes Au 0.23 0.26 0.17
10 nm Post-cubes Au 0.14 0.21 0.14
15 nm Post-cubes Au 0.09 0.14 0.12
20 nm Post-cubes Au 0.04 0.16 0.15

Figure 17: Summary of the results in Figure 8 on the effect of
photomultiplier gain and POEGMA thickness on limit of detection (LOD) for
deposition of silver nanocubes by PAH layer, plotted as 3D bat graph in a).
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By increasing the photomultiplier gain it is seen that there is an increase in the
background noise when silver nanocubes are added to gold. To test the origin of this, a
PED4 assay with 20 nm thick polymer was run using the PAH silver nanocube
deposition, except that fluorophores were not conjugated to the detection antibody. Data
was taken on gold before and after placing the particles as seen in Figure 18. By adding
the silver nanocubes (1mg/mL), there is an increase in the average noise that is inherit
from the scattering generated by the cubes and is collected more effectively at higher
gains. Error bars represent standard deviation of 5 repeats in a single assay. Silver
nanocubes were also added directly to the surface at the concentration of 1mg/mL on
glass (Figure 18d) and gold (Figure 18e) with a single PAH adhesion layer in between,
and it was observed that in glass the silver nanocubes do not contribute to the noise
significantly even at high gains. Adding nanocubes to the gold surface, however,
generated a higher contribution of noise as seen in Figure 18a-c that is dependent on the

gain. Error bars in this case represent the standard deviation of 10 repeats on a slide.
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Figure 18. Testing the origin of background noise as function of gain. a-c) 20
nm POEGMA on Au where PED4 assay was performed without the conjugation of
Alexa-647 to the detection antibody at three different gains. Purple dots represent
the “pre cubes” case and red squares represent the “post cubes” case. Black dotted
lines represent the average intensity across all concentrations. Silver nanocubes

were also directly deposited on glass d) and gold e) surface through a single PAH
layer for three different gains.

3.5 Conclusion

In conclusion, we have integrated plasmonic metasurfaces and immunoassays
using a bottom-up, scalable fabrication approach with the targeted deposition of
colloidally synthesized silver nanocubes for the detection of the clinically relevant
cardiac biomarker BNP. The assay performance was extensively explored as a function
of the POEGMA brush thickness as this controls the nanoscale gap between silver

nanocubes and the underlying gold film, and in turn, the electromagnetic field
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enhancement provided by the metasurface. Fluorescence enhancements of more than
100-fold were observed for the smallest gaps with a 5 or 10 nm POEGMA brush
corresponding to the metasurface with the largest electromagnetic field enhancement.
Large fluorescence enhancements were observed with brushes of up to 20 nm, which also
provided the least variability between assays. Enhancement as a function of the gain was
also investigated, where it was observed that as the gain was lowered, the scattering from
nanoparticles was also reduced, providing a large difference in LOD between the glass
control and PEDA. This also tells us that the loss in sensitivity in the glass control due to
lower gain can be compensated by PED4, and serve as a proof of concept that the PED4
can be used to compensate for the loss of sensitivity in less expensive detectors, a concept
that will be explored in the next chapter. This work demonstrates the promise of utilizing
plasmonic metasurfaces for biosensing and could be extended to other biomarkers and
fluorescence-based microarrays to enable a new generation of ultra-bright, point-of-care
immunoassays and could even be adapted to broader applications where fluorescence

enhancement is needed, such as DNA-microarrays.
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Chapter 4 The PED4 as a Point of Care Test (POCT)

4.1 Introduction

There is a high demand for low cost, rapid, and sensitive detection methods since
the ability to diagnose diseases rapidly is a significant cause of the disparity of deaths
resulting from both communicable and non-communicable diseases. Existing diagnostic
instrumentation usually requires sophisticated infrastructure, expensive reagents, long
assay times, and highly trained personnel. An ideal diagnostic test for a limited-resource
setting should be user friendly allowing medical personnel to diagnose disease and start
immediate treatment, be robust (no requirement for refrigerated storage), avoid
requirements for complex pre-processing of biological samples, be portable, inexpensive,
highly sensitive, and have the required specificity®’. Several creative methods for
improving the sensitivity and detection limits of diagnostic tools have been devised,
however these methods require extra steps, complex assay preparation, non-traditional
data processing, and specialized signal quantification apparatus such as micro-Raman
scattering instrumentation®.

Point-of-care assays have become of great interest in the health sector due to their
simple use and rapid availability of results. This is specifically necessary in locations
where resources are scarce and cannot afford specialized laboratory equipment. POCTs
are also beneficial since they only need small sample volumes and do not require the
separation of proteins from blood. As described earlier, the D4 assay can be considered
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for point-of-care testing since it can potentially be used with whole blood due to the non-
fouling behavior of the polymer surface, and therefore does not require any blood pre-
processing. Furthermore, price for this immunoassay test is highly reduced since all
reagents are self-contained and it only requires picoliter volumes of capture and detection
antibodies. As a result, it does not require any extra mixing or washing steps to perform
the assay, reducing the need of specialized personal, which is required for the gold
standard ELISA. The addition of the plasmonic components in the D4 assay results in a
significant reduction in the cost of the detection mechanism required for protein
quantification. For instance, table-top fluorescence microarrays cost about ~$150,000,
price that are prohibited in low resource settings or developing countries. In addition,
these are bulky and heavy, making them cumbersome to carry to testing facilities in
remote areas. To further move the D4 assay as a point-of-care test, its detection
mechanism needs to be simplified to be small, easy to carry, and sensitive. In order to
achieve this, efforts have been made to reduce the size and complexity of the imaging
system to mobile devices, such as cell-phones®*®. These devices are inexpensive as they
use simple components such as a compact laser diode and the same camera from the
cellphone device.

By discarding the need of an expensive fluorescence microarray, the cost for
sensitive detection with the PED4 is very small. By using a portable system, the
instrumentation requirement could be dropped from $150,000 to less than $1,000. In
addition, due to the simple fabrication of the PEDA4, the chips can be made at a cost on the
order of several cents per chip.
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As seen in chapter 3, the PED4 can easily be fabricated with the use of an
interfacial polyelectrolyte layer to attach the SNCs on the antibody surface. However, to
move the system towards a POCT the step of adding extra reagents for particle deposition
needs to be simplified or removed. As it will be discussed in the next section, this can be
done by directly attaching the SNCs to the assay through physical bonding between a
secondary antibody in the nanocube and the detection antibody. As a result, fluorescence
enhancement can be achieved with the simple addition of the SNC solution on the assay.
This reduces the number of steps needed to run the PED4 assay, making it more user
friendly and reproducible. Section 6.2 in the “Future Directions” chapter discusses further
plans to reduce the number of steps when performing the PED4 assay by fabricating a
silver nanocube conjugate that has the detection antibody directly attached to the SNC
along with the fluorophore reporter. This will allow us to further move the system to a
single step process where the user only needs to add the fluid to be tested. In addition,
this will decrease the thickness of the overall assay and hence produce higher
enhancement values. Furthermore, the use of microfluidics is investigated in Section 4.5
to make the PED4 a faster POCT. This will allow the user to place the antigen solution,
the SNC solution, and the wash buffer in different chambers and let the assay run without

the need of user interface.

4.2 Reducing number of assay steps with conjugated nanoparticles

In order to move the PED4 to a point of care format so that it can be performed in

a simple, and fast manner, the structure of the PED4 was modified to avoid the need of an
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interfacial layer. To do this, an alternate deposition method was investigated that will also
allow to decrease the noise arising from non-specific binding of silver nanocubes. For
this, the PED4 chips were instead incubated with 100 nm silver nanocubes conjugated to
a secondary Ab that specifically targets the Fc region of the dAb-Alexa 647 conjugate, as

seen in the schematic in Figure 19.
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Figure 19: Reduced-step assay with Ab-nanocube functionalization. a)
Schematic of the assay where the silver nanocubes are conjugated with a secondary
antibody that targets the Fc region in the dAb.

A BNP assay in FBS with analyte-spiked serum was performed using this
approach on 5, 10, 15, and 20 nm POEGMA coated gold slides as well as a glass control
and measured before and after silver nanocubes were added. Figure 20a shows the data
for a 20nm POEGMA slide. For this case, is observed that the PED4 assay fabricated
with the conjugated silver nanocubes (red curve) has a significantly lower noise than the

assay fabricated with the interfacial PAH layer, in particular at the low BNP-
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concentration tail of the dose-response curve (see Chapter 3). This results in a reduced
LOD from 0.16 ng/mL for the glass control to 0.02 ng/mL for the conjugated nanocubes
for a 20 nm POEGMA brush embedded in the plasmonic metasurfaces. This represents
the lowest LOD obtained in the study, which was even measured for a high gain of 500.
This improved LOD is observed while maintaining fluorescence enhancements of over
10-fold in the clinically relevant linear regime of the assay (0.1 — 0.5 ng/mL)® and
maximum enhancements of ~19-fold (Figure 20b). A summary comparing results for the
conjugated and nonconjugated cases is presented in Table 3. In contrast to many
traditional assays, here the signal-to-noise ratio can be improved as the non-specific
binding is reduced by the simultaneous use of two techniques. The first is the integration
of the non-fouling polymer brush POEGMA to avoid non-specific binding of proteins on
the surface 3% and the second is the conjugation of the nanocubes to increase their
specificity to the assay and reduce the noise at low BNP values. Furthermore, the use of
the non-fouling POEGMA reduces the likehood of the secondary antibodies in the

conjugated nanocubes to attach nonspecifically to the surface.
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Figure 20: Fluorescence enhancement with conjugated nanocubes. a) Dose-
response curve for 20 nm POEGMA before (purple) and after (red) adding silver
nanocubes to the assay on gold as well as control on glass before (black) and after

(blue) adding nanocubes. A 19-fold fluorescence enhancement is observed and
approximately 8-fold improvement in the LOD after adding the silver nanocubes to
the assay on gold. b) Linear and maximum enhancement summary for plasmonic
metasurfaces with different POEGMA thicknesses along with the glass control.
Error bars in all panels are based on three independent replicates of each
experiment.

