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ABSTRACT

Preeclampsia is a condition that develops late in pregnancy and accounts for
75,000 maternal and 500,000 newborn deaths each year. Preeclampsia is commonly
identified late in pregnancy using a generalized symptoms-based approach. Treatment
options are limited at this stage. As such, this work investigated an alternative approach
for diagnosing preeclampsia through the development of a diagnostic test for epigenetic
biomarkers—i.e., miRNA-17 and miRNA-20a—associated with the onset of
preeclampsia. The upregulation of these miRNAs occurs around the 9th week of
pregnancy, inducing gene expression which causes the onset of symptoms that evolve into
preeclampsia. A diagnostic tool was developed to pinpoint these biological changes by
quantitatively determining the concentration of miRNA-17 and miRNA- 20a. This was
achieved using an adapted split sandwich assay, 3D paper fluidics, Raman reporter labeled
and functionalized gold nanoparticles, and surface enhanced Raman spectroscopy (SERS).
The assay was incorporated into a 3D paper fluidic platform that uses both lateral and
vertical flow. This design ensures that assay-specific sensing reagents and buffers are
stored within the paper fluidic platform, which, in turn, promotes the binding of
nanoparticles with miRNA-17 and miRNA-20a in solution for ultimate detection. The
resultant SERS signal produced by the assay was analyzed using a handheld Raman
system. The results were then used to quantify miRNA-17 and miRNA-20a concentrations

ranging from 100 pM to 100 fM in solution.
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CHAPTER I
INTRODUCTION

The success of humankind, from an evolutionary perspective, is dependent on our
survival and advancement throughout the years. Each generation faces a new set of
challenges which test our capacity for innovation. At the forefront of these challenges are
issues surrounding our health and wellbeing.[1] On this front, advancements in medical
devices and diagnostics in recent years have played a crucial role in improving quality of
life and healthcare practices.

In particular, our current healthcare system depends on the accurate and timely
diagnosis of disease. Despite recent advances, we need more technologies to diagnose
diseases based on real-time information relating biological markers, i.e., biomarkers, to
the existence or onset of disease. This technology has great promise in developing
diagnostic tests for diseases such as preeclampsia that are difficult to diagnose early on,
when treatment may be most effective.

1.1 What is Preeclampsia?

1. 1.i Influence of Preeclampsia Worldwide

Preeclampsia is a hypertensive, multisystem disorder during pregnancy[2] that is
connected to abnormal placentation through atypical formation of uterine arteries
potentially causing endothelial dysfunction, oxidative stress, and systemic
inflammation.[3, 4] In the United States, preeclampsia affects ~4% of all pregnancies and

is among the top causes of death during pregnancy.[4] Preeclampsia is also the leading



cause of premature birth and low birth rate, causing an additional $2.18 billion each year
in US healthcare costs on top of the normal cost associated with birth.[5] Worldwide,
preeclampsia affects 2-8% of all pregnancies and is a leading cause of maternal and
perinatal mortality and morbidity, with 76,000 maternal and over 500,000 fetal deaths
each year.[6, 7]

Preeclampsia is believed to originate during the formation of the placenta, but
complications and symptoms develop much later during pregnancy. Physical effects
associated with preeclampsia can be severe. In the mother, these include end-organ
dysfunction, heart failure, pulmonary edema, and stroke.[3] In the fetus, low birth weight,
premature birth, still birth, and a variety of perinatal complications can result.[4, 5]
Currently, no diagnostic tool may detect preeclampsia during the 1% or 2" trimesters. As
a result, treatment options for preeclampsia take the form of management strategies, i.e.,
close monitoring of the patient to track disease progression and the administration of
antihypertension medications and magnesium sulfate.[8-10]

Preeclampsia also poses long term complications for both the mother and child,
but these consequences are less understood than the complications during pregnancy.
Women who develop preeclampsia during pregnancy are at a heightened risk of
cardiovascular disease and also are predisposed to long term hypertension, dysrhythmias,
heart failure, insulin resistance, and stroke.[11] They are also more vulnerable to mental
health conditions such as anxiety, depression, and posttraumatic stress.[12] The
development of preeclampsia during pregnancy also influences the long term health of the

offspring. Complications in offspring linked to preeclampsia include stroke, hypertension,

2



pulmonary arterial hypertension, coronary artery disease, congenital heart defects, chronic
kidney disease, and insulin resistance.[13, 14]

Moreover, though its effects are felt worldwide, preeclampsia’s toll is strongest in
developing countries and among socioeconomically disadvantaged groups.[15] The
World Health Organization (WHO) notes that women in developing countries are seven
times more likely to develop preeclampsia than those in the developed world.[16, 17] And
in developed nations like the United States, socioeconomic status impacts preeclampsia.
Preeclampsia disproportionately affects low-income women and women of color.[18]
When compared to Caucasian women, African American women with preeclampsia
display an increased prevalence of hypertension and are known to develop more severe

complications vis-a-vis their Caucasian counterparts.[19, 20]

1.1.ii Diagnosis and Treatment of Preeclampsia

The classical clinical definition for preeclampsia is keyed to the onset of
hypertension and proteinuria after 20 weeks of gestation.[18, 21] However, preeclampsia
can also be diagnosed without the presence of proteinuria, if accompanied with evidence
of maternal acute kidney injury, liver dysfunction, neurological features, hemolysis or
thrombocytopenia, and/or fetal growth restriction.[7, 22] Other symptoms that occur
around the 20th week of gestation include headache, problems with vision, vomiting, pain
below the ribs, shortness of breath, and sudden swelling of the face, hands or feet.[23, 24]

These symptoms first appear at advanced stages of preeclampsia, at which time

the progression of the disease is inevitable. Thus, as noted, treatment options are limited



to symptom management rather than disease dissolution.[22, 25] While observing
preeclamptic patients, clinicians monitor their fluids and may provide antihypertensive
treatment or corticosteroids for severe hypertension.[26] In some cases, magnesium
sulfate is administered to prevent preeclampsia from evolving into eclampsia, a more
serious condition associated with seizures.[24] Due to the lack of understanding in the
pathophysiology of preeclampsia, the only cure is delivery of the child and placenta at

which point symptoms cease.[27]

1. 1.iii microRNA: Epigenetic Biomarkers for Preeclampsia

The prediction of PE at an early stage is one of the most important missions in
maternal-fetal medicine. An early biomarker that could identify women at risk of
developing PE would allow for closer monitoring of such women and help identify
candidates for participation in early intervention trials. Epigenetic biomarkers,
biomolecules that influence DNA regulation and gene expression, are linked to the onset
of disease.[28-30] Within maternal-fetal medicine, there is growing interest in the concept
that epigenetic dysregulation during early pregnancy might lead to PE.[31-34]

miRNAs are short non-coding strands of RNA —around 22 nucleotides in length-
that are involved in post-regulatory gene expression, which involves translational
repression or degradation of mRNAs.[35-37] miRNAs are found in biofluids (serum,
saliva, and urine, etc.) making them useful diagnostic biomarkers.[38-41] However,

characteristics such as their short length, similarity in sequence, and low concentration



makes sensing miRNA difficult.[42] Notably, miRNA accounts for less than 0.01% of the
total RNA with plasma concentrations of 10> —10° copies/uL.[41, 43, 44]

Recently, an increasing number of studies are identifying epigenetic biomarkers
linked to the onset of preeclampsia.[34, 45, 46] One study showed that changes in miRNA
biomarker concentrations, associated with the future development of preeclampsia, can be

detected as early as the 11

week of gestation.[32, 33, 47] A number of these biomarkers
exist as short strands of ssSRNA known as microRNA. This non-protein coding nucleic
structure is between 19-23 nucleotides long and plays a salient role in gene expression.[30,
42, 48, 49] Specifically, miRNA’s role in expression of key genes makes it a useful
biomarker for a number of diseases and cancers.[35, 50-53]

While the use of miRNA as biomarkers for disease diagnosis may seem attractive,
it presents many challenges for sensing and use in diagnostics.[54] The intrinsic properties
of miRNA, including its length and similarity in sequence, in combination with the low
concentration of miRNA in the bloodstream, make detecting it increasingly difficult.[39,
41, 55] Laboratory methods for detecting miRNA involve microarray, northern blotting,
and reverse transcription-polymerase chain reaction. While each of these techniques are
capable of miRNA detection, they each have limitations that impede their usage in clinical
applications and point-of-care technology.[56, 57]

Consider, to start, microarray. This is a high-throughput technique capable of
detecting and regulating large amounts of miRNA simultaneously for concentrations

within the fM to pM range. Microarray, however, lacks both specificity and sensitivity,

and it cannot provide quantitative results.[36, 55] As for northern blotting, it is a semi-



quantitative technique used for determining size and examining miRNA expression
profiles within the nM to pM range. Although it exhibits good specificity, northern
blotting is a low-throughput and time consuming process that lacks sensitivity.[42, 54]
Finally, Quantitative RT-PCR is both highly sensitive and specific, and it is capable of
providing quantitative results. Additionally, qQRT-PCR is considered the gold standard for
quantifying gene expression with a low limit of detection in the fM concentration.[58] But
it also has significant downsides—chiefly, its high cost and its inability to identify novel
miRNA.[59, 60]

1.2 Evolution of Diagnostic Technology

1.2.i Importance of Clinical Diagnostic Testing

In 2018, the United States spent $3.6 trillion on health care, a 4.6% increase from
2017.[61] While in-vitro diagnostics account for only about 2.3% of national healthcare
expenditures, they influence approximately 60-70% of all clinical decisions and healthcare
diagnoses.[62] Thus, the more IVD tests there are available, the more pronounced are
treatment outcomes. What’s more, along with diagnostic information, IVD allows
clinicians to monitor patients and track the treatment and progression of disease.[63-65]

IVD apply advanced biochemical techniques to isolate and measure biological
molecules, or biomarkers, that indicate patient health and disease. These diagnostic tests
are performed using biological fluids, such as blood, urine, or saliva, which are collected
from the patient.[66, 67] The biological sample is then typically sent to a centralized lab

to be tested.[63] Sample analysis by way of laboratory testing is often a lengthy process



that is both costly and inconvenient.[68, 69] For this reason, clinicians are increasingly
relying on an alternative form of IVD—point-of-care technology—which allows

clinicians to quickly test samples on-site.[39, 70, 71]

1.2.ii Point-of-Care Technology

POCT is an alternative approach to IVD aimed at developing low cost diagnostic
devices that allow for on-site testing and rapid analysis of patient samples.[72] The
potential of POCT to improve healthcare is particularly meaningful for developing
countries with limited access to diagnostic testing. To that end, the World Health
Organization has established the “ASSURED” criteria to guide the development of POCT.
The criteria are based on the perfect model of a diagnostic test for improving clinical
treatment of infectious tropical diseases and sexually transmitted infections in developing
countries.[73] The WHO’s “ASSURED? criteria dictates that POCT must be Affordable,
Sensitive, Specific, User-Friendly, Rapid & Robust, Equipment-free, and Deliverable
(i.e., ASSURED).[54, 74] The ASSURED criteria is often referred to when designing
diagnostic tests for recently discovered biomarkers. The potential for creating new
diagnostic devices at the point-of-care level is significant for conditions like preeclampsia
which most often impact underserved populations and lack definitive diagnostic criteria.
Since the WHO established the ASSURED guidelines for POCT over a decade ago, Land
et al revised the criteria to include Real-time connectivity and Ease of specimen collection
otherwise known as REASSURED.[75] The REASSURED criteria for POCT is

summarized in Table 1. Overall, diagnostic devices at the point-of-care level must either



Table 1 Overview of REASSURED criteria for point-of-care technology

*REAL-TIME SENSITIVITY
* Includes Information for Analyzing Results On-Site

¢ EASE OF SPECIMEN COLLECTION
e Sample Collection is Simple and Non-Invasive

* AFFORDABLE
3 Cost Effective for Patients

*SENSITIVE
e Avoids False Negatives

*SPECIFIC
3 Avoids False Positives

¢ USER FRIENDLY
e Simple to Operate and Requires Minimal Training

* RAPID AND ROBUST
e Short Turn Around, Timely Results and Stable Shelf Life

*EQUIPMENT FREE
e Does Not Require Complex or Expensive Equipment

*DELIVERABLE
e Diagnostic Test is Accessible to Patients

EEEEEERER

satisfy or exceed the current standard of sample analysis used by centralized labs but do

so in a quicker, more efficient, and compact format.

Optical spectroscopy is a potential platform for developing POCT to diagnose

preeclampsia that meets the ASSURED criteria.[67, 76] In broad strokes, optical sensing

techniques are easily adaptable and can be incorporated into various diagnostic

platforms.[64, 77] They also allow for the simultaneous detection of multiple analytes.

More specifically, optical spectroscopy uses inherent molecular characteristics to facilitate

analyte detection.[55] This makes it an adaptable sensing technique capable of low

concentration molecule detection, small molecule detection, and quantitative analysis.[ 78]
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Fluorescence and Raman spectroscopy are particular applications of optical spectroscopy

that are promising POCT candidates.[69, 79, 80]

1.2.iii Paper Fluidics for Point-of-Care Testing

Paper fluidics provides a low cost vehicle for designing an optical point-of-care
device. Compared to other potential platforms, paper is easily accessible, and its low cost
allows it to meet the criteria defined by the WHO for POCT.[74, 81, 82] Paper can also
easily be exploited to serve a number of different functions necessary for a versatile POCT
tool.[83, 84] The porous structure of paper provides an abundance of surface area for
biomolecular interaction and functionalization.[85] Additionally, it allows for storage of
compounds and promotes fluid flow through capillary action. Other characteristics of paper
that make it useful for POCT include surface characteristics, surface area, capillary flow
rate, pore size, and thickness.[86, 87] These characteristics vary based on the grade of paper
and are chosen based on their specific application.[88] The various grades of paper
available commercially differ in their hardness, purity, chemical functionalization and
reactivity. Thus, different grades of paper can be combined to create a multi-functioning

device.[89, 90]

1.2.iv Lateral Flow Immunoassays for Point-of-Care

Lateral flow assays are of the one most well-known microfluidic paper-based
analytical devices due to their simplicity, low cost, and quick results.[91] Currently,

commercial LFAs are used in agriculture, food safety,[92] forensics, and healthcare.[84,



93, 94] This wide array of applications is due to a highly adaptable design. LFAs are 2D
microfluidic devices whereby fluid flows horizontally and parallel to the paper’s
surface.[95] The recognition layer is found on the surface of the porous cellulose
membrane and is where the biochemical capture reactions between antigen and antibody
or target and probe occur. Assay recognition elements are stored within defined regions
of the cellulose membrane known as the reaction or detection zones. Capillary forces
govern and maintain fluid flow of the sample through the cellulose membrane.

