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ABSTRACT

Myocardial infarction (MI) is a critical disease that affects a large population and
has a high rate of mortality. Development of a point-of-care (POC) system for the
detection of a biomarker panel composed of cardiac troponin I (¢Tnl), copeptin, and heart-
type fatty acid-binding protein (h-FABP), is better than detection of a single biomarker
because it can achieve an improved diagnosis of MI and a rapid rule-out of the non-MI
patients in the field. Further, using a multiplex POC testing approach is more efficient for
detecting a biomarker panel, because it requires a less total volume of sample, shorter
analysis time, and lower total cost.

In this work, surface-enhanced Raman spectroscopy (SERS), a sensitive optical
modality, was used as the transduction mechanism for the detection of the biomarkers for
MI. Assays developed on paper-based microfluidic platforms were used to achieve the
recognition of the biomarker and afforded the ability to be low cost and user-friendly. A
silica shell nanoparticle was first developed to provide a stable and strong SERS signal.
Using this SERS active particle, a single biomarker assay for the detection of cTnl was
developed. To enhance the sensitivity, the paper-based microfluidic platform was
improved by designing a localized dissolvable delay to tune the flow rate in the paper
channel. In addition, a horizontal motion mechanical valve was designed to automatically
finish the multiple steps in the assay. However, the sensitivity of the assay still needs to
be improved. To overcome this, a new SERS active particle using a Raman reporter

molecule (RRM) as a spacer to form a nanometer gap between a gold core and a gold shell
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was developed. The nanometer gap largely enhanced the SERS signal; the gold shell
protects the RRM and ensures a stable SERS signal. Using the improved SERS active
particle, a multiplexed assay for detection of the biomarker panel (cTnl, copeptin, h-
FABP) was developed. The signal from each biomarker on a single test line was resolved
by using separate peaks from different RRMs in SERS active particles. The detection
ranges of the assay successfully covered the clinically relevant range of the three

biomarkers.
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1. INTRODUCTION

1.1. Myocardial infarction

1.1.1. Mechanism

Atherosclerosis is a process related to plaque formation [1]. It tends to happen at
the sites with low or oscillatory endothelial shear stress, located near branch points and
along inner curvatures [2]. These sites usually show an adaptive intimal thickening with
smooth muscle cell accumulation within the intima, which provides a soil for initial lesion

development [2].

Generally, a plaque is formed by the following processes. In the beginning, the
low-density lipoprotein (LDL) starts to accumulate in the arterial intima, relying on the
good ability of LDL to infiltrate into the endothelium or to adhere to extracellular matrix
components [3]. The LDL then undergoes oxidation and aggregation, which forms
modified LDL and oxidized lipid moieties [2]. These factors stimulate the immune
response and cause inflammation [2]. Specifically, these factors induce endothelial cells
and smooth muscle cells to express adhesion molecules, chemoattractants, and growth
factors that stimulate homing and migration of monocytes, and differentiation of the
monocytes into macrophages and dendritic cells [2]. Lipids then deposit on the
macrophages and dendritic cells and form foam cells [2]. After forming several layers of
foam cells in the intima, a visible yellow-colored layer called xanthomas or fatty streaks

forms [2]. Many fatty streaks do not progress further, but some progress into pathological

1



intimal thickening, which shows small lipid pools beneath the layers of foam cells [2]. In
the position where has high apoptosis and necrosis of foam cells and smooth muscle cells
but has an impaired removal of apoptotic remnants, the lipid pool further grows into a
necrotic core [2]. Afterward, neovessels grow into the base of the plaque, which provides
an alternative entry pathway for monocytes and immune cells. However, the plaque
neovessels are fragile and leaky and easily lead to intraplaque bleedings, which may
expand the necrotic core and promote inflammation [2]. During the formation of the
necrotic core and plaque neovessels, the connective tissue of the plaque may undergo
fibrosis. The connective tissue gradually changes to collagen-rich fibrous tissue [2]. On
the luminal side of the vessel wall, the smooth muscle cells that migrate here synthesize
extracellular matrix composed of collagen-rich fibrous tissues, and this process forms the
fibrous cap [2, 3]. The necrotic core and surrounding tissue then may be calcified and it

forms a fibrocalcific plaque [2, 4].

During the development of the plaque in the coronary artery, the artery lumen
becomes narrow. The arterial remodeling increases the cross-sectional area of the artery
to compensate for the narrowing of the lumen area [2, 5]. However, when the plaque is
too large, it may restrict the coronary artery blood flow and lead to atherosclerosis caused
luminal narrowing diseases (e.g. stable angina pectoris) [2]. In addition to luminal

narrowing, atherosclerosis can lead to diseases through the caused thrombosis [2].

Thrombosis, a process related to forming a blood clot in a blood vessel, is usually

caused by plaque rupture and plaque erosion[2, 4]. The fibrous cap of the plaque slowly



becomes thinner due to the gradual loss of smooth muscle cells from the fibrous cap and
the degradation of the collagen-rich cap matrix by infiltrating macrophages [2, 5]. At the
sites where the fibrous cap is thinnest, the plaque easily ruptures. Generally, the plaque
rupture causes the formation of a gap in the fibrous cap that exposes the highly
thrombogenic core to the blood in the arterial lumen [2]. A thrombus then starts to form.
Initially, the thrombus forms within the plaque, and then it protrudes into the arterial lumen
and its surface exposed to the blood will be covered by activated platelets [5]. The
thrombus may further grow into a loose network of fibrin containing large numbers of
entrapped red cells, and it may eventually occlude the artery [5]. In addition to plaque
rupture, thrombus can also be formed by plaque erosion, which leads to loss of the
antithrombotic properties of the plaque surface and exposure of a large area of the surface
of the subendothelial connective tissue of the plaque [2, 5]. This erosion may be caused
by the endothelial damage due to vasospasm, [2] endothelial cell loss due to macrophages,
and the produced proteases loosening the endothelial cells from their adhesion to the

vessel wall [5].

In most cases, part of the thrombus is removed by natural lysis. The exposed part
of the thrombus becomes less active in causing platelet adhesion, the smooth muscle cells
migrate into the area and produce new connective tissue, and the plaque integrity is
restored [5]. However, in some cases, the thrombus can immediately narrow or block
coronary arteries [6] and lead to a reduction in blood flow and reduction of nutrients and
oxygen in cardiomyocytes, which leads to myocardial ischemia and myocardial necrosis

[1, 6]. The myocardial necrosis due to extended ischemia in cardiomyocytes is called a
3



myocardial infarction (MI). Notably, most M1 is caused by thrombosis that obstructs blood

flow to the heart [2, 5].

Based on the changes in an ECG (electrocardiogram), MI can be classified into
ST-elevated myocardial infarction (STEMI), non-ST-elevated myocardial infarction
(NSTEMI) [7]. More recently, Ml is classified into five more specific categories (Type 1
to Type 5), based on pathological, clinical and prognostic differences, along with different
treatment strategies [8]. Type 1 MI refers to spontaneous myocardial infarction, which
emphasize the MI related to plaque disruption and coronary athero-thrmbosis. Type 2 MI
refers to myocardial infarction secondary to an ischemic imbalance, which emphasize the
imbalance unrelated to acute coronary athero-thrombosis. Type 3 MI refers to myocardial
infarction resulting in cardiac death when biomarker values are unavailable (before
cardiac troponin values become available or become abnormal). Type 4a M1, Type 4b MI,
and Type 4c MI, refer to myocardial infarction related to percutaneous coronary
intervention, stent/scaffold thrombosis associated with percutaneous coronary
intervention (PCI), and restenosis associated with percutaneous coronary intervention,
respectively. Type 5 MI refers to myocardial infarction related to coronary artery bypass

grafting (CABG) [8].