As in the case of PAH deposition method visited in Chapter 3, the dose-response
curve was also investigated for 5, 10, 15, and 20nm POEGMA (Figure 24), with
enhancement summarized in Table 3. As previously observed, the enhancement was
largest for thinner POEGMA slides, giving up to 13-fold enhancement in the linear
regime and up to 18-fold maximum enhancement. Furthermore, similarly to the 20nm

POEGMA case, assay performance was better for the upper POEGMA thicknesses.
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Figure 21: shows additional data for different thicknesses of the POEGMA
brush using the conjugated silver nanocubes. Data was obtained from three
replicates and the error bars represent the standard error.
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Table 3: Summary of unconjugated and conjugated particle deposition method

Unconjugated (PAH) — 400gain Conjugated (S.A) — 500gain
LOD LR Enh Max Enh LOD LR Enh Max Enh
[ng/mL] [ng/mL]

POEGMA(control) 0.26 - - 0.16 - -
Gold 5 nm post-cubes 0.26 74+1 105+ 15 0.39 13+£3 17+8
Gold 10 nm post-cubes 0.21 84+ 16 110 + 23 0.16 14+4 18+3
Gold 15 nm post-cubes 0.14 52+5 69 + 22 0.08 1242 16+2
Gold 20 nm post-cubes 0.16 409 53+9 0.02 1242 19+7

The loss in enhancement in comparison to the conjugated case can be attributed to
the decrease in non-specific binding of the nanocubes to the surface. Although this is
desirable at lower concentrations for noise reduction purposes, the decrease in the density
of cubes also affects the enhancement at the linear and upper BNP concentrations. SEM
images (Figure 22a) show that the cube concentration is lower than that of the
conjugated case as seen in chapter 3 for the same BNP concentration (62.5 ng/mL).
White light reflection measurements were also taken to obtain the resonance behavior of
the structure for different POEGMA thicknesses. As seen in Figure 22b, a blue shift of
resonance occurs as the POEGMA thickness increases from 5nm to 20nm thick.
However, the reflectivity measurements show that the absorption of light at the resonant
frequency is low (less than 10%) in comparison to the nonconjugated nanoparticle

deposition case, which is due to the low particle density on the surface.
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Figure 22: Optical response in conjugated nanocube deposition. a) SEM
image of a cAb spot after assay has been performed (62.5 ng/mL BNP
concentration) with conjugated silver nanocubes. b) Plasmonic resonance response
for 5, 10, 15, and 20nm POEGMA obtained with reflectivity measurements.

4.3 Use of low-cost sensing components with the PED4

We tested the compatibility of the PED4 assay with a simple detection system,
consisting of a low-cost detector, which is critical for future POCT applications. An
inexpensive, 4.5 mW, 635 nm laser diode was used as the excitation source and an
inexpensive and widely available black and white camera was used as the fluorescence
detector. Figure 23 shows the optical set up used for these experiments. The laser diode
first goes through a 635 bandpass filter to remove any noise the diode might have. The
laser beam then goes through a defocusing lens to increase the spot size of the laser
(excitation size), which then enters a 50:50 beam splitter. The laser then goes through a
20x objective microscope and excites the fluorophore from the assay. The emission from

the fluorophore is then redirected through the beam splitter and sent through a lens that
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will focus the image to the camera. Before entering the camera, the emitted signal also
goes through a 676/37 nm bandpass filter (Semrock) to block any leaked signal from the
laser and to select the fluorescence emission from the Alexa647 fluorophore. The camera
used is an ELP HD 1.3 Megapixel USB camera (Ailipu Technology Co. Ltd module
960P AR0130) .The image obtained by the camera was then processed in MATLAB to

process the image.
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Figure 23: Portable excitation and detection scheme for POCT. a) Schematic

of setup for fluorescence measurements using an inexpensive camera and laser
diode for an assay made using the PAH particle deposition method.

As a side note, it is important to point out that a 20nm POEGMA glass control
was used when performing experiments with the low-cost detector as opposed to the 70

nm glass control used in previous studies. This was done to keep the polymer thickness
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consistent between the gold and glass surface. Unfortunately, further tests revealed that
the 20 nm POEGMA thickness on glass was smaller than the measured value in the
ellipsometer, and hence the fluorescence value was relatively smaller than current tests.
Although this affects the fluorescence enhancement obtained, the experiments still serve
as a preliminary demonstration of how low-cost detectors can be used to detect the PEDA4.
Figure 24a shows the fluorescence images of the microspots for a PED4 assay obtained
with the PAH particle deposition method on a 20 nm POEGMA brush on gold at
different BNP concentrations down to 0.9 ng/ml. On a control sample, also consisting of
the same assay but on 20 nm POEGMA coated glass, the spots are not visible even for
the highest BNP concentration of 62.5 ng/ml. Figure 24b shows the dose-response
behavior of the PED4 assay on gold and glass. It can be seen that the PED4 assay on
gold exhibit a detectable fluorescence signal that is directly related to the spiked analyte
concentration, while no fluorescence signal can be detected from the traditional D4 assay,
independent of the analyte concentration used. This underscores the need to amplify the

fluorescence signal to enable its readout by a low-cost detector.
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Figure 24: Portable excitation and detection scheme for POCT. a)
Fluorescence images of PED4 (using PAH particle deposition method) and glass
control samples (obtained using a 20x objective) for a range of BNP concentrations.
Dashed white lines show the area for which the intensity was measured over. b)
Average value obtained by repeating the measurements shown in a) for five
different capture antibodies (CAb) spots for each concentration and the error bars
indicate the standard deviation.

We also tested the feasibility of using the PED4 fabricated with conjugated
nanocubes as seen in Figure 25. In this case, it was observed that the intensity captured
by the camera is much lower than in Figure 24 for the PAH deposition method. For
instance, the largest concentration of BNP in Figure 24b reached intensity levels of about
80, as opposed to only an intensity of 2 as seen in Figure 25b. As previously seen, this is
due to the low particle concentration in the conjugated case, which reduces the intensity
values at upper concentrations and the linear regime of the assay. Although the

fluorescence values are low for this assay, it still exciting to see that the simple set up can
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detect the capture spots. Future work will consist in finding more optimal ways to deposit

conjugated nanoparticles.
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Figure 25: a) Fluorescence images of PED4 (using conjugated nanoparticles)
for a range of BNP concentrations. Dashed white lines show the area for which the
intensity was measured over. b) Average value obtained by repeating the

measurements shown in a) for five different capture antibodies (CAb) spots for each
concentration and the error bars indicate the standard deviation.

4.4 Integration of the PED4 with microfluidics

The use of microfluidics in POCT is important as they provide means for ease of
automation, low cost, disposability, and small sample and reagent volume requirements®,
Specifically, for capillary microfluidics, they are critical for POCT since they afford no
real-time control over flow (and therefore they are referred as “passive”) as opposed to
“active devices” that require an external driving force, such as a pump®®. Here we
describe the fabrication and methods used for a proof of concept integration of plasmonic

diagnostics and autonomous microfluidics capillary system. For this device, we make use
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silicon-based technology due to the robustness and control it offers in creating small flow
geometries. Some of the parameters that are considered in this section include channel
geometry, hydrophilicity of the substrate, and hydrophilicity of the covering “lid”.
Design of the channel geometry and the surface chemistry of its solid support are
important as they interplay with surface tension to provide with the necessary capillary
force for autonomous liquid flow®. Capillary pressure arises at the liquid-air interface in
a microchannel as a result of surface tension of the liquid and the curvature imposed by
the fixed contact angles, which for wettable channels gives rise to a negative sucking
pressure®’. We made use of a rectangular channel geometry in this case, as it simple to
fabricate and it is widely used.

In order to make the system robust and decrease the variability from sample to
sample, the chips were made using photolithographic techniques taken from previous
work®. The fabrication process is as follows: first, a clean silicon wafer was spin coated
with the positive photoresist AZ 9260 at a speed of 1,800 rpm, a ramp of 1,000 rpm/sec,
and a spin time of 60 sec. The wafer was then transferred to a hot plate at 110 °C for 180
sec. The photomask was then loaded into the holder of a mask aligner and was run with
an energy dosage of 1,400 mJ/cm? (e.g., for an output intensity of 13.5 mW/cm? a time
exposure of 103.7 secs was used). The silicon wafer with the features was then placed in
AZ 400K developer for 5 minutes and under constant shaking. The wafer was then
removed from the developer and washed with steady stream of deionized water and dried
with N2 gas. As a result, the wafer would have a 10 um thick layer of photoresist with
the channels chemically removed.
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In order to obtain a microfluidic channel that has a depth equal to the wafer
thickness, the channels were further etched using deep reaction ion etcher (DRIE) for 350
cycles. To remove excess photoresist from the wafer, a large beaker with a solution of
1165 Photoresist Remover was placed on a hot plate at 65 °C and the wafer was
submerged for 1h. The wafer was then removed from the beaker and rinsed with
alternating streams of acetone, isopropyl alcohol, and dried with N2 gas. The wafer was
then cut into the desired pieces (typically smaller size of a glass slide) using a scribe tool.
In order for silicon wafer to bond to the glass slide, the surface has to be completely clean
and free of organics. To obtain this, the wafers were submerged in a piranha solution
(adding 30 wt.% H>0> to 95% H>SO4 in a 1:3 ratio) and left overnight. The wafers were
then carefully rinsed with deionized water, followed by a stream of acetone, methanol,
and dried with N2 gas.

A clean glass slide served as the supporting substrate of the microfluidic chip. A
process known as anodic bonding was used to permanently bind the Si segment and the
glass together. In this process, high pressure, high voltage, and high temperature are
needed to facilitate ion drifting between glass and the silicon wafer®®. Anodic bonding
was performed the following way: with polished Si segment facing up, the glass was
carefully placed on top of the Si segment and flipped while maintaining their position.
Since the glass segment is larger than the Si segment, the two segments were secured
with double-sided polyimide cleanroom tape, where half of the tape secures the vertical
edges of the Si segment and the other half of the tape secures the overhanging glass. The
segments were then flipped again such that the glass segment is on top the Si segment
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and the Si wafer is placed on the surface of a metal slab on a hot plate. A second metal
slab (at least 5 kg) was then carefully added directly on top of the assembled glass and Si
segments. It is important to carefully check that the two metal slabs do not touch each
other, otherwise a short circuit could be created. Using a high voltage power supply, one
electrical lead (power) was connected to the metallic slab on top of the assembled glass
and Si segments and the other lead (ground) to the bottom metallic slab. The power
supply was then turned on to a voltage of 1,000 V and the hot plate was then turned on
and left at 450 °C for 2 hours to allow the glass to anodically bond to the Si substrate.
After 2 hours, the hot plate was turned off and the leads were removed from the metal
slabs. The metal slabs were left to cool down overnight and the top slap was then
carefully removed from the top of the chips. Figure 26 shows a picture of the silicon
wafer chips with the microfluidic design bonded to the glass slide that will serve as the

hydrophilic substrate.