The architecture of LFAs is comprised of four components: the sample pad, a
conjugate pad, the reaction membrane, and an absorbent pad as shown in Figure 1.[96]
Each component has primary function that allows for detection of the target analyte. The
sample solution is deposited onto the sample pad where capillary flow of the solution is
initiated. The conjugate pad contains labeled recognition elements specific to the target
analyte. The sample solution flows from the sample pad onto the conjugate pad where the
recognition elements are introduced into the sample solution. The resulting solution
continues flowing onto the reaction membrane which contains analyte capture

elements.[97] The capture elements are immobilized onto reaction membrane, which

Conjugate
Pad

Absorbent Pad

Sample Pad

Test Line

Figure 1 Basic architectural design of a lateral flow microfluidic device
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typically consists of a nitrocellulose membrane.[98] The regions at which the capture
elements are immobilized are known as the control line and test line. The capture elements
are either oligonucleotide probes which allow for DNA or RNA hybridization or
antibodies/aptamers for analyte binding. Thus, the adaptability of LFAs results from the
choice of target-specific capture analytes.[99] Finally, once the sample solution has passed
the reaction membrane it is absorbed by the absorbent pad that is used to store the waste.
The LFA results in colorimetric changes at the control line and test line that can easily be
read by the user.[88]

Despite the numerous advantages of LFAs, their application is restricted to simple
sensing applications. The primary limitations of LFAs involve difficulties in multiplexing
and providing quantitative results. Cross reactivity is a primary concern in multiplexed
LFAs. Compared to laboratory-based assays, LFAs also exhibit limited sensitivity
especially at high analyte concentrations. At high analyte concentrations, the decrease in

sensitivity and appearance in false positives is due to the hook effect.[95]

1.2.v Vertical Flow Immunoassays for Point-of-Care

In response to the limitations of LFAs, vertical flow assays were developed by
stacking multiple 2D microfluidic layers resulting in a stacked membrane with both lateral
and vertical flow (Figure 2). Wax printing is commonly used in creating the hydrophobic
barriers for the patterned 2D layers. The flow of the solutions is directed from the top
layer, through the stacked structure, to the bottom layer.[100] In regard to their

application, VFAs employ some of the same basic principles of LFAs. Both platforms
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Figure 2 Overview of vertical flow design

include conjugate layers for storing labeled sensing elements and a reaction membrane
containing immobilized capture elements.[95]

A major advantage of VFAs is their ability to distribute the sample solution both
laterally (x, y planes) and vertically (z plane), which can allow for parallel multiplexed
assays.[101] Taking advantage of the stackable structure of VFAs, the device can be
designed to include multiple assays by adding or removing different layers. The result is
a multiplex assay with minimal user involvement.[95, 102] Furthermore, changes in the
design of the patterned 2D layers can be used to control the flow and function of the
device.[103, 104] Compared with LFAs, VFAs also require smaller sample volumes due
to the shorter path length necessary with vertical flow. A smaller path length results in an
increased sensitivity by limiting the amount of sample loss during flow.[105, 106] Due to

their complexity VFAs require a large amount of optimization making them highly
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analyte-specific. As a result, VFAs lack a universal platform which can be adapted for
different analytes.[107, 108]

1.3 Raman Spectroscopy

1.3.i Overview of Raman Spectroscopy

Raman scattering in an inherently weak phenomenon that occurs in approximately
one out of every ten million incident photons. Typically, incident photons that interact
with a molecule undergo elastic scattering, or Rayleigh scattering, in which the scattered
photon is equivalent to the incident photon.[109] Raman scattering is a form of inelastic
scattering that occurs when the optical oscillations of a photon interact with the vibrational
oscillations of a molecule.[110] The resultant scattered photon will either lose energy and
emit at a longer wavelength and lower frequency (Stokes Raman Scattering), or, gain
energy and emit at a shorter wavelength and higher frequency (anti-Stokes Raman
scattering).[111, 112] This is further shown by the Jablonksi Diagram in Figure 3. As the
scattered photon undergoes a change in energy, the molecule exhibits a shift in its dipole
moment. Thus, wavelength and energy of scattered photons is dependent on the vibrational
state of the molecule when Raman scattering occurs. Molecules in an excited state result
in anti-Stokes Raman scattering while molecules in the ground state lead to Stokes Raman
scattering.[113, 114]

Raman spectroscopy is an optical technique that measures the shift in
frequency/wavelength of a photon that hits a molecule and undergoes inelastic

scattering.[115] The change in wavelength of the scattered photon is dependent on the
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Figure 3. The Jablonski Diagram of elastic, Rayleigh Scattering, and inelastic,
Raman Scattering

molecular and chemical composition of the interacting molecule. The resultant Raman
spectrum is comprised of various peaks, where each peak is associated with a vibrational
mode of a specific bond within the molecule. Thus, the inelastic scattering of a photon
with an object results in a Raman spectrum unique to that object and is referred to as the
object’s “molecular fingerprint.”’[116, 117]

While Raman spectroscopy has sometimes been used to identify unknown
compounds, its inherently weak signal along spectral overlap that is observed with
complex samples limits its application in sensing technology. As a result, highly
polarizable molecules, known as Raman reporter molecules, are used to produce strong
Raman bands that in turn produce discernable peaks.[118] Further signal amplification is
achieved from the formation of LSPs that supplement the electromagnetic fields on the

surface of roughened metal substrates.[111, 119]
14



The process for forming plasmons requires incident light to excite the sea of
electrons within a metal substrate.[120] As seen in Figure 4, the energy from the light is
transferred to electrons which, as a result, begin oscillating throughout the substrate as a
wave. This propagating wave of synced electrons moves from inside the metallic substrate
toward the surface where energy is transferred to the electrons located at the surface
causing the surface to illuminate.[121] The electrons on the surface are subjected to the
same oscillating motion felt throughout the molecule, thereby providing further signal
enhancement due to the additional electromagnetic field.[120] In general, a plasmonic
incident only occurs at the wavelength of light at which the particle naturally
resonates.[ 122] The resulting plasmon is therefore related to the physical characteristics
of the particle. The technique for signal enhancement through amplification of

electromagnetic fields is known as surface-enhanced Raman spectroscopy.[111]

. Vibration
Excitation Enhanced
Light /\\ Raman Signal
Dipole- Energy

: Activationi

Figure 4 Graphical representation of Localized Surface Plasmon formation at the
surface of a metallic nanoparticle to enhance the signal of the analyte at the surface
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1.3.ii Colloidal Surface-Enhanced Raman Scattering

Compared to Raman spectroscopy, SERS is capable of sensing molecules at low
concentrations due to its enhanced signal.[123] SERS relies on plasmonics and the
formation of ‘hotspots’ to increase the likelihood of photons to undergo Raman scattering.
‘Hotspots’ occur when neighboring nanoparticles move close to one another, and a region
of high-energy results from the polarization of the two nanoparticle surfaces, as shown in
Figure 5.[117, 124] Particles located within this high-energy plasmonic ‘hotspot’ exhibit
further signal enhancement.[80] As a result, SERS can provide enhancement factors of up
to ~10°.[80, 125]

The signal enhancement associated with SERS allows it to be useful for sensing
small molecules at low concentrations.[126, 127] In sensing applications, nanoparticles

are often coated with target-specific probes and highly active Raman reporter molecules

LASER

Incident
Light

\} Raman Signal

HOTSPOT

Figure 5 Graphical representation of SERS 'hotspot' formation that emerges from
the close proximity of metallics
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to allow for indirect analyte sensing.[ 128] Nanoparticle functionalization facilitates signal
enhancement by controlling the formation of ‘hotspots’ while also providing analyte
selectivity.

SERS in combination with metallic nanoparticle detection assays results in a
highly adaptable optical sensing platform. In this approach, the metallic nanoparticle
surfaces not only provide significant signal amplification, but also function as a substrate
for conjugating highly sensitive capture elements.[129] The addition of polymers on the
nanoparticle surface promotes colloid stability and extends the shelf life of the assay.[119]
While polymers are absorbed by the metallic surface, capture and recognition elements
are designed to include reactive sulfide (thiol) or disulfide functional ends which allow
them to bind to nanoparticle surfaces through formation of SAMs.[130] The result is a
highly organized monolayer. Characteristics of the assay such as the concentration of
nanoparticles, the amount of capture elements immobilized on the surface, or the number
of RRMs can be adjusted to achieve the necessary sensing requirements.[131] The assay’s
adaptability, coupled with the low limit of detection achieved through SERS, makes this

overall technique appealing for biomarker detection.[132]
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CHAPTER II
DEVELOPMENT OF A MIRNA SURFACE-ENHANCED RAMAN SCATTERING
ASSAY USING BENCHTOP AND HANDHELD RAMAN SYSTEMS®
I1.1 Introduction to Raman Spectroscopy for microRNA Detection

Historically, Raman spectroscopy required the use of large, bulky, and expensive
benchtop microscope systems.[133] Thus, taking advantage of SERS’ capabilities in
clinical applications requires overcoming the shortcomings associated with these
traditional systems along with improving assay reproducibility.[126, 134] Recent
developments of handheld and portable Raman devices may facilitate quick and easy on-
site medical testing.[135] However, the results observed using compact Raman
spectrometers are often of lower quality compared with the Raman spectra obtained using
most benchtop systems. This is due, in part, to compact spectrometers’ low-power laser
diode sources and lower resolution (but more cost effective) optical components. Though
early systems used NIR wavelengths, systems using shorter, higher energy wavelengths
are now available. However, these new systems are typically more expensive or bulky
because they require high power sources. Conversely, NIR laser diodes produce lower
energy excitation, thus often sacrificing sensitivity, but they require less energy and can
be battery operated. In particular, NIR excitation sources are commonly used with

biological samples due to their longer sample penetration depths. Further, the longer

" Reprinted with permission from “Transitioning from benchtop to point-of-care for early
detection of Preeclampsia using microRNA,” by Schechinger, M, et al., 2018, Journal of
Biomedical Optics, 23(1), 017002(2018). doi: 10.1117/1.JBO.23.1.017002, Copyright
2020 by SPIE.
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wavelengths of NIR sources produce less background noise from autofluorescence of
biological samples when compared with shorter wavelength lasers.[127] In contrast, lasers
at shorter wavelengths such as 532 nm produce higher energy Raman scattering, which
typically provides a clearer SERS signal when used with most common reporter dyes.
However, prolonged exposure of a sample to high-energy (i.e., shorter) wavelengths can
result in sample evaporation and photochemical degradation, in addition to stronger
autofluorescence from tissue. Therefore, optimizing enhancement factors that create a
strong and consistent Raman signal is key to compensating for the lower optical resolution

associated with portable and handheld Raman systems.

1. 1.i Comparison of Sensing Factors for Raman Spectroscopy

The influence of excitation wavelength on the miRNA-17 SERS assay signal was
initially investigated. Lasers with excitation wavelengths at 532 and 785 nm were chosen
to compare signal enhancement from DNA-coated silver nanoparticles conjugated with
Raman reporter molecules. Silver nanoparticles were chosen due to their ability to provide
surface oxidation and enhanced Raman scattering.[136] Additionally, the larger extinction
coefficient of silver nanoparticles when compared with gold nanoparticles provides larger
SERS enhancements. In parallel, the comparative intensity of the assay’s SERS signal
using different types of photoactive Raman reporter molecules was assessed. Highly
polarizable small molecules such as 4-mercaptobenzoic acid,[137] DTNB,[138] and 4-
mercaptopyridine[ 139] are commonly used as reporter dyes since they provide simple,

distinct, and readily recognizable Raman spectra. Fluorophores are among the most
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common dye molecules used in sensing and are often used in Raman spectroscopy because
they are widely available. However, their overwhelming emissions can sometimes
interfere with the Raman signal and cause a large degree of background signal when not
properly quenched.[69] Finally, the use of synthetic non-fluorescent dyes—most often
those with triphenylmethane backbones such as crystal violet, Victoria blue, and malachite
green—has become increasingly popular since it avoids fluorescence emission and offers
absorbance overlap with common Raman excitation laser lines. For our study, three types
of molecules commonly used as Raman reporters were investigated, namely: (1) a
chromophore, MGITC, with absorption maxima at 620 nm, (2) a fluorophore, TRITC,
with absorption maxima at 550 nm, and (3) a Raman active molecule, DTNB, with an
absorption maxima at 402 nm.[140, 141] As a fluorophore, TRITC also features a

characteristic emission wavelength at 576 nm (Figure 6(a)).[142]
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Figure 6 (a) Comparison of absorption spectra of the three Raman reporter
molecules (MGITC, DTNB, and TRITC) and the fluorescent excitation and emission
spectra for the fluorophore, TRITC; (b) a graphic representation of the assay

20



After comparing the non-fluorescent chromophore, Raman active molecule, and
fluorophore, the molecules that showed adequate signal enhancement with the benchtop
system were then examined using a handheld Raman device with an excitation laser at
785 nm.

This study used a “turn on” sandwich nanoparticle assay developed for detecting
nanomolar levels of microRNA-17 using SERS (Figure 6(b)).[143] Silver nanoparticles
were functionalized by immobilizing modified oligonucleotide strands at the surface of
the nanoparticle. Two independent thiol-modified strands of PEGylated oligonucleotide
were designed, with each strand complementary to half of the target miRNA (Figure
7).[144, 145] Probe 1 was designed to bind to the 5’ end of the target, whereas probe 2
was constructed to bind to the second half of the target at the 3’ end, with a HEG spacer
between the end of the DNA probe and the thiol modification.[146-148] Nanoparticles
were functionalized entirely with either probe 1 or probe 2, and then mixed ata 1:1 volume
ratio. If miRNA-17 is present, the target strand is oriented in between two nanoparticles
and hybridization to the target draws the nanoparticles close to one another, allowing

plasmons to couple and form an area of high-energy known as a “hotspot.” [118, 149, 150]

Target miRNA -17

SCAA AGU GCU UA CAG UGC AGG UAG ¥

¥ THIOL HEG GTT TCA CGA AT S ¥GTC ACG TCC ATC HEG THIOL S
Probe 1 Probe 2
W‘\} WH

Figure 7 Schematic of two modified DNA probes selected for hybridization to the
target analyte miRNA-17.
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The high affinity of the nanoparticle probes with the target analyte causes a nanoparticle
to simultaneously bind with multiple targets, creating an aggregate or matrix of
interconnected units of nanoparticles bound with miRNA. This sandwich-type assay is
common among detection assays in which an enhancement in the SERS signal is observed
when the target is present.[130, 151]
I1.2 Designing a Sensing Assay for miRNA-17

Benchtop Raman spectra were obtained using a 10X ThermoScientific DXR
Raman confocal microscope (Thermo Fisher Scientific, Waltham, Massachusetts) with
900 and 830 g/mm gratings for excitation lasers with wavelengths of 532 and 785 nm,
respectively. To capture the spectra, a thermoelectrically cooled charged-coupled device
(CCD) camera was used in combination with the Raman microscope. Additional handheld
Raman spectra were collected using the IDRaman mini 2.0 system (Ocean Optics;
Florida). Table 2 shows a summary of the defined optical parameters used for each Raman
system as well as a brief overview of their sensing capabilities.[152-155]

The nanoparticles were characterized using a Zetasizer Nano ZS90 (Malvern,

United Kingdom) as well as a transmission electron microscope (TEM) (FEI Company;

Table 2 Summary of optical specifications of the Raman system tested (benchtop and
handheld)

EXCITATION RAMAN SPECTRAL POWER POWER SPOT INTEGRATION
WAVELENGTH SHIFT RESOLUTION ATSOURCE ATSAMPLE SIZE TIME
BENCHTOP
THERMO SCIENTIFIC
532 5 o 24 mW 10 mW
DXR RAMAN 780 50-1800 cm: 2 em 80 mW 24 mW 10 pm 1.0s
HANDHELD
OCEAN OPTICS
IDRAMAN MINI 785 400-2300 cm!  18-20 cm! 100 mW 50 mW 2.5 mm 100 ms
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Hillsboro, Oregon) to determine their surface charge (zeta potential) and diameter. The
absorption characteristics of the nanoparticles were determined using an Infinite® 200 Pro
multimode micro-plate reader (Tecan, Switzerland).