1.1.2. Prevalence, Incidence, and Mortality
The population affected by MI and the impact of MI are problematic. Specifically,

the prevalence of M1, which refers to an estimate of how many people have MI at a given



point or period in time (including new and preexisting), is not low. According to data from
NHANES (National Health and Nutrition Examination Survey) between 2011 and 2014,
the overall prevalence for M1 is 3% in US adults >20 years of age [9]. According to data
from a self-reported national survey in the UK in 2014, there are about 915000 people
have an MI in the UK [10]. MI also has a high incidence, which refers to the number of
new cases of MI that develop in a population. It is reported that every 40 seconds, an
American will have a MI [11]. From the 2005 to 2014 ARIC study of the NHLBI, the
estimated incidence of new MI is 605000 per year in the US [11]. In addition, M1 is a fatal
disease; based on an AHA calculation, it is estimated that around 14% of the people who
experience MI will die of it [9]. Moreover, mortality rate in MI poses serious problems.
Based on a data from world health organization (WHO), 17.9 million people die from
cardiovascular diseases in 2016 globally and 85% of the deaths are due to MI and strokes
[12]. According to the US national Medicare data from 2015 to 2016, the median hospital
risk-standardized mortality rate for MI was 13.1%, and the median risk-standardized 30-
day readmission rate was 15.8% [11]. MI has posed a large economic burden to the US
health system with annual costs estimated at $177.1 billion [13].

It worth to note that MI affects male and female differently. The prevalence of MI
in males (4.0%) is higher than the prevalence in females (2.3%). From data in the UK in
2013, the prevalence of MI in males was about three times higher than in females [10]. In
addition, the incidence of MI in males is higher than it in females in all age groups. The

mortality of MI in males (57.9%) is also higher than it in females (42.1%) [11]. MI also



shows higher prevalence, incidence, and mortality in elder groups or populations than in
younger groups of populations [10, 11].

The impact of MI on different ethnic groups are also different. Specifically, the
prevalence of MI in US adults (>20 years of age) is different in different ethnic groups;
the prevalence of MI is similarly high in both non-Hispanic White and non-Hispanic
Black, followed by Hispanic and non-Hispanic Asian [11]. In addition, Black has a higher
incidence of MI in all age groups [11]. It is also reported that the median survival time
after a first MI for blacks (7.0 years for males, 5.5 years for females) is shorter than that
for whites (8.4 years for males, 5.6 years for females), in the patient group of >45 years of
age [11]. Another study reports that survival and life expectancy after MI were higher in
whites (7.4%) than in blacks (5.7%) [11].

In addition, several studies reports that socioeconomic status is related to recurrent
MI, mortality, and MI incidence. In a study in central Israel, living in poor socioeconomic
status neighborhoods was associated with greater risk for recurrent MI after the patients
were discharged from hospitals after first MI [11]. A study of Finnish adults shows that
income and education were associated with MI incidence, and low adult socioeconomic
resources was a strong determinant of MI incidence and fatality [11]. In a study for US
adults (45 - 74 years of age) in 2009 to 2013, economic/social conditions is a main factor
accounting for the US county variation in cardiovascular disease mortality (32% of the
variation in county cardiovascular disease), in addition to other factors including
demographic composition (36%), healthcare utilization, features of the environment, and

health indicators (the three cumulatively accounted for 6%) [14]. It was reported that there



is a higher mortality rate after M1 in patients with characteristics like lower socioeconomic
status, poorer social support, etc. [15]. In addition, differences in life expectancy between
white and black patients were smaller in medium and low socioeconomic status areas, but
were larger in high socioeconomic status areas [11]. In another study of MI mortality for
the period 1999-2007 in the US, it shows that neighborhood with a high proportion of the
population with low education (less than high school education) tended to have a higher

MI mortality [13].

1.1.3. Treatment

For patients with chest pain and/or suspected MI, treatment can be started after
onset of the symptom and before arriving the hospital [16]. Prehospital treatments, like
cardiopulmonary resuscitation (CPR), early defibrillation using automated external
defibrillators (AEDs), can be used immediately after the onset of the symptom [16].
Prehospital emergency medical system can administrate aspirin on the way transporting
the patient to hospital [16].

After the patient arrives the emergency department, supplemental oxygen,
nitroglycerin, analgesia, aspirin, beta-blockers, and reperfusions can be administrated. The
supplemental oxygen may help to limit the ischemic myocardial injury. The nitroglycerin
leads to peripheral arterial and venous dilation and helps to improve coronary flow.
Analgesia (e.g. morphine sulfate) is used to relief the pain caused by MI [16]. Aspirin can
produce antithrombotic effect and largely reduce the mortality risk [17]. Beta-blockers

reduces myocardial oxygen demand by reducing heart rate, systemic arterial pressure, and



myocardial contractility, which eventually reduces magnitude of infarction, rate of
reinfarction, and mortality [17].

Notably, reperfusion, which refers to the restoration of the blood flow in the
obstructed infarct artery, is very important in the treatment of MI patients. Usually,
reperfusion can be accomplished by fibrinolytic therapy (pharmacological approach) and
primary percutaneous coronary intervention (catheter-based approach) [16].

In fibrinolytic therapy, plasminogen activators are used to expose the active
enzymatic center of plasmin, which then cleaves the fibrin cross-links and breaks down
the thrombus [17]. Some approved plasminogen activators include alteplase, reteplase,
streptokinase, and tenecteplase-tPA [17]. These fibrinolytic agents are used via
intravenous administration, and the cost per dose of these fibrinolytic agents ranges from
$613 to $2974 [17].

Based on AHA guideline, percutaneous coronary intervention (PCI) refers to a
group of technologies capable of relieving coronary narrowing. It includes percutaneous
transluminal coronary angioplasty, rotational atherectomy, directional atherectomy,
extraction atherectomy, laser angioplasty, and implantation of intracoronary stents and
other catheter devices [18]. The cost for PCI is high, with the mean hospital charges of
around $84813 in 2014 [11]. PCI is an invasive non-surgical procedure [19]. The most
commonly used PCI is percutaneous transluminal coronary angioplasty or implantation of
intracoronary stents [19]. In the procedure of percutaneous transluminal coronary
angioplasty, a needle is first inserted into the femoral artery, followed by the insertion of

a guidewire through the needle into the blood vessel [20]. A sheath is then placed over the



guide wire and into the femoral artery. A diagnostic catheter for imaging of the coronary
artery can then be inserted through the sheath. To perform percutaneous transluminal
coronary angioplasty, a guide catheter with a larger luminal diameter is inserted similarly
to the diagnostic catheter, and it is placed in the ostium of the respective artery. A
guidewire is then inserted through the catheter and across the blocked or narrowing area.
A balloon wire is then guided to the blocked or narrowed site, and the balloon is then
inflated and deflated repeatedly to widen the passage [20]. Intracoronary stents are usually
used together with percutaneous transluminal coronary angioplasty to hold the artery open
and improve clinical outcomes [19, 20]. To insert a stent, the balloon is deflated and the
balloon wire is removed and exchanged for a stent. A collapsed stent is positioned in the
initially narrowed site widen by the balloon. The collapsed stent is then expanded, and the
stent stays in the position. After confirming that the blood flows well in the artery, the
catheter is removed and the procedure is completed [20].

Selection of fibrinolytic therapy or PCI depends on time length from onset of
symptoms, risk of mortality, risk of bleeding, and time required for transport to a skilled
PCI lab [16]. The efficacy of fibrinolytic therapy is more depends on the time length from
onset of symptoms, with the best efficacy with short time and worst efficacy with a long
time [16]. It is reported that fibrinolytic therapy administrated within the first 2 hours may
abort MI and largely reduces mortality [21, 22]. PCI is favored than the fibrinolytic
therapy when the estimated mortality with fibrinolytic therapy is very high [16]. In
addition, PCI is favored than the fibrinolytic therapy when the risk of bleeding with

fibrinolytic therapy is high in the patient [16]. However, the interventional cardiology



facility for PCI is not always available, in contrast to the more available fibrinolytic
therapy. According to the ACC/AHA guideline, fibrinolysis therapy should be
administrated if the primary PCI cannot be administrated within 1.5 hours of first medical
contact unless contraindicated [16].