Figure 26: Photograph of microfluidic chip in silicon after it has been bonded to
glass using anodic bonding.
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After the Si and glass segments had been permanently bonded, the chips were
thoroughly cleaned with streams of acetone, followed by isopropyl alcohol, and
methanol. After drying with N, the slides were then placed on a hot plate for 2 min at 95
°C. Once completely dried, the slides were then placed in a dome for thermal evaporation
with the glass substrate facing the dome and the open microfluidic features facing up, so
that the evaporated metal can penetrate the chip and deposit on the glass underneath the
features. During evaporation, Cr (5 nm) was used as adhesion layer, and Au (75 nm) as
the metal substrate. Slides were then submerged in a thiol initiator overnight followed by
polymerization of POEGMA via ARTP reaction as described in Chapter 2. Figure 27a
shows a schematic of the overall procedure taken for the microfluidic chip fabrication.
Figure 27b shows the chip before (left) and after (right) gold deposition and
polymerization. Figure 27c shows a preliminary test to determine whether 20nm
POEGMA is hydrophilic enough for liquid flow, where the left image shows the solution
placed on one side of the microfluidics chip at t= 0 and the right side shows how the

liquid moves to a waste chamber after 4 mins.
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Figure 27: Mircofluidic fabrication using photolithography on a silicon
wafer. a) Schematic showing photolithography procedure for the fabrication and
integration of plasmonic diagnostics and autonomous microfluidics capillary system.
Fabrication starts with photolithography performed on a silicon wafer covered with
a positive photoresist, followed by deep reactive ion etching (DRIE), substrate
cleaning, anodic bonding, gold evaporation on surface, and POEGMA growth. b)
Chip after permanently bonding glass and silicon wafer through anodic bonding
(left) and after evaporating gold and polymerizing substrate (right). c) Testing
liquid flow after POEGMA polymerization (20nm thick) where red arrows show the
location of liquid at t=0 (left) and t= 4 mins (right).

After testing the liquid flow in the chip, the microfluidic design was finalized by
adding a hydrophilic microfluidic film on the surface of the chip to facilitate liquid flow
and decrease the risk of creating bubbles. The new design consists of various components
that allow for a complete system to work autonomously. These components are seen in
Figure 28 and include: a) the reaction chamber that will hold the printed antibodies
(cAb, dAb) and will hold the solution for antigen incubation, b) the flow resistor
(microfluidic channels) that are used to increase or decrease the flow rate depending on
the channel dimensions, c) a waste reservoir which will hold the solution the liquid from

away from the reaction chamber, d) a vent that is used to release air that accumulates in
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the waste reservoir as it is pushed away from the channels, e) a filter with slow flow rate
that will collect the waste as the waste reservoir gets full, and f) a hydrophilic cover film
with 25um double sided tape that is used to cover the chip. The hydrophilic top was
fabricated by first laser cutting the features that will make contact with the liquid away
from the double sided tape, which was then carefully taped to a hydrophilic film that has

the reaction chamber and waste reservoir cut out, as seen in inset in Figure 28.

Assay >»

Reaction chamber
Flow resistor

Waste reservoir

Hydrophilic
cover film
with 25 um
double sided
tape

Figure 28: Microfluidic chip design with its main components.

After completing the design and fabrication procedures for the chip, we
determined the antigen incubation time necessary to obtain a low limit of detection within
the clinical regime of BNP when performing the assay. This was done by testing different

assay times ranging from 1 minute to 90 minutes. Figure 29 shows the calibration curves
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obtained for these times with their corresponding LODs listed in the table. As seen in the
table, the lowest incubation time necessary to obtain an LOD that is in the clinically

relevant for BNP is 15 minutes, which gives an LOD of 0.28 ng/mL.

L Incubation time | LOD (ng/mlL)
: 1 min 4.50
_ 5 mins 2.70
3 i 10 mins 0.61
z 15 mins 0.28
g 10" 30 mins 0.14
45 mins 0.10
o . o | | . | 60 mins 0.04
107 10t set set a0t g0t d0t a0t A0 90 mins 0.04

BNP concentration (ng/mL)

Figure 29: Calibration curves for different incubation times for BNP and a
table summarizing the LODs obtained for the different incubation times.

The microfluidic chips were then designed to reach this targeted time of 15 mins
by optimizing the length and the width of the channel. The prototype in Figure 28 was
then used to test three different BNP concentrations (500.00 ng/mL, 7.81 ng/mL,
0.48ng/mL and blank) and the ability to increase its fluorescence by attaching the silver
nanocubes on the assay. To do this, three different chips were used to produce three
repeats, where each chip had four channels for each concentration. For the prototype
chip used, the length was 7mm, the width was 100um, and the thickness was 500 pm.

The chips were then tested by first placing 80 pL of FBS solution with the antigen in the
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reaction chamber. After 15 minutes, 80ul of PAH solution was placed in the reaction
chamber, and the same was done for SNC solution and washing buffer. Figure 30a
shows the results of the microfluidic chip performance before and after adding the SNCs
on the surface. It can be observed that the points before adding the SNCs (black dots)
closely correspond to the fluorescence intensity values determined in Figure 29.
Although a fluorescence increase of up to 2-fold was achieved after adding the SNCs,
this was not comparable to the high fluorescence achieved in Chapter 3 or 4. By looking
at SEM images (Figure 30b), it was determined that the low fluorescence enhancement
most likely occurred due to the poor particle deposition while incubating the SNCs with
the microfluidic chip. We believe this was due to the drying of the particle solution in the
open reaction chamber. Future work will consist in designing a microfluidic chip that will
have a closed reaction chamber that will allow for a more controlled environment for
particle deposition. In addition a microfluidic chip that has double liquid chambers will
be used to simultaneously hold the analyte and washing buffer, which will result in a

single step microfluidic control of the assay without the need of washing steps.
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Figure 30: a) Microfluidic chip assay performance for four different BNP
concentrations: 500 ng/mL, 7.81 ng/mL, 0.48ng/mL and blank. Error bars
correspond to three repeats in three different chips. Fluorescence intensity was
increased to ~2-fold. b) SEM images show ununiform particle deposition and
aggregation due to drying of the particle solution.

4.5 Conclusion

This chapter has explored ways in which the PED4 can be translated into a single
step POCT by simplifying methods to deposit the plasmonic components for fluorescence
enhancement. It was demonstrated that conjugating the SNCs with a secondary antibody
that targets the Fc region of the dAb allows us to reduce the number of steps needed in

the PED4 assay. In addition, by controlling the concentration of SNCs on the assay, we
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were able to reduce the noise introduced by the SNCs at low BNP concentrations,
reducing the LOD from the control to ~8-fold.

It was also demonstrated that the PED4 can be detected with very inexpensive
components consisting of a webcam and a laser diode (~$250 cost for both components)
whereas the unenhanced D4 assay on glass could not be detected even for higher
concentrations. This shows that the PED4 can serve as an inexpensive method to
compensate for the loss of sensitivity when using inexpensive and less sensitive
detectors.

To further move the PED4 towards a POCT, a microfluidic chip was fabricated
using photolithography and reactive ion etching techniques to generate robust and highly
replicable results. Preliminary results show that our chip can generate a dose-response
curve with fluorescence intensity values corresponding to that of normal incubation. A 2-
fold enhancement was observed when adding the SNCs on the assay with the
microfluidic chip. We believe this enhancement can easily be increased by modifying the
microfluidic design with a covered reaction chamber so that particle drying and

aggregation can be avoided, which will be investigated in future work.
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Chapter 5 Multiplexing capabilities with the PED4 for the
prognosis of heart failure

5.1 Introduction

Heart failure is a chronic, progressive condition in which the heart muscle is
unable to pump enough blood through the heart to meet the body’s needs for blood and
oxygen®*. It is caused by structural and functional defects in myocardium, resulting in
impairment of ventricular filling or the ejection of blood *. There are a wide variety of
medical conditions that can contribute to heart failure, including atrial fibrillation,
myocardial ischemia, being overweight, smoking, and physical inactivity®*.

Heart failure is a growing public health problem as it remains the leading cause of
death in the US and worldwide, with survival rates worse than those for bowel, breast,
and prostate cancer 8. According to the 2019 update on the heart disease and stroke
statistics, an estimated 6.2 million Americans (20 years or older) had heart failure
between 2013 and 2016 *. Furthermore, projections show that heart failure will increase
46% from 2012 — 2030, causing significant burden on health care systems across the
globe. Specifically, it has cost the US an estimated $30.7 billion in 2012, covering for
health care services, medicine, and missed days of work®’.

One of the main challenges with heart failure is that its diagnosis and prognosis
can be difficult, as many of the symptoms of heart failure are non-discriminating and of
limited diagnostic value %. Furthermore, symptoms and signs may be particularly
difficult to identify and interpret in obese individuals, in the elderly, and in patients with
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chronic lung disease® %, Therefore, demonstration of an underlying cause is central to
the diagnosis of heart failure. For this, the echocardiogram and electrocardiogram can be
useful tests. However, because the signs and symptoms of heart failure are so non-
specific, many patients with suspected heart failure referred for echocardiography are not
found to have an important cardiac abnormality *8. This becomes a problem in the health
sector as poor risk stratification brings unnecessary healthcare costs, delays in accurate
diagnosis, and poor managing of patients who could be at higher risk. As an alternative
approach, biomarkers provide a low cost, low risk, and quick turnaround method to
confirm or exclude a heart failure diagnosis, help to establish prognosis in the diagnosis,
and may provide information on the complex pathophysiology of heart failure 2.

Since heart failure is a complex syndrome involving diverse pathways and
pathological processes, testing blood concentrations of biomarkers has become important,
with natriuretic peptides leading the way as a diagnostic and prognostic tool for the
diagnosis and management of this disease'®. Although these peptides have become the
gold standard for heart failure diagnosis, more recent evidence suggests that natriuretic
peptides along with the next generation of biomarkers may provide added value to
medical management, which could potentially lower risk of mortality, readmissions, and
related costs %2, Figure 31 shows the various pathways contributing to the development

and progression of heart failure and biomarkers representative of the various pathways.
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Figure 31: Pathophysiologic pathways contributing to the development and
progression of heart failure with a representation of the release of various
biomarkers. Monitoring of biomarker activity can be used to understand these
pathophysiological processes in patients. This chapter will focus on NT-proBNP:
Amino Terminal Natriuretic Peptide; Galectin-3; cTnl and cTnT: troponin | and
troponin T; CRP: C-reactive protein; and NGAL: Neutrophil gelatinase associated
lipocalin.