The target miRNA-17 oligonucleotide (sequence: 5’CAA AGU GCU UAC AGU
GCA GGU AG3') was synthesized by Integrated DNA Technologies (IDT). The two half-
compliment strands of modified ssDNA were designed: sensing probe 1 (sequence:
STHIOL HEG CTA CCT GCA CTG?) and sensing probe 2 (sequence: > TAA GCA CTT
TG HEG THIOL?). The probes were designed based on the sequence of the target
miRNA-17 oligonucleotide (sequence: *CAA AGU GCU UAC AGU GCA GGU AG?)
(Figure 7). Hydroxylamine silver nanoparticles were synthesized using an adaptation of
the rapid, room temperature synthesis method developed by Leopold and Lendl.[136] The
concentration of each sample was calculated using Beer— Lambert’s Law.

The modified oligonucleotide probes were purchased in a disulfide form and were
subsequently reduced to contain thiol “sticky-ends” and washed before being immobilized
onto the nanoparticle surface. To ensure a consistent degree of surface functionalization,
the molar ratio of immobilized oligonucleotides added per nanoparticle was set at 1000:1
and the calculated volume of oligonucleotides [24.6 puL of probe 1 (34.9 uM); 41.8 pL of
probe 2 (20.6 uM)] was added to one of two samples containing 1 mL of nanoparticles.
Each sample contained nanoparticles functionalized entirely with either probe 1 or probe
2. The samples were stored separately at room temperature to ensure that neither sample
contained a combination of the two probes. Following the addition of the oligonucleotides,

the samples were left to react overnight on a shaker table (VWR mixer vortex). After
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shaking, 60 pL of 250 uM citrate HCI solution (pH 3.0) was added to each sample to
expedite the reaction,[156] and the samples reacted for an additional 20 min while
shaking. Next, each sample of now functionalized silver nanoparticles was centrifuged for
20 min at 3.3 rcf to wash away any unconjugated oligonucleotides. For both samples, the
resultant supernatant was removed and discarded without disturbing the pellet at the
bottom of the tube. Pellets were then resuspended in PBS buffer (0.1 M, pH 7.4).
Following nanoparticle functionalization with either probe 1 or probe 2, the
solution of nanoparticles conjugated with probe 1 was labeled using one of the three
different types of Raman reporter dyes (MGITC—sample a, DTNB—sample b, and
TRITC—sample c). Only nanoparticles functionalized with probe 1 were labeled. No dye
was added to nanoparticles functionalized with probe 2. Using the stock concentration of
each dye, the amount of dye was calculated to achieve an ideal ratio of 1000 dye molecules
per one nanoparticle. This calculated volume [85.9 puL of dye (10 uM)] was then added to
samples containing 1 mL of nanoparticles functionalized with probe 1. The samples were
then shaken for 1 h before being left overnight at room temperature. Samples were washed
by centrifuging the solution of nanoparticles for 20 min at 7000 rpm to remove any excess
unconjugated dye. The resultant supernatant was discarded, and the nanoparticle pellets

were resuspended in PBS buffer at a pH of 7.4.

11.2.i Assay Analysis Using a Laboratory Benchtop Raman Microscopy

The different variations of the assay (sample assay a with MGITC; sample assay b

with DTNB; and sample assay ¢ with TRITC) were loaded separately into a black Greiner
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384-well plate and examined using the confocal benchtop Raman microscope. The wells
were filled to their maxima volumes of 30 uL. Equal volumes of nanoparticles conjugated
with probe 1 and probe 2 were added to each well. The remaining 10 pL volume was
composed of either PBS or 1 nM target miRNA-17 suspended in PBS. Wells without
miRNA-17 were designated as control samples and used to compare the sensitivity for
each embodiment of the assay. Target miRNA-17 was suspended in PBS at a
concentration of 1 nM. This concentration remained constant among all experimental
samples. A pipette was used to mix the resultant solution of nanoparticles thereby allowing
the target to be dispersed throughout the nanoparticle detection assay. Prior tests showed
that for 30 pL of sample, the SERS intensity gradually increased until it reached steady
maxima intensity after 1 h. Therefore, the sample were placed in the measurement plate
and set aside for 1 h to allow for optimal aggregate formation. Subsequent SERS analysis
was performed using a Thermo Scientific DXR Raman Microscope at excitation
wavelengths of 532 and 785 nm (Figure 8).

The nanoparticle assay was tested further to determine its specificity for miRNA-
17 and to identify any possible changes in the baseline signal due to the addition of a non-
complementary target strand. The non-complementary strand used was miRNA-34a-3p
(Sequence: >°CAA UCA GCA AGU AUA CUG CCU?). Once again, two separate samples
solution of nanoparticles were created containing either the nanoparticle assay in PBS or
the nanoparticle assay combined with 10 pL of a 1 nM solution of miRNA-17.
Additionally, a third sample was created by mixing 20 pL of the nanoparticle assay (10

uL of probe 1 solution of nanoparticles and 10 pL of probe 2 solution of nanoparticles)
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Figure 8 The change in relative Raman intensity with respect to time after the
addition of 1 nM target miRNA-17

with 10 pL of a 1 nM solution of miRNA-34a-3p in PBS. Once synthesized, all three
samples were left to react for 1 h. Using an excitation laser at 532 nm, the Raman signal

for each of the samples was then observed with the benchtop Raman microscope.

11.2.ii Assay Analysis Using a Handheld Raman System

The various sample assays were loaded into 2 mL glass scintillation vials for
analysis using a handheld device. A sample volume of 600 puL was used for each vial, with
each containing: 200 pL of silver nanoparticles functionalized with a Raman reporter and
probe 1, 200 pL of silver nanoparticles with probe 2, and 200 pL of either PBS or target

suspended in PBS. The concentration of the miRNA-17 in PBS was 1 nM—the same
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molar ratio used with the benchtop Raman system. Similarly, the subsequent reaction time
necessary for maxima SERS intensity was also denoted as 1 h. These assays were analyzed
using the IDRaman mini handheld Raman system by Ocean Optics. The sample vials were
loaded directly into a specially designed chamber, which used an excitation laser at 785
nm. The IDRaman mini used the maxima laser power at level 5 (100 mW at the source
and 50 mW at the sample),[ 154, 155] with an exposure time of 100 ms.

11.3 Results and Discussion

11.3.i Characterization Data

TEM images showed that the diameter of the synthesized silver nanoparticles was
29 nm (SDEV =+ 2 nm) (Figure 9(a)). Experimentally, this diameter was confirmed via
UV-Vis spectroscopy measurements. The maximum absorbance intensity was located at
a peak wavelength of 405 nm (Figure 9(b)), which corresponds to ~30 nm and an
extinction coefficient of (1.45 x 10 M! cm™). Based on the values for extinction
coefficient and absorbance maximum at 405 nm, the silver nanoparticle concentration was

calculated using Equation 1 as 81.6 nM.

Abs = cgyl Equation 1
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Figure 9 (a) TEM images of silver nanoparticles; (b) absorption spectra of silver
nanoparticles conjugated with probe 1 and probe 2; and (c) the extinction spectra
for bare unconjugated silver nanoparticles, a combined solution of silver
nanoparticle conjugated with either probe 1 or probe 2, and an aggregated combined
solution resulting from the addition of the target analyte, miRNA-17

The solutions of silver nanoparticles were used to synthesize individual stock
solutions of nanoparticles conjugated with probe 1 and nanoparticles with probe 2.
Following conjugation, the absorption spectra were collected for both stock solution of
nanoparticles and used to confirm successful nanoparticle conjugation with probes (Figure
9(b)). In both cases, the absorption maximum increased by 2 nm indicating successful
conjugation of the nanoparticles with probe. The absorption spectra were also used to

verify colloid stability and the lack of aggregate formation. No change in nanoparticle size
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was concluded based on the minimal shift in the absorption maximum associated with
conjugation. Furthermore, the nonexistence of secondary peaks confirms the absence of
aggregates that cause a shift in the absorption maximum toward higher wavelengths and
the emergence of secondary peaks.

The assay was also tested to determine its capability to form aggregates in the
presence of miRNA-17. The formation of aggregates is the underlying factor, which
provides an increase in relative Raman intensity when the target is present, as it facilitates
plasmonic coupling. The absorption spectra of unconjugated silver colloid and DNA-
functionalized silver nanoparticles were obtained, as was a combined assay solution of
nanoparticles of functionalized nanoparticles assembled with miRNA-17 (Figure 9(c)).
The samples of plain and functionalized nanoparticles produced a single peak at ~405 nm
corresponding to its LSPR. The combined assay with miRNA-17 provided absorption
spectra with two LSPR peaks, one at ~405 nm representing the unbound probe
nanoparticles and a second at ~520 nm indicating the plasmonic coupling that occurs

when particles are brought in close proximity with one another by the target miRNA.

11.3.ii Comparison of Different Raman Reporter Molecules Using a Benchtop Raman

System

The benchtop Raman system was first used to investigate the role of excitation
wavelength in SERS signal enhancement (Figure 10). A diode-pumped, solid-state green

laser, which produces an excitation wavelength in the visible spectrum (532 nm), was first
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Figure 10 The average Raman spectra obtained using an excitation wavelength of
532 nm from various combinations of silver nanoparticles and photoactive dyes

including: (a) MGITC, a chromophore; (b) DTNB, a Raman active molecule; and (¢)
TRITC, a fluorophore

used in combination with the benchtop Raman system to examine the SERS spectra for
the three Raman reporter molecules using the miRNA-17 assay developed.

The SERS signal was significantly different for the three Raman reporter
molecules when excited using the same laser source. For the 532 nm excitation
wavelength, the assay containing DTNB produced a slightly higher maxima signal after

the addition of 1 nM target miRNA-17 compared with the assay containing MGITC, thus
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indicating increased sensitivity for DTNB. With respect to the TRITC reporter assay,
employing a 532 nm laser (Figure 10(c)) caused the highest relative signal intensity of all
reporter molecules and saturated the CCD—even at the lowest laser power setting (0.1
mW). The signal using a 532 nm laser was overwhelmingly strong due to the broad
fluorescent emission of TRITC centered at 576 nm.

The excitation laser was then replaced with a red frequency-stabilized single mode
diode laser, which produced an excitation wavelength in the NIR, at 785 nm. The SERS
signal was once again collected for each Raman reporter molecule using the assay specific
to miRNA-17 (Figure 11). The use of an NIR excitation laser at 785 nm produced Raman
spectra similar to those obtained using the 523 nm laser. The three assays containing the
same concentration of DNA-functionalized silver nanoparticles tagged with the three
different Raman reporter dyes were then compared (Figure 11). This time, silver
nanoparticles labeled with MGITC produced the highest Raman intensity when 1 nM of
the target miRNA-17 was present. In the presence of the target, the MGITC assay
demonstrated an observable increase in the relative Raman intensity. Silver nanoparticles
labeled with DTNB still produced signal enhancement both with and without the presence
of the target, as was the case with the visible 532 nm source. In the presence of the target,
both assays containing MGITC and DTNB showed an observable increase in the relative
Raman intensity, though the sensitivity of the MGITC assay was significantly higher. No
enhancement was observed for silver nanoparticles labeled with TRITC before the
addition of the target miRNA. The spectrum associated with TRITC was visible only after

the addition of the target.
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Figure 11 The average Raman spectra obtained using an excitation wavelength of
785 nm from various combinations of silver nanoparticles and photoactive dyes
including: (a) MGITC, a chromophore; (b) DTNB, a Raman active molecule; and (¢)
TRITC, a fluorophore

A quick comparison of the SERS spectra collected using the laser at 532 and 785
nm revealed that MGITC and DTNB were effective in sensing for miRNA-17 for both
excitation wavelengths. The use of TRITC as a Raman reporter molecule proved
ineffective at both wavelengths due to its inability to provide a discernable signal in the
presence of miRNA-17. While MGITC and DTNB were effective at both excitation

wavelengths, a noticeable increase in the overall signal intensity was visible when the 532
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nm laser was used. The maxima signals observed for both MGITC (Figure 10(a)) and
DTNB (Figure 10(b)) were almost 10,000 counts greater than those observed using an
excitation wavelength of 785 nm (Figure 11). This significant rise in signal indicates the
formation of more resonant plasmons within the assay when near the excitation
wavelength of 532 nm.

The formation of aggregates occurred because DNA-miRNA hybridization
facilitated SERS by combining neighboring plasmons to produce high-energy “hot spots,”
which caused a resultant red-shift in the LSPR.[130, 144, 157] With the visible (532 nm)
source benchtop system, the jump in SERS intensity observed using DTNB yielded the
greatest sensitivity. Conversely, the jump in SERS intensity observed using DTNB with
the NIR benchtop system was less significant compared with that of the control. Instead,
MGITC was the most dramatic and distinguishable, thus denoting MGITC as a seemingly
favorable option when using 785 nm laser. These results imply that if the excitation
wavelength is increased (red shifted), the Raman reporter molecule should be selected
such that its absorbance also undergoes a redshift to avoid losses in the sensitivity of the
overall assay system.