In addition to PCI and fibrinolytic therapy, MI can be treated by coronary artery
bypass graft (CABG), which requires an open-heart surgery. CABG can be useful as the
primary reperfusion strategy in patients who have suitable anatomy and who are not
candidates for fibrinolytic therapy or PCI [16]. In CABG, a healthy blood vessel from
another part of the patient’s body is used to connect the blood vessels above and below
the narrowed artery. The used healthy blood vessel reroutes the blood and bypasses the
narrowed or blocked coronary arteries [23]. The cost for CABG is much higher than PCI
and fibrinolytic agents, with the mean hospital charges of around $168541 for CABG in
2014 [11].

Many factors play a role in the selection of CABG or PCI. In comparison to CABG,
PCI is easier to use and requires shorter convalescence and lower cost [18, 20]. PCI is
favored over CABG for critical coronary artery stenosis [19]. However, PCI often requires
the blocked artery to meet some anatomical criteria, but CABG has less limitation on this
[18]. CABG is favored than PCI in patients with diabetes with multivessel disease. In
addition, SYNTAX score, which can estimate the complexity of coronary lesions, is used
to help make the selection [19]. For example, CABG is favored over PCI in patients with

two or three-vessel disease and high SYNTAX score. CABG is also favored over PCI in
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patients with the left main disease or one or two-vessel disease and low SYNTAX score
[19].

Ancillary therapy, such as antithrombins and low molecular weight heparin, can
be used together with reperfusion therapy [17]. It can help to facilitate and maintain
coronary reperfusion, limit the consequences of myocardial ischemia, enhance myocardial
healing, and reduce the likelihood of recurrent events [17]. In clinical settings, multiple of
the treatments mentioned above may be used together to further increase clinical
outcomes.

After applying therapy on MI patients, the patients are continued to be monitored
and managed in the hospital. During the hospital stay, patient education is provided;
patient’s level of activity and diet are managed; anxiety level is assessed and managed,
medication administration is managed; infarct size is measured; hemodynamic
disturbances are assessed, and if there are any complications, such as hypotension, low-
output state, pulmonary congestion, cardiogenic shock, right ventricular infarction, the
patient will undergo its corresponding treatment; the patient is evaluated to exclude
arrhythmias after MI, recurrent chest pain after MI, ischemic strokes, deep venous
thrombosis, and pulmonary embolism, and the patient will be treated if there are any of
these symptoms; risk stratification is used to determine whether the patient is a candidate
for discharge or needs a follow-up treatment. After the patient is discharged from the
hospital, the patient may undergo cardiac rehabilitation and follow-up visit for long-term

management of cardiac health [16].
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CABG and PCI, the treatments that are more expensive than fibrinolytic therapy,
are widely used because the efficacy of both methods depends less on the time length after
the onset of MI symptoms. It is estimated that 371000 of CABG and 480000 of PCI, have
been operated for inpatients in the US in 2014 [11]. The high costs of treatment together
with other costs of medical care make MI 1 of the 10 most expensive conditions ($12.1
billion) treated in US hospitals in 2013 [11]. Because the efficacy of fibrinolytic therapy
depends a lot on the short time length from the onset of symptoms, the time length is better
to be controlled to be short. In addition, it is mentioned that the time to administrate the
reperfusion therapy is a key determinant of short- and long-term outcomes of the MI
patients [ 16]. It is emphasized the gains from reperfusion are greatest in the first few hours
of symptom onset and rapidly decline afterwards [7]. Keeping the time between the onset
of MI and PCI treatment within 2 hours to within 1.5 hours is recommended to maximize
the benefits for reperfusion by PCI [16]. Morbidity and mortality of MI can be reduced
significantly if patients and bystanders recognize symptoms early, activate the EMS
system, and shorten the time to definitive treatment [16]. Therefore, achieving a short
time length between treatment and onset of symptoms and administrating the treatment

rapidly are important for MI patients.

1.2. Diagnosis of myocardial infarction
MI patients usually show the symptoms of chest pain, shortness of breath,
weakness, nausea, vomiting, and/or fatigue [24]. These symptoms are also common in

other health conditions, and thus MI may easily be confused with other diseases [25].
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Thus, diagnosis of MI relies on other techniques in addition to the symptoms. The
American Heart Association (AHA) and the American College of Cardiology (ACC)
guidelines provide some recommended diagnostic procedures to decide on the need for
hospitalization and assist in the selection of an optimal treatment for patients presenting
with chest pain suspected to have a MI [7]. Specifically, diagnosis of MI relies on a
combination of the patient’s medical history and risk factors, a physical examination,
ECG, and testing of cardiac biomarkers from blood [8]. In addition to ECG and blood
biomarkers, imaging methods, such as chest X-ray, transthoracic echocardiography,
transesophageal, and a contrast chest computed tomographic scan or a magnetic resonance
imaging scan can be used to learn more about a patient’s condition and rule out other
causes of symptoms [7, 8, 16]. The results from diagnostic tests and risk stratification tools
based on patient history can help clinicians decide on discharge or admission of the patient,
guide the treatment, and help select the site of care (outpatient monitored unit, monitored

step-down unit, or coronary care unit) [7].

In terms of the more specific MI categories (Type 1 to Type 5), the criteria for
diagnosis of each category of MI are also slightly different. Specifically, the criteria for
diagnosis of Type 1 and 2 MI include elevated cardiac troponin values above the 99th
percentile upper reference limit (URL), detection of a raise and/or fall of cardiac troponin
values, evidence of acute myocardial ischaemia, and at least one of the following:
symptoms of myocardial ischaemia, new ischaemic ECG changes, development of
pathological Q waves, imaging evidence of new loss of viable myocardium or new

regional wall motion abnormality in a pattern consistent with an ischaemic aetiology, or
13



identification of a coronary thrombus by angiography or autopsy (not for Type 2 MI) [8].
Type 3 Ml is determined if the patient has the symptom of myocardial ischaemia, and new
ischaemic ECG changes or ventricular fibrillation, but die before blood samples for

biomarker can be obtained or before the increase in cardiac biomarkers can be identified.

Type 4 and Type 5 MI are coronary procedure-related MI. The criteria for
diagnosis of Type 4b and 4c MI are the same as the criteria for Type 1 MI [8]. The criterion
for diagnosis of Type 4a is an elevation of cardiac troponin values >5 times of the 99th
percentile URL in patients with normal baseline values (<99th percentile URL) within 48
hours after the procedure. The criterion for diagnosis of Type 5 is an elevation of cardiac
troponin values >10 times of the 99th percentile URL in patients with normal baseline
values (<99th percentile URL) within 48 hours after the procedure [8].

The length of time spent on the diagnosis of MI is important. Firstly, early
diagnosis of MI is critical to ensure rapid treatment of the patients. It is mentioned that a
rapid treatment usually requires a less invasive treatment and also leads to a much lower
mortality [7, 26, 27]. As mentioned above, keeping the time between the onset of MI and
PCI treatment within 2 hours to within 1.5 hours is recommended to maximize the benefits
for reperfusion by PCI [16]. In addition, it is recommended to control the door-to-needle
time within 30 min and door-to-balloon time within 90 min [16]. Secondly, early rule-out
of non-MI patients and the consequent early discharge help to avoid the prolonged
monitoring and the high cost of staying in the hospital [28].

There are several diagnostic protocols recommended in the guidelines for the

diagnosis of MI [24]. To decrease the time for diagnosis of MI, accelerated diagnostic
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protocols with less steps have been established in addition to the comprehensive protocols.
In the accelerated diagnostic protocols, the minimum tests are ECG and troponin tests [7].
Because both ECG and troponin tests can be performed in an emergency department, a
separate chest pain unit, or a telemetry unit [ 7], the accelerated diagnostic protocols largely
increase the access to MI diagnosis in resource-limited settings.

In terms of ECG, it is recommended that an ECG should be obtained and
interpreted as soon as possible within 10 minutes of arrival in the emergency department
in all patients with suspected MI [25, 29]. Additional ECG is performed when there are
recurrent symptoms or diagnostic uncertainty [25].