5.2 Candidate biomarkers for multiplexing in the PED4

In this chapter we will consider several heart failure biomarkers based on the
various pathophysiologic pathways they represent, and they will be tested in the D4 assay
in a multiplex format. Doing these tests in the D4 will allow us to 1) quickly identify the

biomarkers that can be tested together without cross-reactivity issues and 2) assess the
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sensitivity in these selected biomarkers. The biomarkers that will be tested include: N-
terminal-proBNP, cardiac troponin I and T (cTnl, cTnT), C-reactive protein (CRP),

galectin-3, and neutrophil gelatinase-associated lipocalin (NGAL).

5.2.1 Markers of myocyte strain

N-terminal-pro-B-type natriuretic peptide (NT-proBNP, 8.5 kDa): The natriuretic
peptides are family of circulating peptides that play a critical role in the regulation of
cardiovascular homeostasis®®. The most validated of these as cardiovascular biomarkers
are b-type natriuretic peptide (BNP) and its amino-terminal fragment (NT-proBNP).
BNP and NT-proBNP are released by the cardiac myocytes in response to increased wall
stress due to heart failure and myocardial dysfunction, which can counteract the stress by
inducing vasodilation 1% . Results from the Val-HeFT study (Valsartan Heart Failure
Trial) reported by Masson et al demonstrated that BNP and NT-proBNP were the
strongest predictors of mortality and hospitalization for heart failure 1%, and BNP and
NT-proBNP have become the gold standard for its diagnosis and prognosis. Furthermore,
in some studies, NT-proBNP has been shown to be superior over other natriuretic
peptidesi®. BNP, NT-proBNP, and proBNP levels at hospital admission and discharge in
patients with acute decompensated heart failure (ADHF) were compared for their
predictive value of cardiac death and all-cause mortality within 90 days post discharge.
NT-proBNP had superior prognostic power for all-cause mortality when compared with
BNP and proBNP, suggesting that discharge values of NT-proBNP have the greatest
diagnostic and prognostic potential of all natriuretic peptides % . Furthermore, in the

PRIDE study (the N-terminal Pro-BNP investigation of dyspnea in the emergency
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department) 1°7 patients with ADHF had significantly higher NT-proBNP concentrations
compared with patients without heart failure (median, 4054 pg/mL versus 131 pg/mL). In
addition, rising NT-proBNP concentrations correlated well with increasing severity of

heart failure and was the strongest predictor of ADHF diagnosis.

5.2.2 Markers of myocyte injury

Cardiac troponin: Cardiac troponin (cTn) is the core biomarker for the diagnosis of a
myocardial infarct (M) and is caused by myocyte injury’®. While troponin level
elevation is not diagnostic of acute heart failure, there is evidence demonstrating
increased morbidity and mortality rates in patients presenting with acute heart failure and
elevated cTn levels 1%, For instance, in the EFECT (Enhanced Feedback for Effective

Cardiac Treatment) study involving 2,025 patients, a peak cTnl > 0.5 ng/mL measure in

the first 48 hours of hospitalization was an independent predictor of all-cause mortality at
1 year. Like cTnl, elevated levels of cTnT in patients with acute heart failure have
demonstrated increased rates of adverse events. An elevated cTnT level (> 0.1 ng/mL) on
admission has been associated with increased risks of heart failure readmission and

mortality °°.

5.2.3 Inflammatory markers in heart failure

C-reactive protein (CRP): C-reactive protein (CRP) is a circulating biomarker that
reflects systemic inflammatory state and has been associated with presence of heart
failure and cardiovascular risk 1%, For instance, a large study by Engtrom et al. found

that those with a CRP > 3 pg/mL were twice as likely to be hospitalized with heart failure

over a mean following up of 13 years 2,
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5.2.4 Markers of myocyte remodeling

Galectin-3 (26 kDa) Inflammatory and fibrotic processes are central to cardiac
remodeling and the development of heart failure'!3, Galectin-3, which is secreted by
macrophages, causes cardiac fibrosis via proliferation of cardiac fibroblasts and cross-
linking of collagen | 1%, Recent clinical and prognosis value has been given to galectin-3
in context of heart failure. For instance, in the COACH trial, it was shown that doubling
of galectin-3 was associated with twice the risk of death or rehospitalization over a mean
follow-up period of 18 months!“, In another study galectin-3 had shown strong
prognostic value in the prediction of death and recurrent heart failure within 60 days,
with median concentrations of Gal-3 significantly higher in subjects dying by 60 days of

follow-up (12.9 ng/mL) than in those surviving (9.0 ng/mL) *°.

5.2.5 Markers in comorbidities associated with heart failure

Neutrophil gelatinase-associated lipocalin (NGAL, 25 kDa) NGAL is a protein involved
in response to injury of epithelial cells, such as those in the kidneys and is a marker of
kidney injury and kidney disease!*®. Chronic heart failure patients have been found to
have significantly higher levels of both serum and urine NGAL when compared with
control subjects. In a recent GALLANT study 7 it was demonstrated the prognostic
utility of plasma NGAL along with BNP in 186 patients with acutely decompensated
heart failure, where it was shown that patients with higher NGAL levels had significantly
more heart failure-related adverse outcomes in 30-days than those with lower levels (134
vs. 84 ng/mL). Future research can benefit by further exploring the role of NGAL in

combination with NPs in order to reduce diuretic overuse and timely discharge patients
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with acute and chronic HF. In another study, higher plasma NGAL than the median of 85

(60-123) ng/mL were independently associated win an increased risk of all-cause

118 |t has also been

mortality in patients with and without chronic kidney disease
suggested that using both NGAL and BNP can serve in the risk stratification of those
with acute heart failure'®,

Currently, cardiovascular biomarkers are mostly tested in a central hospital
laboratory, and options for point of care testing (POCT) are limited. Some of the testing
techniques available in the clinical setting include i-STAT (Abbott), Meritas (Trinity
Biotech) and Triage (Alere), however these assays are far too expensive, cumbersome,
and engineered for the detection of individual biomarkers. Hence their use is limited
when trying to understand the main pathophysiological stages involved in heart failure,
and when testing multi-biomarkers outside of the hospital setting with appropriate
analytical precision. In order to circumvent these limitations, we propose the use of the
PED4 assay for multiplex testing of cardiac biomarkers with less sensitive detectors, such
as cellphones, that will allow self-testing and monitoring of biomarker concentrations.
This will reduce the number of visits to the clinic, expedite diagnosis, prognostication

and clinical decision making, as well as reduce the general cost that clinical testing

brings.

5.3 Multiplex testing of biomarkers in the D4 and PED4 assay

Glass slides with a 50 nm POEGMA polymer brush were used to test the
multiplexing behavior of our assay before moving to a plasmonic cavity. Sets of different

capture and detection antibodies were printed simultaneously on the surface of
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POEGMA. For this, an inkjet-printer was used to spatially immobilize distinct cAbs at a
concentration of 1 mg/mL. To print the detection antibodies, a solution of 10% trehalose
was first printed around the cAbs and let dry for three minutes (named “trehalose pads”),
then a mixture of all dAbs (at a concentration of 0.03 mg/mL in PBS) was printed on top
of the trehalose pads, which allows dAbs to better dissolve from the surface. As seen in
Figure 32a, the spatial distribution of the cAbs allows for the detection of multiple
targets in a single chip with the same fluorescence reporter °. Here, cAbs for NT-
proBNP, galectin-3, and NGAL are printed in three distinct rows, and a solution of all
three dAbs (in 10% trehalose) for NT-proBNP, galectin-3, and NGAL are printed around
these spots. Figure 32b shows the basic mechanism of monoplex and multiplex detection
using this printed configuration. If the sample solution has the NT-proBNP antigen
present and no other biomarker, only the first row will produce a fluorescence signal.
Similarly, if the only antigen in the solution is Galectin-3, the second row will be
detected; and if only NGAL antigen is present, only the third row will fluoresce. Finally,

in the case where all antigens are present, all three rows will produce a signal.
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Figure 32: Multiplex detection using the D4 assay. a) Detection antibodies are
printed in distinct rows while capture antibodies are mixed and printed on a trehalose
pad composed of 10% trehalose drops. b) Fluorescence signal is observed in cAb spots

that correspond to the antigen present. All spots fluoresce when all antigens are
added.

To test the performance of the multiplex assay and assess whether the limit of
detection for each of the antigens of interest are in the clinically relevant regime for
prognosis of heart failure, we first tested the assay in 50nm thick POEGMA glass slides.
This allowed us to rapidly optimize antibody pair selection and look out for cross-
reactivity between antibodies. The first set of antigens tested together were those of NT-
proBNP, CRP, and c¢TnT, as seen in Figure 33. For this, all cAbs and dAbs were printed

on the surface of a 50 nm POEGMA glass slide. When testing this set of antigens, it was
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seen that NT-proBNP had a good performance when tested in a monoplex format as seen
in Figure 33a. However, when the monoplex assay for cTnT antigen was tested, a dose
response curve was not generated, which could be attributed to the high background
created in the assay due to cross-reactivity between the cTnT detection antibody and
FBS. This was further explored when testing cTnl (see below). In the case of CRP, a
cross-reactivity free dose-response curve was also generated. Unfortunately, the dose-
response curve saturates at the high concentrations of CRP, which are of interest for heart
failure (> 3 pg/mL). Different optimization procedures were performed to increase the
dynamic range of the dose response curve and capture the higher concentrations, such as
decreasing the dAb and cAb concentrations, and decreasing the photodetector gain.
However, the dose response would still saturate at he needed concentrations. It was then
decided to test different antigens that would be within the dynamic range of the D4 assay

and do not cross-react with other antibodies or our testing serum FBS.
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Figure 33: First multiplex biomarker test consisted of NT-proBNP, cTnT,
and CRP. a) shows the monoplex assay when only NT-proBNP was added to the D4
assay, b) when only cTnT was added, and c) when only CRP was present.
Background noise in the dose-response curve of cTnT is due to cross-reactivity of
FBS serum and cTnT cAb.