The spectra collected were further analyzed by examining the maxima relative
Raman intensity using characteristic peaks specific to each Raman reporter. The SERS
peak at 1586 cm’!, assigned to the stretching and bending of an in-plane ring,[158] was
chosen for evaluating the assay labeled with MGITC. The strong peak at 1343 cm™!, which
corresponds to the symmetric N-O stretching of the nitro group,[159-161] was used to

analyze the nanoparticle assay labeled with DTNB. The assay constructed using
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nanoparticles labeled with the fluorescent molecule did not produce observable Raman
spectra inherent to TRITC. It was thus eliminated from further analysis since the lack of
discernable spectra made it difficult to assign a characteristic peak for additional
examination. The maxima relative Raman intensity shown in Figure 12(a) was defined by
Raman intensity observed, whereas Figure 12(b) shows the relative Raman intensity at
1586 and 1343 cm™! for the two useful Raman reporter molecules, MGITC and DTNB.
The values seen in Figure 12 correspond to the average of five spectra with error bars of

one standard deviation. Meanwhile, each spectrum used is the average of 10 consecutive

1 s scans.
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Figure 12 Graphical representation of the relative Raman intensity examined at
characteristic Raman peaks, normalized for the laser power and »* dependence of
Raman scattering for (a) Raman reporter molecules (MGITC—peak at 1586 cm™,
DTNB—peak at 1343 ¢cm™!, and TRITC) using both 532 and 785 nm excitation
wavelengths and (b) an adjusted graph for MGITC and DTNB
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The 532 nm laser resulted in the greatest signal enhancement for all three dyes
(Figure 12). MGITC provided signal enhancement for spectra taken both with and without
1 nM of target miRNA-17 but produced higher enhancement with the target. The addition
of miRNA-17 caused an increase in signal approximately equal to 3.5 times the initial
signal intensity observed without miRNA-17 (Figure 12(b)). Signal enhancement was
much greater in the presence of target using the assay labeled with DTNB for 532 nm. In
the case of DTNB, the change in signal was over 16-fold. Unlike MGITC, DTNB
produced relatively minor signal enhancement when the target was not present due to the
lack of resonate localized surface plasmons. In turn, this resulted in a baseline spectrum
at low relative Raman intensities. When combined with the 785 nm laser, silver
nanoparticles labeled with MGITC produced the most drastic increase in intensity as
compared with nanoparticles labeled with DTNB, which produced the greatest change in
intensity when used with the 532 nm laser.

The difference in relative Raman intensity for the assay with DTNB at 532 nm
excitation and the assay with MGITC at 785 nm excitation indicates a potential to sense
precise target concentrations. To achieve the greatest signal enhancement, researchers
typically choose a dye with an excitation wavelength that almost directly corresponds to
the excitation wavelength of the incident laser.[162] Our results indicate that signal
enhancement can also be achieved at incident wavelengths beyond those that directly
correspond to the dye’s excitation wavelength. The data collected showed that if the laser’s
excitation wavelength was in the vicinity of the dye’s excitation wavelength, signal

enhancement still occurred. Namely, the DTNB assay (absorption maxima of 402 nm)
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functioned properly for the 532 nm excitation, and the MGITC assay (absorption maxima
of 620 nm) performed better at 785 nm. However, the TRITC (absorption maxima of 550

nm) assay functioned poorly at 785 nm and was saturated at 532 nm.

11.3.iii Evaluation of Assay Specificity

A non-complementary strand of miRNA, miRNA-34a-3p, was used as a negative
control to test the specificity of the assay for defined target analyte, miRNA-17, and its

effect on the baseline signal (Figure 13). The solution of the combined nanoparticle assay
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Figure 13 Raman spectral data of the specificity of the assay when labeled with (a)
MGITC, (b) DTNB, or (c) TRITC and excited using a 532 nm laser
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and non-complementary analyte was tested with all three Raman reporter molecules using
an excitation laser of 532 nm. The graph shows that the resultant signal from the
combination of the nanoparticle assay with miRNA34a-3p closely resembles that of the
assay in PBS. Specifically, the maximum signal intensity of both the assay in PBS and the
assay with miRNA34a-3p is about equal. Data also show that the addition of the non-

complementary analyte did not alter the baseline signal.

11.3.iv Comparison of Different Raman Reporter Molecules Using a Handheld Raman

System

Based on the results obtained using the benchtop Raman system, assays containing
MGITC and DTNB were chosen for additional analysis in conjunction with the handheld
Raman system. The volume of the sample needed for analysis was raised to 600 puL to
ensure sufficient volume was present within the 15 mm glass vial, but the relative
concentrations of assay components remained constant. Spectra were obtained using the
handheld IDRaman mini for both the MGITC (Figure 14(a)) and DTNB (Figure 14(b))
dyes. Unlike the benchtop results, DTNB produced the strongest overall intensity signal
for the IDRaman mini 2.0, with MGITC producing a significantly lower signal and
exhibiting a higher noise floor. These results underscore the optical differences between
the handheld and benchtop systems, implying that one cannot directly translate SERS
systems from benchtop to handheld devices based solely on wavelength. Variations in the
SERS response of the same two assays due to small differences in the filters, gratings,

integration area, power, and source—along with the 10-fold change in resolution—are

37



1400 q

1200

Relative Raman Intensity

3.0

Nomnalized Raman Intensity

Figure 14 Raman spectra for silver nanoparticles labeled with (a) MGITC and (b)
DTNB in the presence of 1 nM target obtained using the handheld IDRaman mini;
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significant enough to warrant changing the Raman reporter molecule entirely. Thus, using
the same characteristic peaks as previously defined for MGITC (1586 cm™!) and DTNB
(1343 cm '), the maxima relative Raman intensity was determined and then normalized
for further analysis. The normalized plot in Figure 14(c) indicates that the assay labeled
with MGITC showed the largest sensitivity, just as observed with the benchtop system for

the NIR wavelength. Notably, there was a dramatic decrease in the sensitivity of the
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DTNB SERS signal with the assay when transitioning from the benchtop to handheld
system due to the stronger signal with no target.
I1.4 Summary

For both the benchtop and handheld Raman systems, nanoparticles, when
combined with hybridized miRNA-DNA, provided pronounced SERS spectra when using
MGITC and DTNB photoactive Raman molecules with 532 and 785 nm excitation lasers.
Comparison with the benchtop assays synthesized with different Raman reporter
molecules indicated that for the designed assay DTNB, with the addition of 1 nM of target,
was the highest performing Raman reporter molecule when combined with a 785 nm
excitation laser, which is most often used in miniaturized Raman systems. Laser excitation
wavelength heavily affected signal enhancement, which was smaller between target and
no target when transitioning from the benchtop Raman system to the handheld Raman
device. Additional data analysis indicated that signal enhancement is possible when using
excitation lasers that do not directly coincide with the optical properties of the Raman
reporter molecule. Nevertheless, enhancement is typically increased when excitation
lasers most closely match the absorption maxima. Our results suggest that an
understanding of plasmonics and the excitation and emission properties of assay
components is necessary to facilitate the use of handheld Raman POC systems to advance
clinical disease diagnosis in applications such as microRNA biomarker detection for early

detection of preeclampsia.
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CHAPTER III
A SERS APPROACH FOR RAPID DETECTION OF MICRORNA-17 IN THE

PICOMOLAR RANGE"

I11.1 Introduction to SERS for Point-of-Care

Traditional research techniques for isolating and examining miRNA from
biological samples that are not suitable for the point-of-care use microarray, northern
blotting, and RT-PCR.[35] In practice, both microarray and northern blotting profiling
techniques are used for samples with miRNA concentrations within the nM to pM range.
RT-PCR has a lower detection limit and is used to profile miRNA at fM
concentrations.[42]

Chemical assays are particularly attractive for sensing applications because they
provide high-precision analytical results when combined with sensitive spectroscopic
techniques like Raman spectroscopy.[126] The use of miRNA for early disease detection,
particularly for preeclampsia, is lacking, but SERS is potentially capable of overcoming

difficulties with isolating and detecting miRNA at low concentrations.

* Reprinted with permission from “A SERS Approach for Rapid Detection of microRNA-
17 in the Picomolar Range,” by Schechinger, M, et al., Analyst, 144(13), 2019, United
Kingdom of Great Britain and Northern Ireland. Copyright 2020 by Royal Society of
Chemistry.
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I11.2 Experimental

11.2.i Instrumentation

A Zetasizer Nano ZS90 (Malvern, UK) was used to determine nanoparticle size
and zeta potential. The nanoparticle size was confirmed using a TEM (FEI). Additionally,
the function of the nanoparticle detection assay, with respect to aggregate formation due
to the addition of miRNA-17, was examined using TEM images of the assay combined
with target miRNA-17. The relative concentrations of the nanoparticles, probes, target,
and relevant combinations were calculated using Beer-Lambert’s Law based on known
extinction values and the absorbance values (Figure S1) collected with an Infinite® 200
Pro multimode microplate reader (Tecan, Switzerland). The SERS signal was observed
using a ThermoScientific DXR Raman confocal microscope (10x NA, 900 g/mm grating,
532 nm Excitation Wavelength, 10 mW). The SERS spectra resulted from the average of

5 spectra with each spectrum consisting of the average of 10 consecutive 1 s scans.[163]

111.2.ii Silver Nanoparticle Synthesis

Silver colloid was synthesized using a similar method to that originally developed
by Leopold and Lendl.[136] While under vigorous stirring, 1 mL of hydroxylamine
hydrochloride (NH2OH<*HCI, 167 mM) was added to 89 mL of sodium hydroxide (NaOH,
33.3 mM). Ten mL of silver nitrate (AgNO3, 10 mM) solution was then rapidly added to

the solution, and the solution was left stirring for 15 min at room temperature.
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111.2.iii Nanoparticle Functionalization

The approach for nanoparticle functionalization and labelling was adapted based
on the protocol previously described by Schechinger et al.[163] The oligonucleotide
probes were designed with a THIOL end modification which allowed the probe to be
immobilized on the nanoparticle surface. Briefly, the oligonucleotide solution of ssDNA
labelled as Probe 1 was reduced by combining 100 pL of 20 mM TCEP with 100 pL of
the oligonucleotide solution (100 pM). The sample was then left at room RT for 60 min.

Next, the solution was subjected to 3 consecutive wash cycles using a desalting
column (3 kDa, Nanoseps) to remove existing reaction byproducts and TCEP in solution.
For each cycle, the desalting column containing the sample was centrifuged (5 min at 5.0
rcf). The filtered waste was then removed from the bottom of the collection tube and 300
uL of suspension solution was added to the top of the desalting column. The first 2 wash
cycles used DDW as the suspension solution. For the third and final wash, 0.3 M PBS
solution (pH 7.4) was used. The sample was then collected and stored in 0.3 M PBS
hybridization buffer. This procedure was repeated using the Probe 2 oligonucleotides.

The value for the number of immobilized oligonucleotides on the surface of a
single nanoparticle used during nanoparticle functionalization was set at 1500 oligos/NP.
Beer-Lambert’s Law was used to calculate the concentration of each sample of reduced
oligonucleotide using the extinction coefficients and absorption maxima of each probe as
provided by IDT. Next, 1 mL of AgNPs was placed in a new vial. The calculated volume
of Probe 1 was added to the vial, and the sample was left to shake overnight for

approximately 8 hours. The following morning, a 250 mM solution of citrate/HCI buffer
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(pH 3) was prepared and used to promote complete coverage of the nanoparticle surface.
Citrate buffer (20 pL) was added to the AgNPs/DNA solution and then shaken for a few
seconds. This process was repeated 3 times, adding a total of 60 pL of citrate solution to
each sample. The sample was left shaking for 20 min and then centrifuged (20 min at 3.3
rcf).[164] The supernatant was collected and discarded, thereby removing any free
floating oligonucleotides. The remaining pellet, formed at the bottom of the tube, was

resuspended in PBS buffer (pH 7.4). The same process was carried out for Probe 2.

11.2.iv Labelling Using Raman Dye

Following functionalization, the solution of nanoparticles coated with Probe 1 was
labelled using the photoactive dye, MGITC. No dye was added to nanoparticles
functionalized with Probe 2. The value of dye molecules bound to each nanoparticle was
set at 1000. The appropriate volume of dye was calculated and then added to the 1 mL
solution of nanoparticles functionalized with Probe 1. The sample was left to shake for 1
h and then set aside to react overnight (~8 hours) at room temperature. The following
morning, the sample was centrifuged (20 min at 3.3 rcf) and the supernatant was discarded,
thereby removing the excess unreacted dye in solution. PBS buffer (pH 7.4) was then used

to resuspend the remaining nanoparticle pellet.

11.2.v Oligonucleotide-Nanoparticle Probe for miRNA-17

A sandwich assay incorporating the nanoparticle probes was designed for the

selective capture of miRNA-17.[151] This design consisted of two probes—Probe 1
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(Sequence: > TAA GCA CTT TG HEG THIOL?") and Probe 2 (Sequence: > THIOL HEG
CTA CCT GCA CTG*)—each complementary to half of the target miRNA-17 strand
(*CAA AGU GCU UAC AGU GCA GGU AG?) (Figure 15). THIOL and HEG modifiers
were added to enable the oligonucleotide probes to attach to nanoparticle surfaces. The
binding of thiolated oligonucleotide probes on the nanoparticle surface was confirmed by
a slight redshift in the LSPR or maximum peak in the absorption spectra (Figure S1). This
small LSPR shift is due to an increase in the refractive index at the surface of the
nanoparticle following the binding of the oligonucleotide probes.[165] The nanoparticle
size was defined based on the absorption maximum at 408 nm and was then confirmed as

~35 nm using TEM images (Figure S2).

a. Target miRNA -17

AN NG ™

¥ CAAAGUGCUUACAGUGCAGGUAG
3

MGITC
¥ THIOL HEG GTTTCACGAAT ~

¥ GTCACGTCCATC HEG THIOL ¥

Target miRNA -17

Probe 2

Figure 15 Basic overview of a) the sandwich assay design for miRNA-17 showing the
individual probes and b) the resultant binding of miRNA-17 with the functionalized
nanoparticles
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The assay was engineered to enable the conjugated nanoparticles to remain
suspended and stable in a physiological buffer solution (0.3 M PBS, pH 7.4) similar to
blood plasma. The zeta potential, a parameter related to surface charge, is typically used
for understanding nanoparticle stability. The effective surface charge is key to maintaining
necessary electrostatic interactions that support the colloid suspension. A negative surface
charge is typical of hydroxyl amine reduced metallic nanoparticles, like silver, due to the
presence of orientation of the molecules that results in hydroxyl groups at their surface.
These negatively charged surface ions provide the electrostatic repulsion to sustain the
colloid.[166] The zeta potential of both the functionalized solution of nanoparticles was
around -32 mV.[167]

The combined solutions of nanoparticles with Probe 1 and nanoparticles with
Probe 2 produces the diagnostic assay. As described, the assay avoids premature
nanoaggregate formation due to the incompatible base pairing because the orientation
sterics of the two probes will form a dsDNA complex. Upon addition of the target miRNA-
17 strand, nanoaggregates form, as gaps where the Raman reporter probe is located, on
the order of 10° for this specific assay particles from the Probe 1 and Probe 2 populations
bind to the same strand of miRNA-17. The high affinity between DNA and miRNA
overcomes the repulsion of negatively charged nanoparticles, bringing particles close
enough together to allow for their individual plasmons to couple. This generates ‘hot
spots’ of increased SERS intensity at the particle gaps where the Raman reporter probe is

located,[168] on the order of 10° for this specific assay (Figure 16). TEM images of the
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Figure 16 Representative SERS spectra of the assay nanoparticles: (a) Probe 1
provides a visible SERS spectra from its MGITC reporter dye; (b) Probe 2 lacks any
discernible signal thereby demonstrating the DNA probes do not contribute to the
spectra; (c) the combined miRNA-17 assay solution combining nanoparticle Probe 1
+ Probe 2, which produces no change in the signal indicating no nonspecific DNA
hybridization occurs between probes; (d) the assay response upon the addition of
miRNA-17, which causes an increase in the SERS signal due to the formation of
aggregates resulting from DNA-RNA hybridization

plasmonic nanoparticles aggregates resulting from the addition of miRNA-17 are

provided in Appendix A (Figure S3).