In terms of the troponin tests, serial measurements of troponin at different time
points after a patient presents in the emergency department are usually used. Generally, a
patient is very likely to have MI when a high 0-hour concentration of troponin or a high
absolute change of troponin within 1h, 2h, or 3h during serial measurements is present
[24]. Monitoring of dynamic changes of troponin in serial measurements is important,
because it helps to distinguish MI from other non-MI cardiac diseases (e.g. valvular heart
disease, heart failure, myocarditis) that can lead to a high troponin level at 0 hour [25].
Because the time points for monitoring of troponin are different in different diagnostic
protocols, the lengths of time for the patients to stay for monitoring varies. Currently, the
decision algorithms that require a relatively short length of time are 0/3h-ESC Algorithm,
2h-ADP Algorithm, 0/2h Algorithm, Alternative 1h Algorithm, 0/1h-ESC Algorithm, and
Very Low c¢Tn Algorithm [24]. Among the 6 algorithms, the Very Low c¢Tn Algorithm,

0/3h-ESC Algorithm, and 2h-ADP, are only used for rule-out of MI. The Very Low c¢Tn
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Algorithm requires only one measurement of troponin at 0 hour after the patient presents
in the emergency department. The 0/3h-ESC Algorithm and 2h-ADP require
measurements of troponin at 0 hour and 3 hour and 0 hour and 2 hour, respectively. The
0/2h Algorithm, Alternative 1h Algorithm, and 0/1h-ESC Algorithm, can be used for both
rule-in and rule-out of MI. The 0/1h-ESC Algorithm and the Alternative 1h Algorithm
require measurements of troponin at 0 hour and/or 1 hour after the patient presents in the
emergency department. The 0/2h Algorithm requires measurements of troponin at 0 hour
and 2 hour [24]. The 0/1h-ESC Algorithm is the most rapid algorithm for both rule-out
and rule-in of MI. Specifically, when using the ARCHITECT STAT high sensitive
troponin I immunoassay, the 0/1Th-ESC Algorithm rules in MI when cardiac troponin I
level is higher than 0.052 ng/mL at 0 hour or the 1-hour change of cardiac troponin I is
higher than 0.006 ng/mL. It also rules out MI when cardiac troponin I level at 0 hour are
lower than 0.005 ng/mL at 0 hour and the 1-hour change of cardiac troponin I is lower
than 0.002 ng/mL. In addition, the Very Low c¢Tn Algorithm is the most rapid algorithm
for rule-out MI. When using the ARCHITECT STAT high sensitive troponin I
immunoassay, the Very Low c¢Tn Algorithm rules out MI when cardiac troponin I level is
lower than 0.002-0.005 ng/mL at 0 hour [24]. Therefore, in the most rapid scenario of
using troponin tests, a patient with suspected MI can be ruled in or ruled out within 1 hour

after presence in the emergency department.

1.3. Cardiac biomarkers for myocardial infarction
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Cardiac biomarker testing is widely used in the emergency department. In a study
of emergency department visits by adults (>18 years old) selected from the 2009 and 2010
National Hospital Ambulatory Medical Care Survey, it is reported that biomarker testing
occurred in 16.9% of the emergency department visits in the U.S. (28.6 million visits) [30].
In addition, cardiac biomarker testing is frequently used in emergency department visits,
no matter the patient has clinically relevant symptoms or not [30]. In addition to diagnosis,
serial cardiac biomarker measurements are also useful for monitoring and managing MI
patients, such as offering supportive noninvasive evidence of reperfusion after
administrating therapy [16].

Several parameters are often used in clinical studies to evaluate the performance
of the cardiac biomarkers. Area under the curve refers to the area under the receiver
operating characteristics (ROC) curve. A large area under the curve indicates a high
probability of correct classification or prediction and a good diagnostic ability. Negative
predictive value (NPV) refers to the percentage of patients with a negative test who do not
have the disease. A high NPV value usually indicates a good ability of the biomarker for
rule-out. Sensitivity refers to the percentage of persons with the disease who are correctly
identified by the test. Specificity refers to the percentage of persons without the disease
who are correctly excluded by the test [31].

Cardiac troponin is a well-established cardiac biomarker for MI. Cardiac troponin
is a protein located on the actin-containing thin filament of the sarcomere of cardiac
muscles [32]. Troponin attaches to tropomyosin and contains binding sites for calcium

ions. When no calcium binds to troponin, the tropomyosin covers the myosin-binding sites
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of actin. In this case, the interaction between myosin and actin is inhibited. When calcium
ion binds to troponin, troponin pulls the tropomyosin away from the myosin binding sites
and exposes the myosin-binding sites. Myosin head then attaches to the myosin-binding
site of actin and pulls the actin filament. This process leads to the contractile movement
of the cardiac muscle. After calcium becomes dissociated from troponin, muscle
relaxation occurs [32]. In a healthy human, troponin circulating in the blood is low. When
cardiomyocytes are damaged due to MI, more troponin is released into the circulation, and
the concentration increases [32]. The troponin levels rise within a few hours of symptom
onset and typically remain elevated for several days [7].

Troponin is a complex of three subtypes, troponin C, troponin T, and troponin L.
Troponin C serves to bind four calcium ions, troponin T serves to bind to the tropomyosin,
and troponin I serves to bind to actin and inhibit the interaction of actin with myosin [32,
33]. Because the troponin T and troponin I in cardiac muscle have different structures
compared with the troponin T and troponin I in skeletal muscle, cardiac troponin T (cTnT)
and cardiac troponin I (cTnl) can be used to specifically indicate cardiac muscle damage
[34]. Guidelines from ACC and AHA have identified cTnl or ¢TnT as the preferred
biomarker for MI and the evaluation of myocardial injury [26]. Early troponin
measurement (within 6 hours of arrival) is recommended for all patients with acute
NSTEMI [35].

Consensus has been reached that the cut-off value of cardiac troponin for MI is
defined as the 99th percentile upper reference limit (URL). The 99the percentile URL is

obtained by measuring the cardiac troponin levels in a healthy population using a cardiac
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troponin assay. It should be noted that the cut-off values of cardiac troponin are
population- and assay-dependent. The troponin concentration is affected by the sex and
age of the population, and thus the cut-off value varies [24]. To reduce the sex and age
factors, sex-specific and age-specific cut-off values of troponin have been used [36, 37].
However, more studies are still needed to elucidate the benefits and/or harms of using sex-
and age-specific cut-off levels in the diagnosis of MI [24, 36]. In addition, because the
99th percentile value is assay-dependent, the specific cut-off values are different when
using different troponin assays. For example, when using ARCHITECT 12000SR c¢Tnl
immunoassay (Abbott Diagnostics), the 99th percentile cut-off is 0.027 ng/mL [38]. When
using the ADVIA Centaur cTnl assay (Siemens Healthcare Diagnostics), the 99th
percentile cut-off is 0.04 ng/mL [39, 40]. Although the specific values vary, the 99th
percentile cut-off values are mostly within the range 0 0.01-0.1 ng/mL [39]. As mentioned
in Section 1.2, in addition to the absolute concentration of ¢cTnl at a time point, quantifying
changes of troponin within 1h, 2h, or 3h during serial measurements is also important.
Therefore, a quantitative assay for the detection of ¢cTnl should cover 0.01-0.1 ng/mL for
the diagnosis of MI.