The next antigen tested was Galectin-3 since its clinical values for heart
failure fall well within the dynamic range of the D4 assay (17.8 — 94.8 ng/mL). This new
antigen was first tested as a duplex assay with NT-proBNP since it had shown promise in
our previous tests. As before, this assay was tested by printing both capture antibodies for
NT-proBNP and Galecting-3 and a mixture of both detection antibodies for NT-proBNP
and Galectin-3 in the same slides. Figure 34a shows the monoplex assay for NT-proBNP

with no signs of cross-reactivity between the antibodies or antigens. Similarly, the
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monoplex assay for Galectin-3 (Figure 34b) did not present cross-reactivity issues. When
adding the two antigens together in a duplex format (Figure 34c) two dose response
curves were generated as expected. Finally, to test the possibility of fluorescence
enhancement with the PED4 in a duplex format, the assay was tested on gold slides
followed by the deposition of silver nanocubes using a PAH interfacial layer (Figure
34d). When compared to glass control, results produced an average enhancement of 30-

fold and a maximum enhancement of 65-fold.
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Figure 34: Duplex assay test for NT-proBNP and galectin-3. a) shows the
monoplex assay when only NT-proBNP was added to the D4 assay, b) when only
galectin-3 was added, and c) when both NT-proBNP and galectin-3 were present. d)
Preliminary test of duplex assay with PED4, which gives an average enhancement of
30-fold in the linear regime of the dose-response curve.
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After determining that NT-proBNP and galectin-3 assays work well together, cTnl
was tested due to its known prognostic value in heart failure and MI. Unfortunately, when
testing this assay with the two other antigens (Figure 35a), a high background level was
observed for cTnl, giving an LOD that was higher (1.45 ng/mL) than the cTnl clinical
values needed for the prognosis of heart failure (0.5 ng/mL). Further tests revealed that
when testing cTnl by printing cTnl dAbs only on the slide, the dAbs cross-reacted with
the cAbs for NT-proBNP and Galectin-3, specially at higher concentrations (Figure 35b,
red and blue curve) while maintaining high background (black line). To determine
whether the high background level in the cTnl dose-response curve comes from cross-
reactivity with the diluting serum FBS, an assay was tested by printing cTnl dAb only as
in Figure 35b, except that PBS + 1% BSA was used instead of FBS. From this, it was
observed that the background in the dose-response curve was significantly lowered as
seen in the black curve in Figure 35c. As expected, cross-reactivity with the other
detection antibodies was still observed under these conditions. The background noise in
cTnl could be reduced by using cTnl depleted serums. However, since the purpose of this
study is to develop a robust POCT that works with complex fluids, a different cardiac

biomarker was tested.
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Figure 35: Multiplex assay test for NT-proBNP, Galectin-3, and cTnl. a)
shows the multiplex assay for the three antigens. NT-proBNP and Galectin-3 had
LODs and dynamic ranges needed for diagnosis and prognosis of heart failure.
However LOD of cTnl was high due to background noise b) Running cTnl assay
with only cTnl dAbs revealed cross-reactivity between cAb spots from other
antigens and cTnl dAb c) Background noise from cTnl assay was reduced when
running assay in PBS+1%BSA instead of FBS. However, cross-reactivity with cTnl
dAb was still present.

Another good candidate for our multiplex assay is NGAL since prognostic values
for heart failure fall within the dynamic range of the D4 assay. When testing this antigen

along with NT-proBNP and galectin-3, no cross-reactivity issues were observed, and the
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clinical values were maintained in the linear regime of the assays. Figure 36 shows the
curves created for both monoplex and multiplex assays where the tested slides had been
printed with all cAbs and dAbs. Figure 36a shows the dose-response curve for NGAL
when tested independently, with a LOD of 0.10 ng/mL ( prognostic value > 85 ng/mL),
Figure 36b shows the monplex assay for NT-proBNP, giving an LOD of 0.03 ng/mL
(diagnostic value 0.30 — 1.80 ng/mL), Figure 36¢ shows the monoplex assay of Galectin-
3 with an LOD of 0.56 ng/mL ( prognostic value 17.80 — 94.80 ng/mL), and Figure 36d
shows the multiplex test of all three biomarkers, giving an LOD of 0.04 ng/mL, 0.02
ng/mL, and 0.34 ng/mL for NGAL, NT-proBNP, and Galectin-3 correspondingly. There

was no sign of cross-reactivity in the assays with nonspecific antibodies or FBS.

a) 1 b) 10
NGAL only NT-proBNP only

= NGAL cAb L]

= NGAL cAb
® NT-proBNP cAb
4  Galectin-3 cAb

o

® NT-proBNP cAb
A Galectin-3 cAb

10

LOD : 0.10 ng/mL_ LOD: 0.03 ng/mL

Intensity (a.u.)

w_ --.7
¢! I;‘:il.ili.l

Intensity (a.u.)

[ a
ia ‘511‘!ffliés‘|5§“}'. s
es S0t uesan 28 3m00%00 (&

10° 10* 10° 10° 10" 10° 10' 10° 10° 10° 10 10° 107 107 10° 10" 107  10°
Concentration (ng/mL) Concentration (ng/mL)

Gal3 only All antigens

| = NGALGAD | + NGALcAb
10 o NT-proBNP cAb z 1074 +  NT-proBNP cAb
4 Galectin-3 cAb 4 Galectin-3 cAb

LOD (ng/mL):

10°5  NGAL: 0.04
NT-proBNP: 0.02
Gal3: 0.34 ¥
slaae, i, ng iisiisiiiek
ssssa,eptened

LOD: 0.56 ng/mL

Intensity (a.u.)

es0,s%000

10' T r T e T T
e
10° 10* 10° 107 10" 10° 10" 10° 10° 10° 10* 10° 10% 107 10° 10' 10° 10°

Concentration (ng/mL) Concentration (ng/mL)

Figure 36: Multiplex assay for NT-proBNP, Gal-3, and NGAL. a) Monoplex
assay when only NGAL is present b) when only NT-proBNP is present ¢) when only
Gal-3 is present, and d) when a mixture of all antigens are added to the assay. No
cross-reactivity was observed and LODs for all antigens were within the clinical
values needed for the diagnosis and prognosis of heart failure.
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Table 4: Limit of detection obtained for NT-proBNP, Galectin-3 and NGAL

Clinical Range

Monoplex assay

Multiplex assay

(ng/mL) (ng/mL) (ng/mL)
NT-proBNP | 0.30 - 1.80 0.03 0.02
Galectin-3 | >9.0 0.56 0.34
NGAL > 50 0.10 0.04

5.4 Enhancement of multiplex assay with silver nanoparticles

After performing cross-reactivity tests in the multiplex assay, the

fluorescence signal from the three cAb spots was enhanced by printing the D4 assay on
gold evaporated glass slides and by attaching silver nanocubes through a PAH layer, as
described in Chapter 3. When scanning the assay with a photodetector gain of 350, the
linear enhancement obtained when compared to glass control was that of 14-fold for NT-
proBNP, 16-fold for Galectin-3, and 19-fold for NGAL as seen in Figure 37. We believe

that the lower enhancement obtained when compared to previous results for the same

POEGMA thickness (~40-fold) comes from the variability in the different cAbs.
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Figure 37: Fluorescence enhancement for multiplexed assay. Black lines
represent glass control and red lines assay for the PED4. a) Enhancement for
Galectin-3, b) enhancement for NGAL and c) enhancement for NT-proBNP.

Printing different antibodies on the same surface also allows us to study the
impact of the polymer surface on the plasmonic behavior of the structure. To further
explore the effect of antibody immaobilization on the surface, SEM and AFM images were
taken from the NT-proBNP, Galectin-3, and NGAL cAb spots (Figure 38). Since the
antibodies are immobilized on a gold evaporated substrate (therefore minimizing
charging effects when imaging in the SEM), we have the opportunity to directly observe
the behavior of the antibody under different conditions, such as different antibody types,

different polymer brush thickness, and when additives are added to the antibodies. This
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is the first time that the D4 assay has been observed and characterized in such detail,
opening ways to better understand cAb immobilization and device strategies to obtain
uniform and thin antibody thickness on the POEGMA surface for fluorescence

enhancement.

No SNCs With SNCs With SNCs
2500x mag 2500x mag. 25000x mag.

NT-proBNP Gal-3

NGAL

Figure 38: shows SEM images of cAb for Galectin-3, NT-proBNP, and
NGAL when printed on a 20nm POEGMA gold slide. As seen from the first row,
galectin-3 has a uniform distribution of antibody on the surface, with a good
distribution of SNCs as seen at 2500x magnification and 25000x magnification. In
the case of NT-proBNP and NGAL (second and third row, respectively) it is evident
that the cAb spots present high levels of aggregation as seen by the darker spots.
Although the SNC distribution is similar as in the case of galectin-3, high variation
of antibody uniformity and thickness can lead a shift in plasmonic resonance away
from the fluorophore emission and excitation, as well as drop in the fluorescence
enhancement.
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Absorption measurements from the PED4 were obtained for the three different
antibody spots as seen in Figure 39. It is observed from here that the resonance for
galectin-3 is 655 nm and is close to the fluorophore absorption and emission. This is
consistent with our previous result with BNP (Chapter 3) due to the small (<10 nm)
thickness of the sandwich assay. However, the plasmonic resonance for NT-proBNP and
NGAL is highly shifted to 542 nm due to the higher average thickness caused by
antibody aggregation. This blue resonance is consistent to previous studies performed in
SNC metasurfaces '"’®, where it was shown that increasing the dielectric gap causes

blue-shift in resonance.
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Figure 39: Plasmon resonance in PED4 for NT-proBNP. Resonance blue
shifted 50nm from 721nm to 671nm when increasing the POEGMA thickness from
Snm to 20nm.
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AFM measurements were also performed on the sandwich immunoassay to
determine its total thickness and surface roughness. Figures 40-43 show AFM images of
Galectin-3, NT-proBNP, and NGAL. For all three figures, image a) shows a
representative SEM image of the capture spots after the assay has been performed. Image
b) is an AFM image of the same spot, with ¢) showinga 1 um x 1 um AFM image of the
same spot used to calculate the surface roughness of the assay, and d) shows the phase
information from image c). From Figure 40, it can be observed that Galectin-3 had the
best antibody immobilization since it has a thin assay thickness of about 7 nm and mean
roughness (Rq value) of 5 nm. It is also interesting to note that the phase contrast gives
information about the physical properties of the surface, in this case the contrast between
a soft, more elastic material of the antibody, and that of the polymer surface, as seen by

Figure 40d.