11.2.vi Analysis of the SERS Assay’s Response to miRNA-17 Presence

MGITC was used as the RRM to indirectly sense the target analyte, miRNA-17.
This was performed by examining changes in the analyte’s relative SERS intensity, which
increases as a function of nanoaggregate formation. The area of known peaks at Raman

wavenumbers of 1177 cm™!, 1220 cm™, 1290 cm’!, 1586 cm™!, and 1618 cm! were used to
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define the relative SERS intensity observed for different target concentrations. The
Integrate Peak function in Origin Lab was used to calculate the peak area.

To reduce instrumental noise, Savitzky-Golay smoothing was applied.[169] The
calculated values were plotted alongside their prospective target concentrations and then
fit with a Hill curve. The curve was used to obtain a representative linear lookup table
describing the relationship between the target concentration in solutions and the observed
relative SERS intensity. The LOD and coefficient of determination were calculated to
determine the lowest concentration that can be distinguished from a PBS blank. To
determine the selectivity of the assay, 10 pM of a non-complementary strand of miRNA
was added to the assay in lieu of miRNA-17. The resultant SERS spectra were analyzed
and compared to the corresponding sample containing miRNA-17. This process was
performed for 5 different non-complementary negative control strands: miRNA 34a-3p,

miRNA 126a-3p, miRNA 155-3p, miRNA 210-3p, and U6.

1. 2.vii Evaluation of SERS Assay in a Complex Biological Sample

The designed nanoparticle detection assay for miRNA-17 was further evaluated in
diluted bovine serum to determine its functionality within a complex biological sample.
The bovine serum was isolated from whole bovine blood by centrifuging the sample at 1.3
rcf for 10 min and collecting the supernatant. The supernatant (serum) was then diluted to
20% (v/v) in 0.3M PBS. The Raman spectra of the diluted serum solution was then
collected with a 532 nm excitation laser using the same collection parameters previously

described. The individual assay components along with the combined sensing assay were
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each mixed with diluted bovine serum. The three sample solutions of nanoparticles were
then incubated at room temperature. After 1 h, the SERS spectra of the different reference
solutions of nanoparticles were collected. The designed sensing assay was further tested
to confirm its quantitative capacity for miRNA-17 within bovine serum. The diluted
bovine serum was doped with different concentrations of the target, miRNA-17. The assay
components were combined with the target suspended in diluted bovine serum and
incubated at room temperature for 1 h. The SERS signal was then collected and analyzed
based on the previous methods.

To contribute to the complexity of the biological medium, the diluted bovine serum
was doped with a non-complementary oligonucleotide strand in addition to the target
miRNA-17. The non-complementary strand was chosen based on the results of the assay
specificity study in PBS. In accordance with the earlier study, a concentration of 10 pM
was used for both the target miRNA and non-complementary oligonucleotide strand. The
resulting SERS spectra was then compared to data obtained from the assay combined with
10 pM of miRNA-17 in PBS and diluted bovine serum. In order to determine the presence

of miRNA-17 prior to doping, the diluted bovine serum was analyzed using qRT-PCR.

II1.3 Results and Discussion

111.3.i Proof of Concept for Detection of miRNA-17 Using SERS

The robustness of assay was first tested in PBS by individually examining the

baseline SERS spectra of the two assay components—AgNPs functionalized with Probe
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1 and labelled with MGITC, and AgNPs functionalized with Probe 2 only (Figure 16).
The solutions of nanoparticles were then combined, and the SERS spectrum was collected
and designated as the reference spectrum.

The SERS spectra of the combined sensing assay had a maximum signal intensity
comparable to that of the solution of nanoparticles with Probe 1. This was as expected,
indicating that there is no nonspecific binding between the probes when no miRNA is
present. The solution of nanoparticles with Probe 2 had a negligible signal due to the
absence of a Raman reporter molecule, thus validating that there is no contribution to the
spectra from the DNA probes themselves.

The sensing assay was then further analyzed with the addition of 1 nM of miRNA-
17. A previous study revealed that a 1 h incubation or reaction time was required for the
assay to reach steady-state—as indicated by a stable SERS maximum.[163] The SERS
spectra for the sensing assay with 1 nM of miRNA-17 was obtained following this
incubation period. The resultant spectra had a notably higher maximum relative SERS
intensity, hybridization of the target miRNA and oligonucleotide probes by way of
formation of aggregates (Figure 16). These findings indicate the assay’s potential to
successfully detect the presence of miRNA-17. To avoid particle saturation the assay was

optimized based on the sensing criteria and the necessary detection range for miRNA-17.

11.3.ii Quantification of miRNA-17 Using Normalized SERS

The nanoparticle assay as described was then used to determine the quantitative

capacity of MGITC to indirectly sense for miRNA-17 in both PBS and serum. The assay
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was first tested in PBS without the presence of non-complementary competing analytes.
The SERS intensity of the assay was examined for different concentrations of miRNA-17
ranging from 10 fM to 10 nM (Figure S4). As discussed in the previous section, a visible
jump in the relative SERS intensity occurs when miRNA-17 is added and appears at first
glance to be concentration dependent in the range of 1 pM - 1 nM. The spectra displayed
represent the mean of three individual replicates gathered for each incremental miRNA-
17 concentration. The signal was baseline corrected prior to peak analysis using
asymmetric least squared smoothing (Figure 17). [170] The overlay of the average spectra
obtained for the various sample concentrations in Figure 17 visually suggests a possible

relationship between target concentration and SERS intensity.

5k 1000 pm

——100 pM
10 pM

ak{ 1pPM

——PBS

Baseline Corrected Raman Intensity (counts)

Raman Wavenumber (cm™)

Figure 17 Baseline-corrected SERS spectra of the nanoparticle assay in response to
1pM - 1nM miRNA-17, demonstrating the concentration dependence of the assay
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The largest relative SERS intensity was observed when at least 1 nM of miRNA-
17 was present. Additionally, as the amount of miRNA in solution decreased to less than
1 pM, the decreases in relative SERS intensity became negligible. This same general trend
was observed by Graham et al for a DNA-DNA hybridization assay suspended in
PBS.[164] Thus, initial results indicate that the designed scheme may be altered to suit

various nucleic acid and biomarker conformations.

111.3.iii Multiple Peak Analysis of SERS Signal to Determine LOD

To more closely study the relationship between target concentration and the
resultant SERS signal, the relative SERS intensity was defined by calculating the peak
area for multiple characteristic peaks associated with MGITC. The characteristic peaks
chosen were centered at 1177 cm™!, 1220 cm™, 1290 cm™,[171] 1586 cm™!, and 1618 cm’
1 [158] (Table 3). These peaks are commonly used to analyze the SERS spectra of MGITC,
and they also help avoid overlap peaks from common interference from blood located in

the fingerprint region, such as aromatic rings (828, 872, 1000, 1110, 1204, 1546 cm™),

Table 3 Vibrational peak assignment for five characteristic peaks of MGITC

RAMAN PEAK  SERS PEAK VIBRATIONAL ASSIGNMENT

(em™) (em™)

1176 1177 In-Plane C-H Bend, Benzene vo Mode
1221 1220 N-C Stretch, NR> Bend

1295 1290 In-Plane C-H and C-C-H

1590 1586 Stretch/Bend of In-Plane Ring
1619 1618 Stretch of C-C and N-Phenyl Ring
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methylene vibrational modes (1266, 1320, 1365, 1449 cm'"), carboxylic group vibrations
(620, 964, 1397, 1584 cm™), stretching of disulfide bonds (500 — 550 cm™ and 650 — 675
cm™), and a-helical secondary structures (890-960 cm™).[172]

The average area calculated for each chosen peak was then binned by peak location
as a function of concentration (error bars correspond to 1 standard deviation) (Figure 18).
Before normalization, the peaks at 1177 cm™ and 1618 cm™ provided the largest relative
SERS intensity when examined across different miRNA-17 concentrations and thus would
be expected to provide the lowest LOD, whereas the peaks with weaker relative SERS
intensity were associated with the peaks centered at 1220 cm™ and 1290 cm’.
Interestingly, when normalized to the control spectra (assay without any miRNA, labelled
PBS only), all peak locations exhibited a similar concentration dependence (Figure 18(b)),

but the lowest LOD was associated with the less obvious peak at 1586 cm™.
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Figure 18 Bar graphs defining the a) peak area SERS intensity at five characteristic
peaks of MGITC for various miRNA-17 concentrations; b) the data for the peak area
SERS intensity normalized to PBS
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The LOD is calculated based on the intensity limit determined at each peak. The
Iummir was calculated based on the average SERS intensity and standard deviation
compared to the PBS reference (Equation 2)[169]
Iimir = Iprank + 3 * SDprank Equation 2
The ILimir was then used to specify the miRNA-17 concentration associated with
the LOD. The representative equations that relate miRNA-17 concentration (x) and SERS
signal intensity (y) for each of the characteristic peaks was used to determine the
corresponding target concentration for the LOD. Linear regression analysis was used to
relate signal intensity to target concentration for the It as seen in Equation 3
y = mxlog(x)+k Equation 3
Table S2 provides the values for the equation constants and the calculated target
concentration for and intercept calculated for each peak. The target concentration
associated with the calculated ILimir was determined using a representative equation for
predicting miRNA-17 concentrations from relative SERS intensity. The LOD ranged from

0.16 pM (Peak at 1586 cm™) to 0.91 pM (Peak at 1220 cm™!) (Table Sland Table S2).

H1.3.iv_Evaluation of SERS Detection Assay Dose-Response Curves to Determine

Variations in Relative Binding Avidity & Dynamic Range

The data was replotted using a scatter plot and fit to a curve to better visualize the
relationship between peak area and target concentration. The SERS intensity at various

miRNA-17 concentrations was fit to a dose-response curve using the Hill Equation:

n

X
— — S Equation 4
y = START + (END — START) pET— q
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However, the Hilll Equation is only valid for intensities within the range defined
by the START and END values (Table S5). As a result, the target concentrations
calculated based on the Hilll equation were undefined for the intensity values at the LOD.
To determine the representative Hill equation, the miRNA-17 detection assay was tested
using a concentration range of 0.01 pM to 10000 pM. The SERS spectra obtained for this
entire range is provided in Figure S4. Across data sets, a similar general sigmoidal dose-
response was observed corresponding to different locations of the peak center, thereby
signifying coherence in the assay response regardless of which peak is analyzed. Data was
then fit to a dose-response curve using the Hilll equation in Origin Pro (Figure 19). From
these fits, we observed effective dissociation constants of 129 pM, 143 pM, 155 pM, 756
pM, and 195 pM for the peaks centered at 1177 em™!, 1220 ecm™!, 1290 cm!, 1586 cm’!,
and 1618 cm™!, respectively (Table S3). The values for the dissociation constant and Hill

coefficient are provided alongside the calculated statistical fit (COD and adjusted R?) for

1177 cm?; r’= 0.977 ; kd= 13 pM
1220 ecm?; = 0.979 ; kd= 143 pM
1290 cm?; r’= 0.995 ; kd= 16 pM
1586 cm? ; ’= 0.962 ; kd= 7559 pM
1618 cm?; r*= 0.980 ; kd= 196 pM

am

Normalized Raman Peak Area
w
1

1 T T T T T T T 1
0.001 0.01 0.1 1 10 100 1000 10000 100000

miRNA-17 Concentration (pM)

Figure 19 The semi-log plot of the peak area for the characteristic peaks of MGITC
(1177 em’!, 1220 cm™', 1290 cm!, 1586 cm!, and 1618 cm™) fit to the Hilll equation
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the Hilllequation for five characteristic peaks of MGITC whose intensity is associated
with the capture probes, and in turn relates to the sensitivity of the assay. A higher binding
affinity corresponds in an increase in the sensitivity of the detection assay.[173] A Hill
coefficient of less than 1 signifies negative cooperativity in which the binding of a ligand
miRNA-DNA binding event. The kq describes the affinity between the target analyte for
(miRNA-17) to a receptor (capture probes) decreases the binding affinity of subsequent
receptors.[174] All five characteristic peaks produced a n of less than 1, indicating that the
assay exhibits negative cooperativity, as expected due to steric hindrance caused by the
dense packing of ligands on the nanoparticle surface. However, it is worth noting that,
depending on the peak being analyzed, this value ranges significantly from 0.284 - 0.820,
despite being derived from the same binding event. This thus highlights the importance of
multi-peak analysis and peak choice in the design of SERS assays with a single reporter
molecule. Ultimately, the Hill coefficients were used to define a representative equation
relating SERS signal intensity with miRNA-17 concentration (Equation 4).

Paired t-tests (o = 0.05) were used to determine if the samples tested could be
differentiated with 95% confidence (Table S4 and Table S5). The peak centered at 1618
cm’! was chosen to perform these tests because it had the best linear fit in the 1 pM — 1
nM range (Table S6). The signal for each miRNA-17 concentration tested was
differentiable with 95% confidence from the baseline signal for the assay with PBS,
without any correction factors applied. However, the signal was not differentiable at the

highest (10 nM and 1 nM) and lowest target concentrations (1 pM, 100 fM, and 10 fM)
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tested. Therefore, the range of quantification for the designed assay was determined to
exist from 1 pM to 1 nM, as was expected by our earlier visual assessment of the spectra.

A strong logarithmic fit was observed across all peak locations, irrespective of
which peak was used to generate the calibration curve. That is, a statistically significant
relationship between the relative SERS intensity and the concentration of the target
miRNA-17 was observed at a significance level, a, of 0.05. Thus, the equations for each
dataset have high predictive value. The linear regression for the peak at 1618 cm™ was the
most statistically significant. It provided the highest values for the correlation coefficient
(R =0.975) and the smallest p-value (p = 0.0253).