Many other cardiac biomarkers have been mentioned in clinical studies for their
values in the diagnosis or prognosis of MI. Copeptin and heart-type fatty acid-binding
protein (h-FABP) are two cardiac biomarkers important for ML

Arginine-vasopressin (AVP) is a hormone related to antidiuresis, vasoconstriction,
and stress response [41, 42]. AVP originates from provasopressin and is mainly

synthesized in the hypothalamus and released from the posterior pituitary [41, 43]. Some
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studies show that AVP may also be synthesized by cardiac tissues and other tissues outside
the hypothalamus, but more studies are needed to confirm these findings [41, 43]. When
the presence of MI, homeostasis of the body is disturbed, which acts as a stress and thus
activates the release of AVP [43]. Therefore, measurement of AVP can help to indicate
MI. However, AVP has a short half-life (5-15 min) and is easily bound to the platelet. Due
to this, direct detection of AVP is difficult [42]. Copeptin, the C-terminal segment of
provasopressin, is a glycosylated 39 amino acid polypeptide and is stoichiometrically co-
secreted with AVP [44]. Copeptin is better than AVP as a biomarker for measurement due
to its longer half-life (82 min) in circulation and its good stability during days after blood
withdrawal at room temperature [43, 44]. Copeptin is elevated 0-4 h after the onset of
symptoms of acute MI [45]. In a healthy human, the copeptin concentration is in the range
of 0.004-0.018 ng/mL (1-4.4 pM) [43]. The clinical cut-off value of copeptin to indicate
MI is 0.056 ng/mL (14 pM) [43]. Therefore, a quantitative assay for the detection of
copeptin should cover 0.004-0.056 ng/mL.

Copeptin has value in diagnosing MI, predicting infarct size, and predicting
outcomes after MI [43]. In contrast to the standalone biomarker of MI like cardiac
troponin, copeptin is more often used as an add-on biomarker. ESC guidelines mention
that copeptin has clinical value for the diagnosis of MI when combined with troponin [46].
Several clinical studies demonstrate the additive value of copeptin on troponin for early
rule-out of MI [47-49]. A rapid and reliable rule-out of MI may obviate the need for
prolonged monitoring and serial blood sampling in the emergency department for the

majority of patients, and thus reduce the cost and the time of their stay [42]. It is reported
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that a dual-marker strategy combining normal levels of troponin together with low levels
of copeptin at presentation shows a very high NPV for MI [46, 49]. Another study shows
that combining copeptin and cTnl provides a high NPV of 98% among populations with
a high prevalence of acute MI [50]. Adding copeptin to troponin also improves the
sensitivity for the diagnosis of acute MI from 87% to 96% [47]. In another study, the
combination of copeptin and cardiac troponin provides a high area under the ROC curve
(0.97), a high sensitivity (98.8%), and a high NPV (99.7%) for acute MI [42]. Notably,
the additive value of copeptin on cardiac troponin is especially important in the first 3
hours of symptom onset when the cardiac troponin levels have not increased a lot [43].
For acute MI within 3 hours after chest pain onset, the combination of copeptin and cTnT
achieves a higher area under the ROC curve (0.9 vs. 0.77), sensitivity (85.1% vs. 43%),
and NPV (92.4% vs. 82.4%) compared to cTnT alone [48]. ESC guidelines emphasize
that the additive value of copeptin to conventional (less sensitive) troponin assays is
substantial [46]. The routine use of copeptin as an additional biomarker for the early rule-
out of MI is recommended especially when the very sensitive troponin assays are not
available and only the less sensitive troponin assays are available [46]. When the very
sensitive troponin assays are available, copeptin may still have some additive value in the
early rule-out of MI [46].

Heart-type fatty acid-binding protein (h-FABP), is a cytosolic protein that is
involved in the transportation of long-chain fatty acids [51]. In extracellular fluids, fatty
acids can be transported by albumin. In the myocyte cytoplasm, h-FABP is the transporter

that is bound to the long-chain fatty acids and transports them to the mitochondria outer
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membrane [45, 52]. H-FABP mainly present in cardiac myocytes [45]. Although h-FABP
also presents in skeletal muscle, brain, and kidney, the concentrations at these locations
are very low [45]. When myocardial ischemia occurs, h-FABP leaks out of myocardial
tissue leading to a concentration increase in blood [53]. Due to the smaller molecular
weight (15 kDa) than cardiac troponin (23.9 kDa for ¢Tnl) and the primarily cytosolic
location, h-FABP reaches a high concentration in plasma or serum much earlier than
cardiac troponin [52]. h-FABP can be detected as early as 1 h after the onset of acute MI
[54]. Its plasma concentration reaches the peak value 8 h after onset of symptoms with a
clearing time within 36 h of onset [53]. Due to the shorter clearing time of h-FABP, its
concentration decreases and returns to baseline faster than cardiac troponin [45]. Thus,
sustained high concentrations of h-FABP may indicate the presence of re-infarction, which
may be missed if only using cardiac troponin [45]. However, renal diseases impair the
clearing of h-FABP, which also causes a high concentration of h-FABP. In addition, h-
FABP exhibits low specificity in the detection of MI in the presence of skeletal muscle
injury and renal insufficiency [55]. The often-used clinical cut-off value of h-FABP is 6.2
ng/mL [56]. Other cut-off values within the range of 5-16.8 ng/mL are also used [57].
Thus, a quantitative assay for the detection of h-FABP should cover the 5-16.8 ng/mL
range.

Instead of being used as a standalone biomarker [45], h-FABP is better to be used
as an add-on biomarker, and its add-on value of h-FABP has been discussed in multiple
studies [58-61]. The combination of h-FABP and cardiac troponin improves early rule-out

of acute MI [58, 60] and helps early diagnosis of M1 [60, 62, 63]. Specifically, the addition
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of h-FABP to cardiac troponin improves the diagnostic sensitivity from 42-75% to 76—
97% in the early hours of MI [62]. It is mentioned that combined measurement of an early
biomarker such as h-FABP and a later biomarker such as cardiac troponins may provide
the optimum diagnostic performance of MI [63].

In addition, the combination of h-FABP and ¢TnT provides a higher sensitivity
(85%) compared to h-FABP alone (73%) or cTnT alone (55%), and improves NPV (91%
combined vs 74% h-FABP or 81% cTnT) indicating a better ability to rule-out acute MI
in patients presenting with acute chest pain [58]. In another study, the combination of cTnl
and h-FABP shows a higher area under the ROC curve (0.868 vs. 0.762) and NPV (94%
vs. 92%), compared to cTnl alone at 0-3 h after chest pain onset [60]. The combination
also shows higher sensitivity (71.4%) than cTnl alone (50%) and h-FABP alone (64.3%)
at 0-3 h after chest pain onset [60]. Combination of cTnl and h-FABP also shows higher
sensitivity (88.2%) than cTnl alone (67.6 %) and h-FABP alone (85.3%) at 3-6 h after
chest pain onset [60]. Moreover, the sensitivities of h-FABP + cTnl are higher than CK-
MB + cTnl and myoglobin + ¢Tnl at both 0-3 h and 3-6 h after chest pain onset [60].

In addition to the clinical values mentioned above, h-FABP provides incremental
information in addition to ¢Tnl for risk assessment [61]. Specifically, the elevation of h-
FABP indicates a higher risk of heart failure, MI, death, or the composite of the three
through 10 months after the measurement [61]. The three risk levels using h-FABP are
defined as low (<8 ng/mL h-FABP), medium (8 to 16 ng/mL h-FABP), and high (>16
ng/mL h-FABP) [61]. Another study also shows the additive value of h-FABP for

predicting adverse events (death or MI) in low- and intermediate-risk patients with
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suspected acute coronary syndrome [59]. In summary, h-FABP has value in early
diagnosis of MI, improving early rule-out of MI, indicating re-infarction, and risk
assessment in M1.

In conclusion, cardiac troponin is a well-established cardiac biomarker
recommended in guidelines as a diagnostic biomarker for MI. The development of cTnl
assay will be useful and important for the assessment of patients with suspected MI.
Compared to using a single-biomarker, using a panel of cardiac biomarkers can achieve a
better clinical value for MI. Specifically, h-FABP and copeptin are good selections to add
on cTnl as a cardiac biomarker panel. Adding h-FABP can help to achieve early diagnosis
of MI, indicate re-infarction, and improve early rule-out of MI. The sensitivity and NPV
when adding copeptin to ¢cTnl is even higher than adding h-FABP to c¢Tnl, thus copeptin
helps to further improve sensitivity and improve early rule-out of MI. Using the panel
consisting of cTnl, copeptin, and h-FABP ensures that the patients can be diagnosed with
high sensitivity and high specificity, the clinical outcomes may be better predicted, and
the non-MI patients can be ruled out rapidly. Moreover, when cTnl is multiplexed with
the two add-on biomarkers, the need of detecting the very low concentration of cTnl

(0.002 ng/mL) for early rule-out of MI may be obviated.