Figure 40: SEM and AFM analysis for Galectin-3. a) SEM image of spot to
be analyzed in AFM, that can be also be used to determine antibody uniformity. b)
AFM of antibody edge used to determine thickness (10 um X 10 um image), this
image gives an average thickness of 7 nm across a rectangular section c) 1 um X 1
pm AFM image used to extract surface roughness (Rqvalue of 5 nm), with d)
showing its phase information.
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In the case of NGAL, the total assay thickness was larger than that of Galectin-3
due to antibody aggregation and crystallization while drying, which was not observed in
Galectin-3. NGAL assay had more variability in thickness with average thickness of 15
nm, and individual aggregates that went up to 84 nm in height for a given image.
Roughness was also higher in comparison to Galectin-3, where NGAL had a of about 12
nm fora 1 um x 1 um image. It is also interesting to see how the variability in antibody
aggregation can be seen in the phase information, where compared to Galectin-3, as

NGAL presents much larger aggregates.
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Figure 41: SEM and AFM analysis for NGAL. a) SEM image of spot to be
analyzed in AFM, that can be also be used to determine antibody uniformity. b)
AFM of antibody edge used to determine thickness (10 um X 10 um image), this

image gives an average thickness of 15 nm across a rectangular section ¢) 1 um X 1
pum AFM image used to extract surface roughness (Rqvalue of 12 nm), with d)
showing its phase information.

NT-proBNP also presented more aggregated antibodies (Figure 42), with
thickness that averaged 18 nm and with individual aggregates that reached ~63 nm.

Future work will involve the investigation of methods to increase antibody uniformity on
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the surface such as additive selection, polymer brush thickness, and humidity control

while printing, all of which will be discussed further in Chapter 6.

Figure 42: SEM and AFM analysis for NT-proBNP. a) SEM image of spot to
be analyzed in AFM, that can be also be used to determine antibody uniformity. b)
AFM of antibody edge used to determine thickness (10 um X 10 um image), this
image gives an average thickness of 18 nm across a rectangular section ¢) 1 um X 1
um AFM image used to extract surface roughness (RqVvalue of 13 nm), with d)
showing its phase information.

5.5 Conclusion

In conclusion, this chapter focused on the use of multiplexity capabilities of the
D4 and PED4 assay to simultaneously detect multiple biomarkers with a single
fluorescence reporter. A few cardiac biomarkers were tested with each other to
determine the right combination of antibody pairs that would generate dose-response
curves without cross-reactivity. The three biomarkers that were successfully tested in a
multiplex format were galectin-3, NT-proBNP, and NGAL. We believe that troponin
biomarkers such as cTnl and cTnT can also be added to our assay by optimization of the
antigen carrier fluid. This can be done by selecting a cTn depleted fluid, option that will
be investigated in future studies. Fluorescence intensity of the multiplexed D4 assay was

increased by 14-fold for NT-proBNP, 16-fold for Galectin-3, and 19-fold for NGAL with
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the addition of silver nanocubes on a gold evaporated surface and 20nm POEGMA
polymer brush. Optical absorption measurements of the PED4 assays revealed that
antibody uniformity and thickness have a significant effect on the resonance behavior of
the plasmonic structure, which can reduce fluorescence enhancement due to the lack of
resonance overlap with the fluorophore’s absorption and emission wavelengths. Future
work will include the use of additives and humidity while printing cAb spots to reduce
antibody aggregation (see Chapter 6).

Fluorescence enhancement of a multiplex assay targeted for the simultaneous
detection of several cardiac biomarkers could enable the POC testing for the diagnosis
and prognosis of heart failure. Specifically, this miniaturized test will could allow
patients for self-test their biomarker levels with the use of less expensive and sensitive

detectors such as cellphones.
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Chapter 6: Future directions

6.1 Introduction

Since the work presented in this dissertation represents the first time the
nanopatch antenna metasurface is used for a biosensing purpose, there exists several
strategies that can be implemented to further optimize the system. For instance,
immobilization of cAb is critical for optimal assay behavior and attachment of SNCs, and
a reduction in the assay thickness can bring higher levels of fluorescence enhancement.
As discussed in the next section, this can be obtained by optimizing printing conditions of
the antibodies as well as introducing humidity in the printing chamber. This chapter will
also investigate options to further move the PED4 towards a POCT, such as fabricating a
SNC-dAb-fluorophore conjugate that will serve as the reporter in the PED4, as well as
developing a mobile device that uses inexpensive components that can potentially replace
table-top fluorescence imaging systems. Finally, strategies to move the PED4 for clinical

testing will be discussed such as testing the assay with human blood.

6.2 Increasing fluorescence enhancement through antibody
immobilization.

6.2.1 Antibody immobilization on POEGMA brushes with different
thicknesses

Results in Chapter 3 show that higher enhancements are achieved in smaller

POEGMA thicknesses. However, smaller thicknesses make the assay less uniform, which
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is attributed to the cAb irregularity on the surface. To study the immobilization of cAb on
the POEGMA brush, fluorescently labeled cAbs were printed on 5, 10, 15, and 20 nm
POEGMA brushes followed by fluorescence measurements of the cAb spots. The slides
were then incubated with FBS for 90 minutes, washed with DI water, and scanned again
to determine the reduction in fluorescence post incubation. Figure 43 shows the percent
fluorescence relative to the initial fluorescence intensity for each POEGMA thickness,
which is indicative of the amount of antibody immobilized on the surface. From this
graph, it is observed that the fluorescence from the 5 nm POEGMA brush is only 8.6% of
its initial fluorescence value, as opposed to the thicker brushes which reach 18.6, 14.1,
and 29.9% for 10, 15, and 20 nm brushes, respectively. This shows that thinner polymer
brushes do not retain antibody as well as thicker brushes and that the 20 nm brush
retained the most antibody. Representative SEM images of cAb spots for each POEGMA
thickness further validates this observation as it is observed that the antibody is poorly
immobilized on the 5 nm brush whereas better uniformity and retention is observed for

the 20 nm brush (Figure 43b).
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Figure 43: Antibody immobilization on 5, 10, 15, and 20 nm POEGMA
brushes. a) Percent fluorescence relative to the initial fluorescence intensity for each
POEGMA thickness obtained after incubation in FBS for 90 minutes and washing
with DI water. The fluorescence intensity is an indication of the amount of antibody
immobilized on the surface. Error bars represent the standard deviation from three
slides after averaging 60 cAb spots for each slide. ANOVA analysis shows that the
fluorescence intensity for the 20 nm POEGMA brush is statistically significant (P <
0.05) compared to the 5 nm and 15 nm POEGMA brushes, providing the highest
antibody immobilization and assay performance overall. b) Representative SEM
images of cAb spot morphology and antibody immobilization on different
thicknesses of POEGMA brushes.

Although the antibody morphology is better as the thickness increases, it would
be ideal to maintain a good antibody immobilization in thinner POEGMA brushes for
optimal fluorescence enhancement. Furthermore, finding a controllable way to increase
antibody morphology can help with antibody aggregation, which increases the average
antibody thickness as seen in NT-proBNP and NGAL AFM images (see Chapter 5). For
this, we started studying ways to obtain better antibody deposition by looking at
parameters such as humidity and additives for printing antibodies, which has been shown

to control evaporation 38129,
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6.2.2 Increasing antibody morphology

When performing assays, it has been observed that sport morphology and drying
plays an essential role in particle deposition reproducibility. We have been able to obtain
excellent spot morphology for BNP such as the one seen in Figure 44, where the
thickness of the dried antibody is consistent throughout the surface (~10nm) and no
antibody aggregation is present, as demonstrated by the SEM images and the AFM
images. This also allows to obtain a small surface roughness (Rq< 5 nm) , which is

beneficial for consistent particle deposition.

Figure 44: SEM and AFM analysis for ideal BNP cAb spots. a) SEM image of
spot to be analyzed in AFM. b) AFM of antibody edge used to determine thickness
(50 pm X 50 um image). ¢) Smaller AFM image from b).

Figure 45a shows the benefits of obtaining a uniform antibody immobilization.
As seen by the SEM image, the nanoparticle deposition is very uniform across the whole
surface of the antibody, which brings consistent enhancement throughout all antigen
concentrations when performing the PED4 assay. Figure 45b, on the other hand, is an
example of the effects of nonideal antibody immobilization, which affects the
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morphology of the antibody on the surface as seen by the dark aggregates in the SEM
image. As a result, silver nanocubes tend to aggregate on the antibody, causing an
unequal distribution of the nanocubes on the surface. This results in a decrease in the
fluorescence uniformity across the assay as seen in Fig 45b, where the enhancement is
unequal for all antigen concentrations. For this reason, it is important to develop a

protocol where a good drop morphology can reproducibly and consistently be printed.
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Figure 45: Effects of a good and bad antibody immobilization. a) SEM
image of the cAb spots in Figure 48 show excellent particle deposition after silver
nanocubes (SNCs) have been placed on the surface. b) Fluorescence measurements
for assay spots from a) before (triangles) and after (circles) adding silver nanocubes.
Measurements show a good enhancement reproducibility across all antibody
concentrations. ¢c) SEM image of an assay where cAbs have aggregated on the
surface. d) Fluorescence measurements from c) before (triangles) and after (circles)
SNCs are added. The irregular deposition of the antibody on the surface brings non-
uniform distribution of the cubes and high variability of the fluorescence
enhancement across all concentrations.
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It is known that one drawback of using small antibody volumes for spotting is that
evaporation can compromise the quality and the reproducibility of the spots and overall
assay performance®?. In our experiments, we have observed that drying of the protein
carrier fluid can compromise spot morphology and protein binding to the surface due to
the quick crystallization of the carrier fluid or PBS. Figure 46 shows examples of how
drying of NT-proBNP and troponin T capture antibodies can affect the drop morphology.
As it can be seen in the “before assay” figures and in their magnifications, PBS
crystallization and drying plays an important role in determining the way the antibody
binds to the surface and its degree of aggregation. After running the assay, spots where
crystallization occurs is seen to create gaps in the antibody immaobilization and uneven
distribution of the antibody on the surface, as seen by the “after assay” SEM images in

Figure 50.

| Troponin T — After assay NT-proBN}'P‘-'—“ Before assay NT-proBNP — after assay

Figure 46: Capture antibody drying for Troponin T and NT-proBNP.
Crystallization of antibody excipient (PBS) causes antibody to detach from surface
and to aggregate as seen in the “after assay” figures.