Additionally, this peak’s calibration curve showed the second strongest raw SERS
intensity, thus making it easily detectable in post processing. The data collected from this
peak were used to develop a representative lookup table for predicting miRNA-17

concentrations from relative SERS intensity (Figure 20). Linear regression analysis for the

100k 4 Lookup Table Generated with Peak @ 1618 ¢cm’
90k -
80k -
70k - -
60k -
50k -

’
40k - i"

Raman Intensity of Integrated Peak Area

30k T g T T T
0.1 1 10 100 1000 10000

miRNA-17 Concentration (pM)
Figure 20 The semi-log plot with the representative logarithmic equation (Equation

5), where x is the concentration in pM and / is the SERS intensity in counts
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peak at 1618 cm™! resulted in the following representative logarithmic equation:

Intensity = 1.48 * 10* log(Concentration) + 2.16 = 10° Equation 5

A summary of the figures of merit, which includes parameters typically used for
analyzing SERS assays, is provided in Table 4. While the results provided in Table 4
represent the overall performance of the designed SERS biomarker detection assay, they
are predicated on the peak centered at 1618 cm™.

The significance of the peak location for SERS signal intensity was further
examined using descriptive statistics and one-way ANOVA. Using a significance level (o)
of 0.05, ANOVA analysis determined that Raman peak location significantly influenced
the SERS signal intensity (Table S7). This information substantiates the data obtained
using regression analysis, as demonstrated by the variation in slope and intercept across

peaks. Therefore, identifying a statistically significant peak is key in determining the

Table 4 Summary of figures of merit for the miRNA-17 detection assay using the
peak centered at 1618 cm™!

PEAK AT 1618 cm!

SENSITIVITY 1.48 x 10* (counts/pM)
LIMIT OF DETECTION (LOD) 0.26 pM
DYNAMIC RANGE (LOQ) 1 - 1000 pM
INTERCEPT (BASELINE INTENSITY) 2.16 x 10° (counts)
PEARSONS CORRELATION 0.975
p-VALUE FOR Ho: SLOPE=0 0.0253
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relationship between signal intensity and concentration of the target analyte. A one-way
ANOVA was also used to confirm the statistical significance of the relationship between
miRNA-17 concentration and SERS signal intensity (Table S8).

The figures presented in Table 4 indicate the potential of SERS as a diagnostic
platform for the early detection of preeclampsia as compared to traditional techniques.
The designed sensor has a lower LOD than both northern blotting and microarrays, and a
comparable LOD to RT-PCR. This high degree of sensitivity and quantitative capacity
makes a SERS coupled nanoparticle detection assay an attractive alternative to current
laboratory techniques. Indeed, the designed SERS assay reliably produces quicker results

than traditional methods because it requires fewer steps.

11.3.v Specificity of miRNA-17 Assay

The specificity of the assay for sensing miRNA-17 was determined using 4
different non-complementary strands of miRNA (34a-3p, 126a-3p, 155-3p, 210-3p) and a
small strand of non-coding nuclear RNA (U6). A 10 pM concentration of each of the non-
complementary strands was added in place of the complementary strand (miRNA-17). The
spectra analysis was performed by calculating the total area for the SERS peaks centered

at 1177 cm’!, 1220 em™, 1290 cm!, 1586 cm™, and 1618 cm™ (Figure 21).
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Figure 21 Peak area normalized to PBS, of the various a) forward and b) reverse
non-complementary strands of negative control RNA compared to the blank and
positive control (target miRNA-17). In both scenarios, a threshold can be set at a
signal intensity increase of 1.25x that of PBS

The combination of sensing assays with non-complementary target strands
provided SERS spectra with low relative intensities comparable to that observed for the
blank (Figure 21). The low relative intensity indicates the absence of large aggregates that
enhance the SERS signal; the SERS signal observed is most likely due to the localized
surface plasmon effect. In comparison, the assay containing the complementary target,
miRNA-17, produced drastically higher SERS intensity due to its potential to form
aggregates with high-energy “hot spots.” Once again, the largest values for peak area were
associated with the peaks centered at 1177 cm™ and 1618 cm™!, and the smallest peak areas
were calculated for the peaks centered at 1220 cm™ and 1290 cm™!. Furthermore, paired t-
tests (o = 0.05) were used to determine the differentiability of the non-complementary
strands from the baseline (Table S9). The forward and reverse of the non-complementary

strands were not differentiable with 95% confidence from the assay with PBS.
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Overall, the results collected using both complementary and non-complementary
strands of miRNA indicate that the assay exhibits a degree of specificity for the target,
miRNA-17. When the assay was introduced to similar strands of miRNA, the resultant
signal fell below the LOD. Thus, based on the weak signals observed with the non-

complementary strands of miRNA, a degree of selectivity within the assay can be inferred.

11.3.vi Analysis of SERS Assay in Complex Biological Medium

The designed nanoparticle detection assay was then tested using diluted bovine
serum (20% v/v), a complex biological medium similar to human serum. The Raman
spectra of the diluted bovine serum solution were first collected to determine the
underlying baseline Raman signal present when testing the detection assay in serum
(Figure 22). The resulting spectra contained multiple characteristic peaks. These peaks

exist because of the various biomolecules present in serum [175, 176] (Table S10). To

8k -
1 pM miRNA-17
7k 4 —— Bovine Serum

6k -

5Kk

Baseline Corrected Raman Intensity (counts)
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Figure 22 Raman spectra of diluted bovine serum (20% »/v) with the significant
peaks labelled, alongside the SERS spectra of the detection assay
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determine potential peak overlap, the MGITC SERS signal for the detection assay with 1
pM of miRNA-17 was plotted alongside the Raman spectra for serum (Figure 22). The
resulting plot showed serum peaks, between 1000 cm™! to 1550 cm’!, that could potentially
influence the signal intensity of the 5 characteristic peaks of MGITC previously analyzed.
While none of the serum peaks directly coincided with the specific peaks examined for
MGITC, some peak overlap did exist. This overlap primarily occurred for the MGITC
peaks centered at 1180 cm™!, 1220 cm™, and 1290 cm™!, with the most overlap occurring
at 1180 cm™!. Before adding the designed nanoparticle detection assay, the bovine serum
was analyzed using qRT-PCR to determine if miRNA-17 was present in the sample. The
results indicated that a small concentration of miRNA-17 did exist within the bovine
serum sample (Figure S5). This underlying miRNA-17 concentration was referred to as
the baseline signal (Figure S6).

The nanoparticle detection assay suspended in diluted bovine serum was analyzed
at various miRNA-17 concentrations (Figure 23(a)). To ascertain the relationship between
target concentration and signal intensity, the assay was tested from 10 fM to 10 nM (Figure
S7). The same overall trend was observed as described above for PBS. However, the
maximum signal intensity was collectively higher for the results collected in serum as
compared to PBS. A comparison of the characteristic SERS spectra showed that the results
from the assay in serum produced a more prominent peak at 1180 cm™ with a higher
maximum signal intensity. This likely resulted from the underlying Raman signal of the
serum solution and its existing peak overlap with the spectra for MGITC. Similarly, the

integral for each of the five characteristic peaks of MGITC was calculated from the
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Figure 23 The (a) integrated peak area of the characteristic peaks of MGITC for the
assay in diluted bovine serum and (b) the Hilll fit for the relative equation of the
characteristic peaks

resultant spectra of the assay in serum. The calculated values for the integrated peaks once
again resulted in a higher SERS intensity compared to the assay in PBS.

Due to the differences in the maximum signal intensity and the presence of an
underlying baseline signal, further comparison was performed based on the normalized
results of the assays (Figure S8). The results from the assay in serum were normalized to
the control spectra: the Raman spectra of the assay in serum without the target analyte.
The LOD was then calculated based on the normalized results of the integrated peak area
(Table S2). The values for the LOD calculated for assay in serum ranged from 0.22 pM
(1586 cm™) t0 2.89 pM (1220 cm™"). Compared to the LOD for the assay in PBS, the assay
in serum produced slightly higher values for the LOD. When tested in complex solutions
like serum, increases in the LOD have been reported for sensing assays with uncoated

functionalized nanoparticles.[ 177, 178] This increase is commonly attributed with serum-
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protein-induced dissociation of Raman reporter molecules and capture probes from the
nanoparticle surface.[52, 179] Thus, the observed increase in LOD for the assay in serum
indicates some degree of dissociation of the reporter molecules and oligonucleotide probes
from the nanoparticle surface.

The normalized results of the integrated peak area from assay in serum were fitted
to a Hilll equation to establish a representative equation of the assay’s sensing
characteristics (Figure 23(b)). The sensing parameters obtained from the Hilll Fit include
the dissociation constant and the Hill coefficient (Table S5). As compared to the assay in
PBS, the assay in serum produced lower values for the apparent dissociation constant
obtained from the following peaks: 8.58 pM (1177 cm™), 15.1 pM (1220 cm!), 9.01 pM
(1290 cm™), 15.5 pM (1586 cm™), and 28.5 pM (1618 cm™). A decrease in the kq is related
to an increased affinity for the target, miRNA-17.[180] The observed shift in the kg is
likely due to the dissociation of oligonucleotide probes from the nanoparticle surface,
previously mentioned. The dissociation results in a decrease in the probe density on the
nanoparticle surface, which for a fixed sample volume, is linked to the apparent kq.[181]

In addition to the dissociation constant, variation in the reported Hill coefficient,
n, among the different peaks indicates changes in the detection assay’s sensing efficiency
when incorporated into a complex biological sample such as serum. At each peak
examined, the Hill coefficient for the assay in PBS had a value of less than 1, indicating
the assay exhibited negative cooperativity. Meanwhile, the assay in serum positive
exhibited more variation in the Hill coefficient with the peaks at 1177 cm™ and 1586 cm’

!, resulting in values greater than 1 or cooperativity. The remaining peaks centered at 1220
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cm™!, 1290cm™, and 1618 cm™ produced negative values for the Hill coefficient.
Therefore, the cooperativity for the assay in serum varied based on peak location so the
overall cooperativity of the assay could not be determined.

The serum data was also subjected to linear regression analysis resulting in a
logarithmic fit of the representative equation of the assay. Once again, the relationship
between the SERS intensity and target concentration was determined to be statistically
significant (o = 0.05). Compared to predictive equations derived from the assay PBS, the
assay in serum yielded a stronger logarithmic fit at each of characteristic peaks (Table S6).
Specifically, the peak at 1618 cm™ had the highest R-value of 0.992 while also having one
of the smallest p-values (p = 0.0162).

The competency of representative equations, derived from different curve fitting
methods, was evaluated using the additional miRNA-17 concentrations of 5 pM and 30
pM. The resultant samples consisted of the detection assay suspended in separate solutions
of diluted bovine serum doped with either 5 pM or 30 pM of miRNA-17. These samples
were then used to assess the different representative equations obtained from both PBS
and serum. The resultant SERS spectra were collected for both sample solutions of
nanoparticles. The equations were tested using the assay in serum and evaluated in regard
to the peak at 1618 cm™. The resulting SERS spectra were obtained for the assay with 5
pM and 30 pM of miRNA-17 (Figure 24). The peak at 1618 cm™ was chosen based on its
superior overall fit. The integrated SERS intensity calculated for the two assays doped
with 5 pM and 30 pM of target was 1.02 * 10° counts and 1.35 * 10° counts for the assay

with 30 pM of target. These values were then used to assess the representative equations.
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Figure 24 The test concentrations of (a) S pM and (b) 30 pM were plotted individually
alongside the upper and lower concentrations used to obtain the representative
equation.

Likewise, the two representative equations previously derived based on the assay

in PBS were evaluated using alongside the equations obtained from assay in serum. The

equations were rearranged to solve for the target concentration with regards to the

observed SERS intensity. Ideally, the calculated value provided by the representative

equations should correspond to the known target concentration associated with either

signal intensity. The calculated target concentrations are provided in Table 5 based on the

Table S Comparison of the representative equations calculated for assay in PBS and
serum using both linear regression analysis and Hill fit

5pM
30 pM

LINEAR REGRESSION ANALYSIS HILL FIT
PBS S Bovine Serum PBS § Bovine Serum
SERS Concentration g SERS Concentration SERS Concentration § SERS Concentration
Intensity (pM) Intensity (pM) Intensity (pM) Intensity (pM)
1.02E+05 1.98E+04 1.02E+05 4,70 1.02E+05 Undefined 1.02E+05 5.02
1.35E+05 3.58E+06 g 1.35E+05 37.77 1.35E+05 Undefined % 1.35E+05 30.70
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on the representative equations resulting from linear regression analysis or Hill fit of either
the assay in PBS or the assay in bovine serum.

The representative equation obtained using the Hill fit for the assay in bovine
serum was the best for predicting target concentration based on the integrated peak
intensity. Compared with linear regression analysis, the Hill fit was able to account for the
dose-response nature of the sigmoidal curve. However, the use of the Hill equation is
limited to the upper and lower bounds, START and END, of the linear portion of the
sigmoidal curve. As a result, intensity values outside this range result in an ‘undefined’
value. The equations calculated using linear regression have no restrictions and can be
used with any value. The results also showed the representative equations calculated based
on the assay in PBS were not indicative of the assay in a more complex medium.

I11.4 Summary

In summary, biomarker detection is a useful tool for diagnosing disease, but its
application in clinical settings is limited. In this paper, a SERS-based assay using
functionalized metallic nanoparticles labelled with Raman reporter molecules was
designed, developed, characterized, and used to target miRNA17 in solution. The design
showed successful detection of miRNA-17 within the range of 1 nM to 1 pM. Linear
regression analysis of the data demonstrated statistical significance, and it was used to
develop an equation for predicting the target concentration based on the observed relative
SERS intensity. Increases in SERS intensity were only observed to be specific to miRNA-

17 when compared to 5 different non-complementary strands. The detection of miRNA-
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17 in this study shows that SERS-based biomarker detection has a high potential to
facilitate diagnosis of preeclampsia and potentially other diseases.