1.4. Multiplex point-of-care testing (xPOCT)
Measurement of cardiac biomarkers plays an important role in the diagnosis of M1.
In addition, it has been mentioned that obtaining the measurement results of cardiac

biomarkers within 60 minutes is recommended [25]. In a well-run hospital, measurements
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of the cardiac biomarkers in blood rely on automated platforms in a central laboratory,
which requires about 1-hour turnaround time [25]. At resource-limited clinical settings or
remote clinical settings, the access to blood biomarker tests may be limited and the
turnaround time of the measurements may be even longer. In addition, the automated
platforms in a central laboratory are usually very expensive and need well-trained staff
[64].

Point-of-care testing (POCT) is a technique to implement the traditional diagnostic
tests normally finished in a central laboratory at near-patient settings [65]. In this way, the
transportation of the blood sample from the patient to the central laboratory and the long
turnaround time can be avoided. Because POCT can provide measurement results to a
patient and a doctor on-site, it may accelerate the clinical management of the disease and
may help to improve patient outcomes, especially at resource-limited settings [64]. World
health organization (WHO) set up ASSURED criteria (Affordable, Sensitive, Specific,
User-friendly, Rapid and robust, Equipment-free, Deliverable to end-users) for an ideal
POCT [64, 66]. These criteria have been expanded to REASSURED criteria (addition of
Real-time connectivity, Ease of specimen collection, and Environmentally friendliness) to
guide the development of POCT in this growing field [67]. Specifically, Affordable refers
to the cost-effectiveness of a test; Sensitive refers to few false-negatives when using the
POCT for diagnosis of a disease; Specific refers to few false-positives when using the
POCT for diagnosis of a disease; User-friendly refers to that the test should be easily
performed, typically in two to three steps, and it requires minimal user training; Rapid

refers to that the test can provide results within 15 to 60 minutes after sample collection;
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Robust refers to that the test can withstand the condition and environment when it is
transported and stored; Equipment-free emphasizes ideally no special equipment is
needed, and if an equipment is needed, it should be simple; Deliverable to end-users refers
to the test can reach the end-users, including users from resource-limited settings; Real-
time connectivity refers to allowing for centralized and real-time result-analysis and
decision-making; Ease of specimen collection refers to a simple procedure in sample
collection; Environmentally friendliness refers to reducing or avoiding the usage of
materials harmful to the environment [67].

Because POCT has features different from the traditional diagnostic tests normally
finished in a central laboratory, it is suitable for applications in doctors' offices, emergency
departments, ambulances, cares at home, remote health cares, and resource-limited
settings. Especially, in resource-limited areas where usually have limited available
laboratory testing, patients usually need to travel hours to access medical staff and supplies
[64]. Thus, resource-limited settings particularly need POCT to improve patients’ access
to care and to avoid the failure of health services [64].

Multiplexed point-of-care testing (XxPOCT) refers to POCT that can
simultaneously detect multiple biomarkers from a single specimen [68]. xPOCT is more
efficient to detect a biomarker panel, compared with using multiple single biomarker
assays for each biomarker. Compared with using single biomarker assays for multiple
biomarkers, xXPOCT could reduce the total volume of sample, analysis time, and total cost

[69].
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Table 1.1 Commercial devices for multiplex detection of biomarkers for myocardial
infarction. Adapted from “A Review of Biosensor Technologies for Blood
Biomarkers Toward Monitoring Cardiovascular Diseases at the Point-of-care” by
Ouyang, M.X,, et al., Biosensors and Bioelectronics, 2021. 171: p. 112621.

Sample Time Detection
Company Devices Reader Volume (min) Biomarkers Range
(uL) (ng/mL)
Nano-Check | Qualitative
. AMI3IN 1, result cTnl 0.5
Nano-Ditech ND- without 200-250 15 CK-MB 5
CD301S reader Myoglobin 80
Qualitative
. cTnl 1.5
Cortez RapiCard result | 300800 | 15 CK-MB 7.0
Diagnostics InstaTest without lobi
reader Myoglobin 100
Quantitativ
Ichroma II cTnl 0.01-15
Boditech Cardiac fi;lf':ds’luallt 75 12 CK-MB 3-100
Triple reader Myoglobin 5-500
uantitativ
Fluoro- cTnl 0.03 -30
Nano-Ditech | Check AMI fi;lf':ds’luallt 80 15 CK-MB 2-200
3inl reader Myoglobin 10 - 500
Nano-Check | Quantitativ
. AMI3IN 1, e result cTnl 0.1-30
Nano-Ditech ND- with a 100-120 15 CK-MB 2-200
CD302P reader. Myoglobin 20 - 1,000
c¢Tnl 0.1-30
Nano-Check | Quantitativ N-terminal 0.03-15
. AMI 41N 1, e result propeptide B-type
Nano-Ditech ND- with a 100-120 15 natriuretic peptide
CD402P reader. CK-MB 2-200
Myoglobin 20 - 1,000
Quantitativ
Princeton LifeSign 3- e result cTnl 1.5
. . . . 120 15 CK-MB 5
BioMeditech in-1 with a .
reader. Myoglobin 50
. Quantitativ
Triage cTnl 0.05-30
. - e result
Quidel Cardiac with a - 20 CK-MB' 1-80
Panel reader Myoglobin 5-500
Triage Quantitativ cTnl 0.01-10
Quidel Cardio3 e r'esult ) 20 B-type na'trluretlc 0.005-5
Panel wn; : &k tlij{ig 1 - 80
reader. - -
Randox Quantitativ cTnl 0.18-50
Randox Biochip e result ) ) CK-MB 0.4-100
Cardiac with a Myoglobin 1.8-700
Array reader. h-FABP 0.15-100
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Many devices for the multiplex detection of biomarkers for MI are commercially
available [31]. As shown in Table 1.1, most of these current commercial devices are for
conventional biomarker panels composed of cTn, CK-MB, and myoglobin. None of these
devices is for detection of the panel composed of ¢Tnl, copeptin, and h-FABP, which is a
better biomarker panel for MI as mentioned in previous sections. In addition, the detection
ranges for cTnl of some devices do not cover the 0.01-0.1 ng/mL range. Lastly, for all of
these devices, the sample volumes are relatively large (>75 pL) and bulky readers are
needed for quantitative results.

In addition to commercial devices, many research efforts have been made to
develop xPOCT devices for the detection of cardiac biomarker panels [70-72]. However,
a large part of these developed xPOCT devices achieved a multiplex detection using
spatial separation of test zones at different wells, lines, or dots [73-78]. This type of
multiplexing is actually parallel single biomarker detection [68]. Although these spatial
separation methods could achieve multiplexed detection, there are limitations like spatial
and physical limitations of the strip and the uncertainty of flow variations of sample
solution when passing through multiple detection areas [69].