93



In the literature, it has been shown that additives such as glycerol and Tween-20
are good candidates to suppress evaporation and increase the reproducibility of the assays
due to their gygroscopic properties to attract and hold moisture'®. Similarly, the relative
humidity in the printing chamber can be increased up to 70% to mitigate evaporation®’.
We tested these parameters to determine the behavior of the antibody morphology and
deposition on the POEGMA surface. Specifically, we increased the humidity to 65%
added 0.01% Tween-20, 0.1% glycerol, or a combination of both. Figure 47 shows the
behavior of NT-proBNP antibody under these conditions. From this, it is observed that
addition of an additive alone did not significantly help with antibody immaobilization,
drop morphology, or aggregation. We then printed antibodies with the same conditions
(with additives) and using 65% humidity. As seen in Figure 47, the cAb spots still
presented crystallization and aggregation. Antibodies were then printed with the same
excipients with 65% humidity and the printed slides were left in high humidity for two
hours to slow down the drying process. As observed in the last column of Figure 74, the
antibody distribution on the surface became much better with this last condition, and the
contribution of the different additives became more evident. For the case where no
additives were added to the excipient, but the slides were left for two hours in high
humidity, the antibody became more compact and uniform. However, aggregation was
still present. The best results were obtained when adding 0.01% Tween-20 to the
excipient, where a good distribution of the antibody is observed with less aggregation and
smaller antibody thickness as seen in the SEM image. Adding 0.1% glycerol also
allowed better organization of the antibody, but it did not help with aggregation. Finally,
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a combination of 0.1% glycerol and 0.01% Tween-20 was tested, as reported by others'’,
giving results that were similar to the 0.01% Tween-20 case. Future work consists in
studying the behavior of other additives and printing buffers, as well as their effect on
particle distribution and fluorescence enhancement, on smaller POEGMA brushes. Other
parameters will also be tested such as cAb concentration and spot diameter to obtain thin

antibody immobilization on the surface.

No Humidity 65% Humidity  65% humidity
+ 2 hours

Control — no
additives

0.01%
Tween-20

0.1% Glycerol

0.01%
Tween-20 +
0.1% Glycerol

Figure 47: Effect of additives and humidity on cAb drop morphology. SEM
images allow us to directly observe the behavior of antibodies on the POEGMA
surface under different conditions. Best results are obtained when printing
antibodies under 65% humidity and by leaving slides under high humidity for 2-
hours. Addition of 0.01% Tween-20 improved antibody distribution and
aggregation.
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6.3 Synthesis of SNC-dAb-Alexa647 conjugate reagent.

To date, we have shown that a plasmonic cavity can be created by adding a final
step where a third Ab (termed sAb; see Figure 19 in Chapter 4) that is conjugated to a
SNC can be introduced into the assay as the final incubation step. The sSAb-SNC
conjugate binds to the dAb in the microarray spots and creates a plasmonic cavity that
leads to a ~13x fluorescence enhancement but also lowers the LOD by ~8x. However,
this approach is not fully compatible with a point-of-care test format as it requires an
additional incubation step. To eliminate this step and simplify the assay, we will
synthesize a new plasmonic conjugate, where the dAbs will be conjugated to a SNC and
to a fluorophore to create the plasmonic cavity in a single step Figure 48. To complete
this goal, we will attach the dAb’s to SNCs by replacing the nanoparticle’s capping agent
with a carboxy-PEG-thiol group. Next, the carboxylic acid will be activated for NHS-
ester chemistry to target the free amines in the dAb scaffold. AlexaFluor 647 will next be
conjugated to the SNC-dAb complex by targeting the remaining free amines in the Ab
scaffold. This last reaction will be followed by the inactivation of unconjugated free dye,
with high molarity Tris buffer and centrifugation to purify the SNC-dAb-Alexa647
plasmonic conjugate. This new conjugate reagent mixed with trehalose will then be
printed on the surface of POEGMA in the same fashion dAbs were printed surrounding

the cAbs (Figure 48Db), serving as the reporter in our system.
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Figure 48: Schematic of conjugate reagent composed detection antibody
directly attached to SNC and fluorophore attached to detection antibody. This
reagent will be printed on trehalose pads and will serve as the fluorescence reporter.

In order to have a better control of the size and functionalization of our SNC-dAb-
Alexa647 conjugate reagent (CR), we started in-house synthesis of the SNCs in our
laboratory (Figure 49). This will allow us to easily tune parameters such as length of
capping agent, antibody surface density on the SNC, and particle edge length. For this,
silver nanocubes were fabricated using polyol synthesis 124122, Briefly, 1.3 mM solution
of hydrosulfide (NaSH), 20 mg/mL of poly-vinylpyrrolidone (PVP), and 3 mM of
hydrochloric acid (HCI) solution were first prepared separately in Ethylene Glycol (EG)
as the solvent. A solution of trifluoroacetate (AgC-:F:O.) was also prepared by dissolving
0.1gin 0.8 mL of EG. A heating bath was prepared by placing a Pyrex container with
silicone fluid on top of a stirring hotplate at 150 °C and with a steering speed of 260 rpm.

A round-bottom flask (RBF) containing 5 mL of EG and a small magnetic stirring bar
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was dipped into the heating bath. Then 60 uL of NaSH was placed into the RBF and let
to incubate for 2 minutes. 500 pL of the HCI solution and 1.25 mL of the PVP solution
were put into the RBF for 2 more minutes. Finally, 400 puL of AgC.F:O. was placed in
the RBF. After 2.5 hrs. the RBF was raised from the oil bath and the cap was removed.
After letting the RBF to cool off for 20 minutes, 5 mL of acetone was placed into the
RBF and vortexed. A pipette was then used to transfer the solution to 1.5 mL Eppendorf
tubes. These were centrifuged at a speed of 5150x g for 5 minutes and the supernatant
was removed. The particles were then washed with DI water two times before
resuspending in DI water. Figure 49b shows SEM images of the in-house synthesized

nanocubes, showing high monodispersity (75nm + 6.3 nm) and stability.

Figure 49: In-house particle synthesis of 75 nm SNCs using polyol synthesis.
a) shows a photograph of particle solution after 2.5 hrs. of reagent mixing. b) SEM
image of 75nm cubes after washing.

The particles were then functionalized by first replacing the PVP layer

surrounding the nanoparticle with the thiol PEG acid SH-PEG-COOH followed by
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protein conjugation through EDC/NHS crosslinking of carboxylates with primary amines.
Figure 50 shows a schematic of the steps taken to substitute the capping agent in the
SNCs with a protein. Figure 51 shows UV-absorption measurements taken when
replacing the PVP coating with SH-PEG-COOH (blue line). We can identify when the
molecule is being replaced by looking at a small shift in the nanoparticle resonance.
Broadening of the absorption peak also helped us determine the thiol PEG acid
concentrations at which particles started to aggregate. After replacing the PVP, the
particles were conjugated with the protein model BA (green line). We chose this protein
to create a general protocol for protein conjugation due to its availability and transability.
Further tests need to be done to optimize protein conjugation on the nanocubes. Some of
the parameters that will be considered are the molar ratio of the HS-PEG-COOH and
mMPEG-SH, as many groups have reported better particle stability and protein binding

performance when these two molecules are used?3125,

PVP
- - . NH: -
= S
(s A ~£
> >
PVP replacement EDC/NHS chemistry

Figure 50: Replacement of PVP with SH-PEG-COOH and protein
conjugation through EDC/NHS crosslinking of carboxylates with protein’s primary
amines.
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Figure 51: UV-vis measurements shows that PVP in SNCs have been replaced by
HS-PEG-COOH due to the shift in the particle resonance. A further shift was
observed when performing EDC/NHS chemistry to conjugate BSA protein to the
nanoparticle.

This study shows that SNCs can reproducibly be synthesized in our laboratory
and their capping agent can be replaced to attach proteins of our choice through
EDC/NHS chemistry. In the future, BNP dAbs will be attached to the nanocubes and they
will be tested in a D4 assay on a performed on a gold substrate to determine the binding
of the nanocubes through cAb and dAb interaction. After this, fluorophores will be
attached to the free amines in the SNCs and the fluorescence enhancement will be

compared to that of initial results with a secondary antibody as described in Section 4.3.

100



6.4 Using handheld-based detector for PED4 testing

In order to detect fluorescence from the PED4 using a small and inexpensive
detector, the fluorescence system demonstrated in Section 4.3 will be modified and
compressed into a handheld format. To do this, the beam splitter could be replaced with a
less inexpensive dichroic mirror, which will be used to direct the incident light at a 90°
towards the substrate while simultaneously serve as a filter to select the fluorophore’s
emission wavelength. Another option will be to modify the set up so that it the laser
illuminates the gold substrate in an angle instead of front incidence, which will allow us
to eliminate the use of a beam splitter. In addition, the microscope objective can be
replaced by a much cheaper plastic aspheric lens, and the lens placed before the CCD
webcamera can replaced by the lens that is already incorporated in small cameras.
Although Section 4.3 uses a laser diode with a well characterized spot shape and
collimation, less costly options of laser diodes are available that can go as low as $5
(Digi-Key Part 1528-1391-ND, for 5mW laser power). The detector camera and the
computer needed to run the data analysis software can be replaced with the ubiquitous
cellphone. With these changes in mind the total cost for the detector could drop from
$800 (as in the case of detector used in Section 4.3) to less than $150. Once the mobile
phone detector is optimized, we will compare our results on gold and glass slides to those
obtained in the commercial microarray scanner. It is expected that the PED4-POCT
scanned by the phone detector will have similar or better performance than that of the

regular D4 glass slide using the high-priced scanner.
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6.5 Other design considerations — modifying components in platform to
increase fluorescence

Changing particle concentration: Increasing the nanocube fill fraction increases
the resonance strength at a particular wavelength, which is seen by a higher absorption in
the spectrum as the particle density increases. Specifically, the highest packing density
that can be achieved is 20% fill fraction, giving 99.7% absorption’’. Increasing the fill
fraction leads to higher fluorescence enhancement because of the higher absorption of
light and the higher probability of fluorophores to interact with the edges and corners of
the nanocubes, where the field and excitation enhancement are the largest.