Furthermore, our results highlight the value of multiple peak analysis. The capacity
of the designed SERS assay for detecting and quantifying miRNA-17 was calculated using
the peak area of 5 characteristic peaks of MGITC. While each one of the characteristic
peaks was effective in establishing a relationship for quantifying miRNA-17, the
combined data demonstrate the consistency of the results obtained. This is important
because multiple peaks are rarely simultaneously analyzed when evaluating SERS spectra;
SERS results are thus often reported based on arbitrary binding ranges and commonly
omit calculations of fit and significance. Indeed, differences in SERS spectra analysis and
the inconsistency of reported results have led to poor reproducibility. In contrast, multiple
peak analysis provides more comprehensive results and comparative determinations of
optimal binding ranges, as well as additional insight into the analysis methods of others.
As advances in computing emerge, instantaneous multiple peak analysis may efficiently
promote the reproducibility of the optical platform. Thus, our designed nanoparticle
detection assay for miRNA-17 demonstrates the diagnostic potential for using SERS to

create a non-invasive platform for miRNA detection.
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CHAPTER 1V
A MULTIPLEX 3D PAPERFLUIDIC PLATFORM FOR SERS DETECTION OF

PREECLAMPTIC BIOMARKERS

IV.1 Introduction

Nowadays, a multitude of different cellulous paper membranes are commercially
available that vary in pore size, flow rate/ particle retention, and thickness. These
characteristics play a significant role in dictating flow and therefore need to be chosen
based on the function and composition of the designed sensing assay.[76] In regard to the
designed assay for miRNA detection, Whatman Grade 1 Chromatography paper was used
for all of the layers except for the final layer, the capture readout layer. The high affinity
of nitrocellulose for proteins allows for direct immobilization of proteins without the need
for modification. Additionally, the small pore size and uniform membrane, are
characteristic that make nitrocellulose a useful capture membrane.[182]

In order to control the multidirectional flow within 3D paper fluidic devices,
hydrophobic barriers are created via physical/chemical modification of the cellulose
membrane.[183, 184] Compared to other approaches, wax patterning is commonly used
because it’s a low cost, quick and simple technique that is useful for large scale

prototyping.[92]
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1V.1.i Overview

The detection assay for the paper fluidic device was adapted from the previously
designed assay for miRNA-17 in solution. The solution-based assay used free floating
functionalized nanoparticles in solution to create a sandwich assay capable of quantifying
miRNA-17 concentration within 1 nM to 1 pM range.[185] Compared to the assay
solution, the paper-based assay required one portion of the sandwich assay to be
immobilized onto the paper surface within a specific region of the fluid pathway. A
streptavidin-biotin binding approach was based on the natural high affinity of
nitrocellulose membranes for proteins. Streptavidin is large protein that is easily
immobilized by absorption.[98] Meanwhile, biotin can easily be added to an
oligonucleotide by replacing the thiol end modification with a biotin modification. The
strong non-covalent bond between streptavidin and biotin allows the probe to be
immobilized when combined with streptavidin.[186] With one probe immobilized on the
surface, the other subsequent probe can remain functionalized to gold nanoparticles
labeled with MGITC.

IV.2 Experimental

1V.2.i Instrumentation

The size and zeta potential of the synthesized gold nanoparticles were determined
using a Zetasizer Nano ZS90 (Malvern, UK). The absorbance spectra of the various assay
components were obtained with an Infinite®200 Pro multimode microplate reader (Tecan,

Switzerland). The SERS spectra were obtained using the Ocean Optics IDRaman Mini.
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1V.2.ii Overview of Paper Fluidic Platform Design

The designed 3D paper fluidic platform, including the individually wax patterned
layers, is provided in Figure 25. This figure features the path of fluid flow as directed by
the designed hydrophobic barriers. The circular holes observed on the outsides of the top
three layers behave as viewing windows which allow the user to observe the potential
color change of the control line and test line. Furthermore, the viewing window is used to

direct the user to the alignment of the handheld Raman microscope.

1V.2.iii Gold Nanoparticle Synthesis and Characterization

Gold nanoparticles were synthesized using a modified version of the Turkevich
Method.[187] ImM HAuCls was added to 100 mL of DDW water. The solution was then
heated while vigorously stirring. Once boiling, 15 mL of 1% (w/v) sodium citrate was
added to solution. While maintaining vigorous stirring, the solution was left boiling for 15

min to allow for nanoparticle formation. During this time, a visible change in color was

SAMPLE CONJUGATE
LAYER

Figure 25 An overview of the wax patterned design used for each layer for
multiplexed SERS detection of the two specific PE related biomarkers and control
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observed that resulted in a deep red. The nanoparticle solution was then removed from
heat and left to cool at room temperate. The highly concentrated nanoparticle solution
was diluted by a factor of 10. The Extinction spectrum of the diluted nanoparticle solution
produced an absorbance maximum of 0.234 (Amax = 520 nm). Based on the absorbance
data, the average diameter of the nanoparticles in solution was estimated as ~16 nm.
Furthermore, the maximum absorbance was used to calculate the nanoparticle
concentration. Using the Beer-Lambert Equation and an extinction coefficient of 3.56

*10%, [188, 189] the concentration was calculated to be 1.15 * 10 M.

1V.2.iv Design of Sensing Probes for Dual Biomarker Detection

As seen with miRNA-17 and miRNA-20a, miRNAs exhibit a high degree of
homogeneity and as a result require highly specific sensing mechanisms. The RNA
sequences for miRNA-17 and miRNA-20a are both 23 nucleotides long and only differ by
two nucleotides. Therefore, if sensing probes for miRNA-20a were designed using the
previous approach created for miRNA-17, it would result in two sensing probes that each

differ by only one nucleotide.(Figure 26) Moreover, having only one mismatched

hsa-miRkNA-T7-5p hsa-miRNA-20a-5p
Universal Probe Universal Probe
¥TCA CGTCCATC ¥ FTCA CGTCCATC®
5 CAAAGU GCU UAC AGU GCAGGU AG ¥ ¥ UAAAGU GCU UAUAGU GCAGGUAG ¥
3 [GJrT TCA coA ATG)S 3 [T TCA ceA AT
Capiure Probe Capture Probe
miRNA-1T miRNA-20a

Figure 26 Overview of the design of the sensing probes for miRNA-17 and miRNA-
20a
71



nucleotide increases the likelihood of nonspecific binding and false positives for both
strands of miRNAs. As a result, the sensing assays for miRNA-17 and miRNA-20a were
redesigned to include both mismatched bases within one of the two probes. The
subsequent probe would therefore be identical to both assays. In order to increase the
specificity of the assay, the sensing probes for both Additionally, having fewer probes,
decreases the amount of optimization necessary to achieve ideal binding conditions. As a
result, the assay was designed to include a single universal sensing probe and two target-
specific capture probes. In order to distinguish between the two analytes, the target-
specific capture probes were immobilized on two different regions of the NC membrane.
One region would be specific to miRNA-17 while the other region would be specific to
miRNA-20a. The subsequent universal sensing probe would be functionalized to the gold

nanoparticles.

1V.2.v Nanoparticle Functionalization of Universal Sensing Probe

The universal sensing probe was reduced by combining 100 pL of 100 uM Probe
solution with 100 uL of 100 mM TCEP. The solution was then incubated for 1 h at room
temperature. Once reduced, the solution was filtered using a standard desalting column (3
kDa, Nanoseps). The column was centrifuged for 5 min at 5.0 rcf.

In view of functionalization, 2 mL of AuNP solution was obtained and underwent
continuous mixing using a shaker. While shaking, 60 puL of reduced probe was added to 2
mL of nanoparticle solution to achieve a functionalization concentration of 5000

oligos/AuNPs. The solution was left shaking to allow the samples to interact. After 5 min,
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120 uL of sodium citrate buffer [250 mM, pH 3] was added to solution while shaking. The
solution remained shaking for another 5 min, during which time, 20 pL of the RRM,
MGITC [10 mM], was mixed into solution. The sample continued shaking for a final 5
min to allow for optimal functionalization. Any remaining oligonucleotide probe in
solution was removed by centrifugation (9.5 rcf, 10 min). Following centrifugation, the
supernatant was discarded, and the nanoparticle pellet was resuspended in 100 pL of
eluent buffer (20 mM NazPOas, 5% (w/v) BSA, 10% (w/v) sucrose, and 0.25% (v/v) Tween-

20 in 0.3M PBS). The resultant solution had on OD of 5.

1V.2.vi Fabrication of Paper Fluidic Platform

The paper fluidic platform was fabricated using a multistep approach involving the
design of fluid flow using hydrophobic barriers, chemical pretreatment of hydrophilic
regions, and construction of the 3D sensing platform. A Xerox ColorCube 8580 printer
was used to print the individual patterned layers shown in Figure 25. The top 3 layers
(Sample Layer, Conjugate Layer, and Mixing Layer) were printed on Whatman Grade 1
Chromatography paper. The printed paper was heated at 120 °C for 1 min. The paper was
placed in the oven with the wax side facing up to allow wax to penetrate down through
the porous membrane. The paper was then cooled at room temperature. Notably,
nitrocellulose is a highly flammable substance. In order to avoid degradation, an
alternative approach was used to melt the printed wax and create a hydrophobic barrier.

The membrane was slowly passed between two metal plates that were heated to 50 °C.
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This allowed for enough heat to melt the printed wax on the top of the membrane while
minimizing the effects of high temperature on membrane degradation.

A double-sided adhesive was used to bind the different paper layers. Using a
benchtop cutting plotter, the adhesive was cut into squares with the same dimensions as
the individual paper layers. To allow fluid to pass vertically, holes were made in relation
to the designed flow path. As a result, the hydrophobic wax barriers constricted the flow
in the lateral direction while the double-sided adhesive blocked flow in the vertical
direction.

The design of the paper fluidic platform includes a viewing window of the control
and test line for both biomarkers. This was incorporated into the design to remove the need
to peel back the paper layers in order to see the results. However, by including a viewing
window, the test region is exposed to the environment and is thereby influenced by
additional factors including evaporation and humidity. A clear non-Raman active plastic
sheet was placed over the nitrocellulose layer to keep it closed off. The transparent sheet
was cut to include an inlet that aligned with an outlet from the layer above to allow the
fluid to flow onto the nitrocellulose layer.

IV.3 Results and Discussion

1V.3.i Optimization of Conjugate Laver

The paper fluidic platform was optimized based on the function of the different
paper layers. The conjugate layer was designed to store the gold nanoparticles

functionalized with the universal sensing probe. Different volumes of functionalized
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nanoparticles were tested to determine the optimal conditions. The signal intensity of the
control line was obtained from the RGB values and used to determine the optimal value
based on the highest signal intensity. Meanwhile, to ensure optimal resuspension of gold
nanoparticles from conjugate layer, the RGB values on the conjugate storage region were
collected. The RGB values were then used to determine if the conjugate region needed to
be treated with a buffer and, if so, what volume was necessary. The buffer tested was 10%
(w/v) BSA in 1X PBS.

Using 4 pL of functionalized gold nanoparticles, the results showed that a
conjugate layer buffer was necessary to minimize nanoparticle loss to the membrane
(Figure 27(a)). The minimal number of nanoparticles remaining on the conjugate region
was observed at 2.5 pL and no further decrease in signal was observed for 3 ulL. As a
result, 2.5 puL of conjugate buffer was used to pretreat the conjugate region and used in
determining the optimal nanoparticle volume (Figure 27(b)). The volume was tested using

1 uL, 1.5 uL, 2 ul, 2.5 uL, 3 uL, 3.5 uL and 4 pL. Since the control probe is the reverse

a)

(=2
~—

Optimization of Conjugate Layer Buffer Optimization of Conjugate Layer

No Buffer 2 25 3 35 1 15 2 25 3 35 4
Volume of 10% (w/v) BSA Buffer (pL)

Signal SNR

o - N w IS o) )
Signal SNR

S BN W B BB N e

Volume of Functionalized AuNP (puL)

Figure 27 Optimization of conjugate layer in terms of a) conjugate buffer and b)
nanoparticle volume
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complement of the universal sensing probe, the addition of analytes (miRNA-17 and
miRNA-20a) was not necessary. As such, the use of the control line rather than the test
line avoided the use of an additional variable. The results showed that the signal intensity
reached a maximum at 3 uL of nanoparticles. No increase in intensity was observed for
larger nanoparticle volumes and it is believed that the control probes become saturated at
3 uL. Therefore, 2.5 uL of conjugate buffer and 3 uL of functionalized nanoparticles was

used for all subsequent tests.

1V.3.ii Optimization of Mixing Layer

As done previously for the conjugate layer, the mixing layer was tested with
different buffers. The function of the mixing layer is to promote interaction and binding
between the universal sensing probes and target analytes. The amount of nanoparticles
captured in the cellulose membrane of the mixing layer needs to be reduced to avoid loss
of signal. It was previously determined that a minimal volume of 10 uL was required to
coat the entire channel. 10 uL of buffers with 1%, 2%, and 3% (w/v) BSA in 1X M PBS
with 0.1% (v/) Tween-20 were tested. Tween-20 is a surfactant used to promote flow
through the membrane but is also known to dislodge proteins immobilized on NC by
absorption. Therefore, the amount of Tween-20 added to the buffer was minimal. As
previously done, the RGB values of the control line were used in determining the optimal
buffer conditions. (Figure 28)

An interesting trend was observed from the results for the different mixing layer
buffers. The signal intensity increased from 1% to 2% BSA in buffer but at 3% no change
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Figure 28 Optimization of mixing layer in regards to buffer conditions

in color was observed for the test line. In order to determine what had happened the 3D
platform was deconstructed. Upon deconstruction, it was clearly observed that the flow of
the resuspended nanoparticles had come to a stop halfway through the channel. This
corresponds to the earlier observation in which only a clear solution was observed to flow
over the test region. Based on this information, it is believed that at higher BSA
concentrations the membrane becomes clogged and behaves like a filter. Therefore, 2%
(w/v) BSA with 0.1% (v/v) Tween-20 in 1X M PBS was used to treat the mixing layer and

is referred to as the Blocking Buffer.

1V.3.iii Testing of Paper Fluidic Platform

The optimized paper fluidic platform was tested using different concentrations of
miRNA-17 and miRNA-20a. The SERS spectra were collected for concentrations from
100 pM too 100 fM for both miRNA-17 and miRNA-20a. Based on the obtained spectra
provided in Figure 29 spectra were then analyzed based on the integrated peaks at 1177
cm™ and 1618 cm’!,
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Figure 29 SERS spectra for miRNA-17 and miRNA-20a obtained from the designed
3D paper fluidic platform

IV.4 Summary

The paper fluidic device was designed using a combination of both lateral and
vertical flow. The addition of vertical flow into our paper fluidic design allows us to easily
incorporate and optimize for additional biomarkers with minimal influence on existing
biomarkers. This new and substantially different approach to the early detection of PE
using these novel early biomarkers, and a 3D layered paper-based device is expected to
allow us to overcome the current limitations, particularly of producing robust SERS and

of lateral flow POC tests, thereby opening new horizons for early PE detection.
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CHAPTER V

CONCLUSIONS

The experiments and results included throughout this dissertation signify the
adaptability of SERS detection assays for miRNA detection and its potential for point-of-
care applications. While the transition to POCT still requires optimization and additional
testing using human samples, the results presented support the application of multiplex
miRNA sensing and quantification using the combination of SERS and paper fluidics. The
3D paper fluidic platform and SERS detection assay used in this dissertation include
various optimization parameters, some of which have been exploited throughout this
work, that can be explored for further optimization in future work.