Compared with these designs using spatial separation, multiplexed detection in a
single test zone could reduce assay time, manufacturing cost, signal reading time, and the
accumulative nonspecific sticking issue that is encountered in multiple lines/dots [69]. To
achieve multiplexed detection in a single test zone, multiple labels with differentiable

signals for each biomarker are needed [72, 77, 79-82]. Labels with different colours [80],
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surface-enhanced Raman peaks [72, 77, 82], fluorescent peaks [79], time windows for
signal reading [79, 81], or electrochemical redox peaks [82] can be used. Different from
using the labels based on the electrochemical method [83], localized surface plasmon
resonance [84], fluorescence [80], and chemiluminescence [85], the labels based on
surface-enhanced Raman spectroscopy can achieve resolving signal via peak analysis of
a spectrum [86]. In addition, the labels with different surface-enhanced Raman peaks have
the advantages of low photobleaching, rich fingerprints, and narrow characteristic peaks
[72, 77]. Multiplexed detection in a single test zone using labels with different surface-
enhanced Raman peaks have been developed for detection of cTnl/myoglobin/CK-MB
[72], cTnl/CK-MB [70], and cTnl/N-terminal prohormone of brain natriuretic
peptide/neutrophil gelatinase-associated lipocalin [71]. However, this type of platform for
cTnl/h-FABP/copeptin has not been developed. One recent study achieves simultaneous
detection of the three biomarkers using temporally resolved chemiluminescence as the
transduction element and using Co(Il) catalyst/antibody/luminol functionalized gold
nanoparticles to amplify the signal [85]. However, it requires complicated assay steps,
including adding sample, sample incubation, washing, adding Co(Il)
catalyst/antibody/luminol functionalized gold nanoparticles, another incubation, washing,
adding a buffer, overlapping two paper layers, and adding hydrogen peroxide. The
complicated procedure is not user-friendly and requires a lot of user training.

Therefore, it is of great need to develop a user-friendly and simple-to-use xPOCT

sensing system for the detection of biomarker panel composed of ¢Tnl, copeptin, and h-
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FABP, aiming at improving the diagnosis of MI, especially at resources limited clinical

settings.

1.5. Transduction element
1.5.1. Surface-enhanced Raman spectroscopy (SERS)

Raman spectroscopy is a vibrational spectroscopic technique that measures the
inelastic light scattering that occurs after the light interacts with a given molecule.
Specifically, when an incident light hits a molecule, the oscillating electric field of the
incident light leads to polarization of the molecule and may cause scattered light with
frequencies different from the incident light [87, 88]. The scattered light with a frequency
that is different from that of the incident light is called inelastic scattering. Notably, Stokes
scattering, which is the scattered light with a longer wavelength than the incident light, is
more often used in Raman spectroscopy than anti-Stokes scattering, which is the scattered
light with a shorter wavelength than the incident light.

The wavelength change in inelastic scattering is caused by the vibration of the
molecule. In the case of Stokes scattering, the incident photon excites a molecule at the
ground electronic state to reach a virtual energy state. In this process, the molecule
vibrates, which transforms part of the energy into vibrational energy. The energy level of
the molecule is relaxed from the virtual energy level to the vibrational energy level, and
meanwhile, a photon with lower energy than the incident photon is emitted [88]. The
energy difference between the emitted photon and the incident photon leads to the change

of the wavelengths of the incident and emitted lights.

30



In a Raman spectrum, the difference of wavenumber (reciprocal of the wavelength)
between the emitted photon and the incident photon is read as a Raman shift. Because
different vibrational modes have their characteristic vibrational energy levels, a specific
molecule has its characteristic Raman spectrum. Raman spectrum can provide information
about the chemical composition and molecular structure. Because Raman spectroscopy
uses the intrinsic vibrational signature of a molecule, it does not photobleach. In addition,
the vibrational peak is narrow (10-100 times narrower than fluorescence bands), so Raman
spectroscopy has the ability to be used to resolve multiple molecules in a mixture [86, 89].
However, due to the low cross-section of Raman scattering (around 107° cm?), the
intensity of the spontaneous Raman scattering is very low (10 -10” of the intensity of
incident light) [90].

Surface-enhanced Raman scattering (SERS) is an enhanced form of the
spontaneous Raman scattering. A metallic surface is used, and the molecules adsorbed on
the metallic surface obtain a strong enhancement in signal [91]. Compared to the
spontaneous Raman scattering, SERS has an enhanced signal intensity (enhancement
factors of 105~10'%) [92]. The enhancement that occurred in SERS is attributed to both
electromagnetic (EM) enhancement and chemical (CHEM) enhancement.

The EM enhancement of SERS is explained below using a metal nanosphere as an
example. When an incident light hits on a metal sphere with a size smaller than the incident
light wavelength, the oscillating electric field of the incident light interacts with the
conduction electrons in the metal [93]. This excites collective oscillations of the free

electron gas, which is also called surface plasmon [93]. The oscillating surface plasmon
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generates an EM field around the metal nanosphere surface [87]. Moreover, when the
frequency of incident light is in resonance with that of the electron oscillation of the metal
nanosphere, surface plasmon resonance (SPR) occurs [87]. The generated EM field from
SPR is stronger than that from non-resonant surface plasmon. In the case of a metal
nanosphere, the generated SPR localized in the nanosphere is called localized surface
plasmon resonance (LSPR) [94]. The intensity of the generated EM field is usually very
strong and is much stronger than that of the incident light, which can then largely amplify
the Raman scattering signal of the molecule absorbed on the nanosphere surface. The
Raman scattering signal of vibrational modes of the molecule that is normal to the surface
is the most strongly amplified [87]. The enhancement factor attributed to EM enhancement
can achieve in the range of 10%-10'!' [87, 95].

In contrast to EM enhancement, CHEM enhancement has a lower enhancement
factor in SERS (102-10°) [95]. The CHEM enhancement in SRES may be from different
mechanisms: formation of chemical bonds, charge transfer, and charge-transfer resonance
[96]. Compared with a free molecule in Raman spectroscopy, the formation of chemical
bonds between molecule and metal in SERS may lead to change in the Raman
polarizability, spatial orientation, and symmetry of the adsorbed molecule, which could
enhance the Raman scattering [87]. In terms of the charge transfer, an exchange of
electrons between the Fermi level of the metal and the lowest unoccupied molecular
orbital (LUMO) or highest occupied molecular orbital (HOMO) of the molecule may

occur [87]. Moreover, when the incident light energy is resonant with the electronic
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transitions of the molecule-metal complex, resonance Raman occurs and Raman scattering

signal is enhanced [87].

1.5.2. SERS tags

To better apply SERS in transducing sensing signals, SERS tags have been
developed and widely used. Generally, a SERS tag is created by attaching Raman reporter
molecules (RRM) that have intrinsically strong Raman scattering to the surface of metallic
nanostructures [97]. A well-designed SERS tag should have a strong signal, narrow
characteristic peaks, and good stability [98].

Because the EM enhancement contributes the most to the enhancement of the
SERS signal, strategies to increase the EM field around the metallic surface are often used.
Gold (Au) and silver (Ag) are the metals most commonly used in preparing the SERS tags
[99]. Compared to Ag, Au has much better chemical stability [87] and better
biocompatibility [ 100]. In addition to the material, the size of the particle and morphology
of the nanostructure are the main factors that affect the intensity and distribution of the
EM field [101]. In terms of the size of the particle, a larger size usually leads to a larger
EM field and thus a stronger SERS signal [100]. Particles with sizes range from 30 to 100
nm are the best to obtain a strong SERS signal [102]. Too small or too large particle size
may lead to a diminished SERS effect [102]. In terms of morphology, different
nanostructures, such as nanosphere, nanostar, nanocube, nanorod, nanoflower, core-shell
nanoparticle, and nanocluster, have been used in SERS tags [97, 103]. It has been reported

that elongated nanostructures or those with edges and/or corners (e.g. nanorods,
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nanocubes, nanotriangles, and nanostars) can generate strong EM fields concentrated at
the vertices [101]. Specifically, the nanostars can produce a higher EM field at their sharp
tips due to the trapping of the oscillating metal charges within highly confined spaces
[101].

In addition to the elongated nanostructures, nanostructures with nanogap inter-
particles or interior of the particle also generate a strong EM field. When two
nanostructures are very close to each other, their transient dipoles could couple with each
other and the generated EM fields of the two particles interfere coherently [94]. This small
gap between the two nanostructures has the ability to concentrate an incident EM field and
effectively amplify the near field between and around the nanostructures [104]. The small
gap between the nanostructures with a very strong EM field is called a “hot spot”[104].
The SERS signal of one molecule can be enhanced by as high as 10° to 10'> when it is
placed in a 1 nm? volume of the hot spot [87].