Changing particle size and gap thickness: As previously mentioned, a
remarkable aspect about this plasmonic architecture is the ability to modulate the
plasmon resonance from the visible to near infrared side of the spectrum by simply
modifying the particle size or the gap thickness. This ability to change the plasmon
resonance is beneficial for fluorescence enhancement since by overlapping the plasmon
resonance with the excitation or emission spectrum of the fluorophore we can obtain
larger enhancement factors. It has been seen that while keeping the gap size fixed and
changing the particle size, nanopatches providing the largest enhancement had
resonances close to the excitation wavelength, due to enhanced absorption in the
embedded fluorophores®. In future studies we will investigate the use of different
particle sizes and their effect on plasmonic resonance as well as fluorescence
enhancement. To do this, we will determine the conditions necessary to obtain similar fill

fractions between the different particle sizes such as incubation time and concentration.
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Fluorophore selection: There are several characteristics in a fluorophore that
need to be considered for maximum sensitivity and fluorescence enhancement. First of
all, the fluorophore used needs to be a probe with high fluorescence quantum yield and
high photostability to allow detection of low concentrations with greater sensitivity. Also,
since it is planned to test the platform with blood, the fluorophore of choice will ideally
have a far-red location in the spectrum to avoid the excitation of spectral features of
strongly absorbing naturally occurring biological chromophores such as hemoglobin,
which can lead improved sensitivity to target analyte. Furthermore, the spectral location
of its excitation and emission (but most importantly its excitation) profile must be in the
range where the nanopatch antenna resonates, which for our system is located between
the 400-900nm wavelength region. Ideally, the fluorophore’s absorption maximum

should coincide with the nanopatch resonance absorption maximum.

6.6 Assay validation of the PED4 in a clinical setting

We will use the final detector prototype and chip design to create dose-response
curves in FBS, whole chicken blood (WCB), and human serum (HS). Once we have
assessed the figures of merit (such as LOD and dynamic range) for each target analyte in
the different complex fluids, we will test our diagnostic system with archival samples
available through the Duke Medical Center. These samples of known cardiac patients
with distinct levels of the target biomarkers will be tested with the PED4-POCT and
commercially available gold standard ELISAs. To test the blood sample using the PED4,
80 pl of blood will be placed in one of the chambers of the microfluidic chip followed by

the addition of washing buffer on the secondary chamber. After the PED4 has been
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washed with the buffer, it will be imaged in the handheld detector to determine the
analyte concentration based on the fluorescence values. It is important to point out that
preprocessing is not needed when testing the PED4 and it can be directly tested with
undiluted whole blood due to the non-fouling nature of the POEGMA surface, as it was
demonstrated in previous clinical studies involving Leptin testing®. In the case of ELISA
testing, blood sample will be centrifuged, and the resulting serum will be aliquoted into
cryovials and stored at -80 °C until needed. For ELISA testing, 100x dilution with assay
diluent buffer is usually required for all specimens. We anticipate that our measure with
the PED4 will be able to reach an interclass correlation value of >0.8 with confidence
interval bounds of approximately +0.1 when compared to the ELISA results. The primary
goal of the clinical validation study will be to evaluate the PED4 in a spectrum of
relevant patients with cardiovascular disease, where testing of the candidate markers
would typically be indicated in clinical practice. We will evaluate the accuracy and
precision of the PED4 with relevant cardiac conditions (e.g, chest pain, myocardial
infarction, heart failure, or need for cardiovascular risk assessment) who are being treated
in either the inpatient or ambulatory setting at Duke University Hospital (DUH).

Clinical Setting and Study Procedures: In order to validate the PED4 across the
relevant clinical values, we will plan to enroll patients in a broad diagnostic category
where these biomarkers play a central role in medical decision making. This includes
patients with acute chest pain or myocardial infarction, patients with acute or chronic
heart failure, and patients for acute coronary syndromes. We will include a representative
mix of patients in terms of age, sex, race, and ethnicity. Enrolled patients will have
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venous phlebotomy performed by appropriately trained personnel and samples sent to the
Duke Clinical laboratory for measurement of the 3 biomarkers of interest (NT-proBNP,
galectin-3, and NGAL) using commercially available ELISA tests. Whole blood from the
same venipuncture will be used for simultaneous testing of the POCT prototype. Trained
research personnel will perform the POC analysis and data will be collected and recorded
in an appropriate research database and stored for analysis. Results of laboratory testing

will not be shared with study participants unless performed for clinical indications.

6.7 Conclusion

In this chapter we explored optimization techniques that can be used to further
increase the PED4 assay performance and enhancement. It was demonstrated that the
POEGMA thickness plays a role in cAb retention and immobilization, where thinner
brushes (5, 10 nm) retain less antibody than thicker (20nm) brushes. This irregular
immobilization of the antibody in thinner brushes reduces reproducibility between assays
and decreases their performance. To further explore way in which antibody
immobilization can be enhanced, cAb printing conditions were optimized by changing
printing parameters. It was demonstrated that the evaporation rate of cAb spots can be
decreased with the use of humidity when printing the antibodies, and that adding 0.01%
of Tween-20 to the excipient can reduce aggregation and increase the antibody
distribution on the POEGMA surface. Future work consists in changing printing
conditions on smaller POEGMA brushes and testing other parameters such as cAb
concentration and spot diameter to obtain thin antibody immobilization on the surface.

This chapter also presented preliminary work on the synthesis of a reporter consisting of
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fluorescently labeled dAbs attached to SNCs. This reporter will allow us to further move
the system towards a POCT where the extra SNC incubation step will no longer be
needed. Preliminary work shows that we can synthesize SNCs in-house and proteins can
be attached to their surface through EDC/NHS crosslinking. Finally, future work will

consist of building a cellphone-based detector that can be used with the PEDA4.
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Chapter 7 Conclusion

This dissertation has explored the integration of the nanopatch antenna
metasurface as a plasmonic biosensor for the fluorescence enhancement of planar
immunoassays, and it has further explored its use as a POCT for the detection of cardiac
biomarkers used in the prognosis of heart failure. The bottom-up, and scalable fabrication
approach used here simply consists of attaching high density (~12% fill fraction) of
SNCs on the surface of the ran immunoassay. In Chapter 3, we demonstrated that
fluorescence enhancement values of over 100-fold can be achieved by depositing SNCs
through a PAH layer (positively charged polyelectrolyte) and that an LOD enhancement
of 14-fold can be achieved when using low photomultiplier sensitivities (or low PMT
gain). This serves an indication that the PED4 can be used to compensate for the loss in
sensitivity in less sensitive detectors such as mobile devices, a concept that was further
explored in Chapter 4. We also studied the plasmonic behavior of the PED4 where it was
shown that decreasing the POEGMA thickness (and thus the gap between the gold
surface and the SNCs) increases the plasmonic enhancement obtained. In addition, this
decrease in thickness causes a shift in resonance in the plasmonic structure, which has
been observed in previous studies.

The use of the PED4 as a POCT was studied in Chapter 4, where it was
demonstrated that the extra incubation of the PAH layer can be eliminated by conjugating
SNCs with a secondary antibody that attaches directly to the Fc region of the detection
antibody in the assay. Doing so was beneficial in two ways: 1) the number of steps were

reduced to achieved fluorescence enhancement, and 2) since the number of SNCs on the
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surface are now dependent on the dAb concentration, the SNC associated noise was
reduced at low BNP concentrations, enhancing the LOD performance by ~8-fold even at
high PMT gains. In addition, to further demonstrate the value of the PED4 as a POCT, it
was shown that the plasmonic assay can be detected with inexpensive components,
whereas the unenhanced assay could not be detected. A microfluidic chip was also
fabricated on a silicon wafer using photolithography and reactive ion etching to run the
PED4 with minimal user interference. This prototype that was able to generate a dose-
response curve with fluorescence intensity values corresponding to normal incubation.
Although only a 2-fold enhancement was obtained due to particle aggregation and drying
when flowing the SNCs, future work will explore ways in which the incubation chamber
can be designed to avoid this problem.

One of the main promises of the PED4 assay is its utility as a POCT that can be
used outside the clinic or hospital. Having an immunoassay that can be tested in a
microfluidic chip and with a mobile detector can significantly decrease the need of
human interface. Hence, allowing for fast clinical use or even for self-testing. The health
sector can benefit from such a device for the diagnosis and prognosis of heart disease and
specifically for heart failure, as it remains the number one cause of the death in the U.S.
Reducing the number of unnecessary visits to the clinic or rehospitalization can increase
risk stratification of the disease and decrease the economic burden that it brings, which
lies in the billions of dollars per year. Assessment of multiple cardiac biomarkers have

been shown to increase the diagnostic and prognostic value of the disease, and provide
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added value to medical management, which could potentially lower risk of mortality,
readmissions, and related costs.

In Chapter 5, it was demonstrated that fluorescence from the detection of multiple
biomarkers could simultaneously be enhanced with the PED4. For this, various
biomarkers were assessed in a monoplex, duplex, and multiplex format to test for cross-
reactivity in the D4 assay. It was concluded that the biomarkers for NT-proBNP,
Galectin-3, and NGAL can simultaneously be tested together without cross-reactivity
issues. CRP was also tested, but the dynamic range needed for this biomarker was not
compatible with the D4 assay. Troponin biomarkers such as cTnl and cTnT cross-reacted
with the carrier fluid FBS, but we believe that this can be avoided by using other carrier
fluids such as troponin depleted serum. After translating the multiplex assay into the
PED4, we observed a 17-fold enhancement in NGAL, 15-fold in NT-proBNP, and 13-
fold in Galectin-3. The placement of different types of cAbs on the same POEGMA
surface also allowed us to gain better understanding of the importance of antibody
immobilization. Specifically, it was observed through SEM and AFM images that
Galectin-3 antibody had the best immobilization, and as a result it provided with the most
ideal plasmonic resonance. This further encouraged us to investigate better antibody
immobilization strategies such as addition of additives and humidity, as it is described in
Chapter 6. Where it has been shown that printing antibodies under high humidity and
adding 0.01% Tween-20 can reduce antibody aggregation and increase its uniformity on

the surface.
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Further work will also consist in translating the PED4 assay into a single step
POCT where a detection conjugate reagent will be synthesized. This will consist of a
SNC directly conjugated to a detection antibody and a fluorophore, which will allow us
to reduce the number of antibodies needed to run the PED4 as well as the number of

steps.
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