The addition of a 3D paper fluidic platform for the purpose of transitioning toward
POCT was one of the hallmarks of this work. Previously, very little work had been
performed in the area of paper fluidics using a combination of lateral and vertical flow for
optimized detection of miRNA using SERS. Moreover, the import of this work is
enhanced in light of the potential application of this technology for use in the early
detection of preeclampsia based on changes in miRNA concentration. Notably, diagnostic
techniques for preeclampsia are currently heavily focused on the detection of proteinuria,
which is a symptom that may or may not develop in women with preeclampsia. For this
reason, exploring alternative biomarkers through new sensing technology, as done here,

has the potential to improve diagnosis and treatment of preeclampsia.
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Future work should focus on the application of this technology in clinical settings.
Optimization of the paper fluidic platform will involve incorporating a blood separation
membrane for testing both doped bovine samples and then moving to human clinical
samples. A number of different commercial blood separation membranes are currently
available. The degree of plasma separation that may be achieved with these commercially
available membranes will need to be tested and optimized based on the necessary volume
required to run the paper-based assay.

In addition, with the increase in plasma proteins resulting from more complex
samples comes a need for a higher degree of specificity in the assay. A change from
ssDNA oligonucleotides to customized peptide nucleic acids has the potential to improve
the assay’s sensing capacity. The use of PNA probes has been utilized in various
publications and has shown improved specificity and selectivity.[190] The use of PNA
probes provides the additional benefit of covalently immobilizing the sensing probes onto
the NC surface.[191, 192] However, due to the limited availability of commercial PNA
probes, their use coincides with increased costs.

In sum, this work highlights the development of a highly specific assay capable of
detecting low concentrations of miRNAs in solution. Accordingly, the designed SERS
detection assay is a promising diagnostic tool for the detection of blood-based biomarkers

associated with the early onset of preeclampsia.
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Figure S1 The absorption spectra of bare AgNPs and AgNPs functionalized with
ssDNA capture probes
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20 nm

Figure S2 TEM image of synthesized AgNPs

Figure S3 TEM images of (a) functionalized AgNPs without the presence of miRNA-
17 and (b) the AgNPs plasmonic aggregates formed in the presence of the target
analyte, miRNA-17. The images were obtained by combining the synthesized
nanoparticle detection assay (AgNPs conjugated with Probe 1 and labelled with
MGITC + AgNPs conjugated with Probe 2) with or without miRNA-17 target and
allowing the solution to react at room temperature. The resultant aggregates that
formed in response to miRNA-17 varied in the number of nanoparticles per cluster.
aggregates ranges from 2 nanoparticles per cluster to an upward amount of 15
nanoparticles per cluster
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Table S1 The intensity limit calculations of the blank for the characteristic peaks of
MGITC

LIMIT OF DETECTION (LOD) CALCULATIONS USING LINEAR REGRESSION ANALYSIS

DETECTION ASSAY IN PBS ; DETECTION ASSAY IN 20% (v/v) BOVINE SERUM
ok SDgira Dyt g Dgtrte SDgark Dt
1177 cm* 3.2x10% 1.5x10° 3.70 x 10* 6.8 x 10* 1.1x10% 7.95 x 10*
1220 cm™ 95x 10° 48 x10° 1.09x 10" 1.1x10* 31x10° 144 x10*
1290 cm* 9.2 x 10° 6.7 x 10° 1.12 x10* 2.4 x10* 3.6 x10° 2.78 x 10*
1586 cm* 15x10* 1.8x107 1.55x10* 33x10* 53x10° 3.87x10°
1618 cm™ 2.5x10* 1.6 x10° 2.99 x 10* 4.6x10% 7.5x10° 5.31x 10*

Table S2 The target concentrations for the LOD calculated for the five characteristic
peaks analyzed

LIMIT OF DETECTION {LOD}) CALCULATIONS USING LINEAR REGRESSKON ANALYSIS

DETECTION ASSAY IN PBS é DETECTION ASSAY IN 20% (v/v) BOVINE SERUM
¥ k m LOD {M) E ¥ k m LOD {M)
1177 cm™ 3.70E+04 3.60E+05 2.66E+04 6.89E-13 6.8E+04 7.42E+05 5.29E+04 1.82E-13
1220 cm™ 1.09E+04 9.33E+04 6.834E+03 5.10E-13 1.1E+04 1.17EH05 8.38E+03 2.24E-13
1290 cm™ 1.12E+04 9.24E+04  6.70E+03 7.62E-13 2. AE+04 2.22E+05 1.52E+04 9.41E-14
1586 cm! 1.55E+4 1.60EH)5 1.13E+04 1.64E-13 3.3E6H04 3.83E+05 264E+04 5.53E-14
1618 cm™ 2.99E+04 2.16E+05 1.48E+04 2.62E-13 4.6E+04 5.20E+05 3.69E+04 1.43E-13
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Table S3 Results of paired t-Test between consecutive target analyte concentrations

PBS 10 nM 1nM 100 pM 10 pM 1pM 100 fM 10 fM

PBS 3.6E-4 0.0035 1.8E-4 7.7E-4 0.014 0.0023 0.0010

10 nM 52.8 0.62 8.5E-4 8.7E-4 4.2E-4 7.7E-5 2.3E-4

1nM 16.9 0.579 0.027 0.014 0.012 0.0084 0.0074

100 pM 74.5 34.4 6.00 0.0023 0.0046 1.4E-4 2.0E-4

10 pM 36.1 33.9 8.33 21.0 0.031 0.0043 0.0021
1pM 8.30 49.0 9.22 14.7 5.54 0.86 0.60
100 fM 20.8 114 10.8 85.1 15.3 0.196 0.14

10 fM 31.2 66.2 115 72.0 21.6 0.610 2.34

Table S4 Paired t-Test of signal intensity at different miRNA-17 Target
concentrations using the peak at 1618 cm!

STATISTICAL ANALYSIS USING PAIRED t-TEST

DETECTION ASSAY IN PBS g DETECTION ASSAY IN 20% (v/v) BOVINE SERUM

t Value p Value SIGNIFICANT § t Value p Value SIGNIFICANT
PBS vs. 10 nM 52.8 0.00036 YES 194 0.0027 YES
10 nM vs. 1nM -0.579 0.62 NO 23.5 0.144 NO
1 nM vs. 100 pM 6.00 0.027 YES -62.4 0.00026 YES
100 pM vs. 10 pM 210 0.023 YES 13.3 0.00056 YES
10 pM vs. 1 pM 5.54 0.031 YES -127 0.0061 YES
1 pM vs. 100 fM 0.196 0.86 NO 1.80 0.215 NO
100 fM vs. 10 fM 2.34 0.14 NO 12.1 0.052 NO
10 fM vs. PBS 31.2 0.0010 YES -50.6 0.00029 YES

103



Table S5 Hill equation coefficients for the characteristic peaks of MGITC

DOSE-RESPONSE ANALYSIS USING HILL EQUATION

DETECTION ASSAY IN PBS ; DETECTION ASSAY IN 20% {v/v) BOVINE SERUM
k {pM) n CoD R? START END g k {pM) n CoD R? START END
1177 em™ 0.129 0.820 0.990 0.977 4.67E+4  1.38E+5 8.58 1.15 0.997 0.994 8.94E+4  2.34E+5

1220em™ | 0.143 0.517 0.990 0.980 1.11E+4  3.93FH4 15.1 0674 0.999 0.999 1.13E4  4.19E+4
1290 em™ 0.155 0.692 0.998 0.995 1.35E+4  3.69E+4 9.01 0.849 0.999 0.999 2.56E+4  8.22E+4
1586 em™ | 0.756 0.284 0.981 0.962 1.82E4 B.7AEH4 155 1.17 0.999 0998 6.17E+4 1.41E+5
1618 em™ 0.196 0.471 0.990 0.981 3.97E+4  9.49E+4 28.5 0.618 0.998 0.995 6.88E+4  1.99E+5

a b) -~
) . ) 3
[ - -
5 k97— 10000pm § 6k 1 10000pM
g 1000 pM S ——1000 pM
——100 pM > ——100 pM
%‘ 5k 4 10 pM »  5k4q 10 pM
c 1pM § 1 pM
t 0.1 pM S 0.1pM
= 4k 0.01 pM e 4kq 0.01 pM
] g ——PBS
E ]
& 3k X 3k
3 h E
:
o 2k- £ 2k
6 o
o e
2 1k A £l
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- i i 1 [
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Figure S4 The (a) SERS plot of the entire concentration range of miRNA-17 target
tested and (b) the plot of entire range of miRNA-17 and the assay without target
(PBS)
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Table S6 Summary of fit parameters from the linear regression analysis of the assay
in PBS and diluted bovine serum

LINEAR REGRESSION ANALYSIS
DETECTION ASSAY IN PBS é DETECTION ASSAY IN 20% {v/v) BOVINE SERUM

PEAK {an) 1130 1220 1290 1618 1620 g 1180 1220 1290 1618 1620
SLOPE 2.66E4 6.84E3 6.70E3 1.13E4 1.48E4 5.29E4 8.38E3 1.52E4 2.64E4 3.69E4
INTERCEPT 3.60E5 9.33E4 9.24F4 1.60E5 2.16E5 7.42E5 1.17E4 2.22F4 3.83E5 5.20E5
ADJ R-SQUARED 0.884 0.915 0.913 0911 0.925 0.910 0.952 0.917 0.916 0.977
PEARSON'S R 0.961 0.971 0.970 0.970 0.975 0.969 0.984 0.972 0.972 0.992
R-SQUARE (COD) 0.923 0.943 0.942 0.941 0.950 0.940 0.952 0.945 0.944 0.985
FVALUE 23.9 33.2 323 318 38.0 312 129 338 341 60.1
p VALUE 0.0393 0.0289 0.0296 0.0300 0.0253 0.0306 0.00768 0.0284 0.0281 0.0162

Table S7 Summary of results of a One-Way ANOVA analysis of the SERS signal
intensity to determine the significance of Raman peak location

COMPARISON OF SERS SIGNAL INTENSITY VERSUS MIRNA-17 TARGET CONCENTRATION

DETECTION ASSAY IN PBS DETECTION ASSAY IN 20% (v/v]) BOVINE SERUM

PEAK LOCATION DF SUMOFSQUARES MEAN SQUARE F P-VALUE SUMOFSQUARES MEAN SQUARE F P-VALUE

1177 cm? 8 1.15E10 3.82E9 88.1 1.81E-6 3.36E10 1.12E10 146 2.52E-7
1220 am! 3 7438 24818 N5 3.50c-4 1.0769 3.5768 219 5118
1290 cm? 8 7.15E8 2.38E8 65.2 5.78E-6 4.37E9 1.46E9 178 1.16E-7
1586 om* 3 2.0309 6.77E8 608 7.53E-6 1.10E10 36709 130 4.03E7
1618 cm™ 3 2.66E9 8.88E8 55.0 111E-5 2.03E10 6.75E9 113 6.79E-7
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Table S8 Summary of results of a One-Way ANOVA analysis of the SERS signal
intensity to determine the significance of the target concentration

COMPARISON OF SERS SIGNAL INTENSITY WITH RAMAN PEAK LOCATION

DETECTION ASSAY IN PBS DETECTION ASSAY IN 20% (v/v] BOVINE SERUM

TARGET

DF  SUMOFSQUARES MEAN SQUARE F PVALUE SUMOFSQUARES MEANSQUARE F P-VALUE
CONCENTRATION

1nM 4 1.91E10 4.78E9 781 1.68E-7 7.45E10 1.86E10 333 1.37E-10
100 pM 4 8.94E9 22369 831 14512 599E10 150E10 301 2.24E-10
10 pM 4 4.37E9 1.09E9 859  1.23E-12 3.70E10 9.24E9 1350 1.27E-13
1pM 4 in 8.02E8 272 3410 138E10 3.45E9 128 1.53E8

Table S9 Paired t-Test of the signal intensity of the forward and reverse non-
complementary strands of the negative control RNA

FORWARD STRAND REVERSE STRAND

t Value p Value t Value p Value
miRNA 34-3p vs. PBS 0.904 0.42 : -1.18 0.30
miRNA 126-3p vs. PBS 0.629 056 I -1.56 0.19
miRNA 155-3p vs. PBS 2.38 0.076 : -0.792 0.47
miRNA 210-3p vs. PBS -1.06 0.35 : -0.624 0.57
RNA U6 vs. PBS -0.169 0.87 : -0.670 0.54
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Table S10 Vibrational peak

bovine serum

assignment of the prominent Raman peaks of diluted

PEAK {cm™} VIBRATIONAL MODE MAJOR ASSIGNMENT
872 v(c-0) Tyrosine, Prol.lne,
Hydroxyproline
dap (Deformed)
959 Hydroxyapatite, Lipid, Protein
carotenoid, cholesterol
1004 v,(C-C) Phenylalanine (Protein)
1157 v(C-C) and v(C-N) B -Carotenoids (Protein)
o Tryptophan (Protein),
Lol Bl Phenylalanine (Protein)
1210 Tryptophan and Tryptophan (Protein),
Phenylalanine Phenylalanine (Protein)
1260 V(C-N), S(N-H) Amide Ill (Protein),
Collagen
1351 CH;CH, Wagging Collagen {Protein)
o Collagen (Protein),
Lesg 5(CHz) Phospholipids (Lipids)
1521 v{C=C) B -Carotenoids (Protein)
1593 8(C=C) Phenylalanine (P.rotem),
Hemoglobin
1691 de 1, a-helix Protein, Phospholipids

v(C=0)
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Figure S5 Raman spectra of the diluted bovine serum and the normalized SERS
signal of the miRNA-17 detection assay tested in diluted bovine serum
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Figure S6 The (a) raw SERS spectra for the entire target range and (b) integrated
peak area for the characteristic peak of MGITC centered at 1618 cm™! for different
concentrations of miRNA-17 suspended in diluted bovine serum
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Figure S7 The normalized peak area of the for the characteristic peaks of MGITC at
different concentrations of miRNA-17 for the assay in (a) PBS and(b) diluted bovine

serum
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Figure S8 The resultant amplification plots obtained from the real-time reverse
transcription PCR (qRT-PCR) for miRNA-17 in a) water and b) bovine serum

solution
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Table S11 Summary of flow parameters of both the cellulose and nitrocellulose
membranes used in the designed 3D microfluidic paper-based analytical device

Whatman Grade 1 FF120HP Nitrocellulose
Chromatography Paper Membrane
Thickness 180 pm 100 pm*
Weight 87 g/m? --
Pore Size/ Particle 11 pm --
Retention
Flow Rate 130 mm/ 30 min 4 cm/ 90-150 seconds

*Nitrocellulose membrane without backing
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