In nanostructures with nanogaps, the EM field amplitude is inversely correlated
with the gap distance: a high EM amplitude in a small gap distance; a low EM amplitude
in a large gap distance [88]. Notably, quantum tunneling effects may present for 0.3-0.7
nm or smaller gaps, which could reduce the EM field inside the nanogap, and thus this
situation should be avoided for a strong SERS signal [88]. Thus, forming a nanosize gap
above 0.7 nm should be good to achieve a strong EM amplitude. Designs with interparticle
nanogaps are studied earlier than nanogaps interior of the particle. Lithographic and self-
assembly methods have been used to make multimeric ensembles of metal nanostructures

with interparticle nanogaps [105]. Among the self-assembly methods, increasing salt
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concentration in a gold nanoparticle solution, which causes shielding of interparticle
charge repulsion at elevated ionic strength, is a simple method to form the interparticle
nanogap [106]. However, the assembly happens in a random way when using this method.
The number of nanoparticles assembled in one cluster varies, which results in a large
variance in particle size, anisotropic signal, fluctuation in signal intensity, and batch-to-
batch inconsistency. More recently, the nanostructure with the nanogap interior of the
particle was developed and studied [105, 107-112]. This nanostructure can be called gap-
enhanced Raman tag [107], bilayered Raman-intense gold nanostructures with hidden tags
(BRIGHTSs) [113], or gap-enhanced nanoparticle. In a gap-enhanced nanoparticle, the
interior nanogap generates hot spots with a largely enhanced EM field and then causes a
strong SERS signal [99]. Compared with the multimeric ensembles with interparticle
nanogaps, gap-enhanced nanoparticle could achieve highly uniform SERS signal [105].
In addition, the gap-enhanced nanoparticle can also be synthesized to have multiple layers
of shell and gaps with different RRMs inside each gap. This type of gap-enhanced
nanoparticle is also called multi-shell nanomatryoshka SERS tags [108]. The multi-shell
nanomatryoshka SERS tags are often used for applications demanding high encoding
capability [108].

The distance from the RRM to the metallic surface also affects the SERS intensity.
To get a strong SERS signal, the distance from the RRM to the metallic surface needs to
be small [114]. Forming a self-assembled monolayer (SAM) of RRM on a metallic

particle is a useful way to ensure the RRM is closely attached on the surface of the metallic
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surface. Thus, mixing RRM with the nanostructures and incubating them to form a SAM
layer of RRM are commonly used in synthesizing SERS tags.

When using an RRM with an absorption spectrum close to the incident light
wavelength, the incident light energy is resonant with the transitions between ground and
excited electronic states of the RRM. This leads to the occurrence of surface-enhanced
resonance Raman scattering (SERRS) [88]. Because Raman cross-sections are much
larger in the resonant condition (typically by a factor of 102-10°) than in non-resonant
conditions [88], the SERRS signal is much enhanced than the SERS signal. To generate
the SERRS signal, RRM that has the frequency of the electronic transition close to the
frequency of the excitation light is needed [115]. Malachite green isothiocyanate
(MGITC), a molecule with electronic transitions near 638 nm [116], can be used to form
a SERS tag to generate the SERRS signal when used in a reader with a 638 nm laser.

To achieve good signal stability, a protective shell outside of the SERS tag can be
used. The protective shell can be incorporated on the outside of SERS tags to prevent the
RRM from dissociating and to prevent interfering molecules in a sample matrix from
adsorbing on the surface of the metallic nanostructures. Polymers [117], bovine serum
albumin (BSA) [118, 119], and silica [120-122] have been used to create the protective
shell. It has been demonstrated that the silica shell particles can exhibit high stability, good
water solubility, low nonspecific binding, and straightforward surface modification [97].
Due to these advantages, silica shell is a good protective layer for SERS tags. Synthesis
of a SERS active particle with a resonant RRM and with a silica protective shell helps to

achieve both strong and stable SERS signals.
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As mentioned above, the gap-enhanced nanoparticle has a built-in hot spot in the
interior gaps between its core and shell, which generates a strong EM field and thus could
achieve a strong SERS signal. In addition to the strong SERS signal, the outer shell of the
gap-enhanced nanoparticle also functions as a protective shell similar to the silica shell.
This outer shell helps to prevent the desorption of RRM, and to prevent interfering
molecules in a sample matrix from adsorbing on the surface of the metallic nanostructures
[108]. In addition, it also avoids signal fluctuation due to the random aggregation-induced
hot spots [108]. Because of this, the gap-enhanced nanoparticle is able to generate stable
and uniform SERS signal. Moreover, embedding RRM in the interior gap leaves the outer
surface of the particle available for other functionalization in specific applications. For
example, in biosensing applications, this design helps to avoid the competitive adsorption
between RRM and the recognition elements if both need to be functionalized on the outer
surface. Due to these advantages, the gap-enhanced particle has been used in biosensing
and bioimaging field [105, 107-112, 123]. The strong signal and good stability of the gap-
enhanced particle makes it especially good for the detection of biomarkers in a low
concentration range, like the copeptin and ¢Tnl mentioned above.

Gap-enhanced particles composed of gold core/gold shell and gold core/silver shell
have been reported [99]. However, gold has much better chemical stability [87] and better
biocompatibility [100]. Thus, a gap-enhanced particle with a gold core and gold shell is
more preferred. Galvanic replacement reaction could be used to replace the silver on the
gold core/silver shell particle; however, it makes the synthesis process more complicated

[124]. Studies have achieved the formation of gap-enhanced particles with a gold core and
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gold shell using different spacers to form the gap, including oligonucleotides [109, 125-
127], polymers [105, 110, 111], cyclodextrin [128], silica dioxide [112], and small organic
molecules [107, 108, 129-131]. When the amount of spacers reaches an effective coverage
on the core surface, a gap layer is formed between the core and grown shell [108]. When
using oligonucleotides [109], polymers [105, 110, 111], cyclodextrin [128], and silica
dioxide [112], as the spacer, the spacer takes a large portion of the surface area on the
metallic core, which leads to a smaller area available for RRM to be embedded. Because
of this, a tradeoff between the amount of RRM embedded and the quality of the formed
gap has to be made when using oligonucleotides, polymers, and silica dioxide as the
spacer. In addition, using oligonucleotides in synthesizing particles is less economic,
especially in mass production.

Different from DNA, polymer, cyclodextrin, and silica dioxide, some studies have
reported using RRMs, usually small organic molecules, as the spacer [107, 108, 129-131].
In this case, RRMs not only provide a large Raman cross-section for higher SERS signal,
but also act as an insulation layer to form the gap junctions [108]. This method avoids the
tradeoff between amount of RRM and the amount of spacer, and thus more RRM are
embedded in the nanogap of the gap-enhanced particle. Compared with RRMs with one
thiol group, RRMs with dithiol groups could form the strong Au-S bond on both core and
shell sides, which leads to a very stable structure and thus a robust SERS signal. 1,4-
benzenedithiol (BDT), 4,4’-biphenyldithiol (BPDT), 4,4’-terphenyldithiol (TPDT) are the
dithiol RRMs used in forming gap-enhanced particle [130]. However, the three RRMs

share very similar characteristic peaks and limit the palette of RRM for highly multiplexed

38



analysis. Thus, a modified method to synthesize gap-enhanced particle using RRM-based
spacer, which is suitable for the RRMs with very distinguishable peaks, are strongly
needed.

As mentioned above, a good xPOCT sensing system could provide information
about multiple biomarkers simultaneously with the measurement on one spot. Thus, SERS
tags with differentiable peaks should be developed and used for the different biomarkers.
The selected RRMs should have at least one characteristic peak with minimal peak overlap
with subsequent peaks. RRMs with relatively fewer peaks, which are usually small
aromatic molecules, may be better to avoid signal overlap among the SERS tags [99].
Currently, many small-molecule RRMs have been used to develop multiplexed detection
systems [132-137]. For example, 4-mercaptobenzoic acid (4-MBA) and 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB) are a set of RRMs that are commonly utilized in duplex
detection [132]. Further, 2-bromo-4-mercaptobenzoic acid (BMBA) can be distinguished
from 4-MBA and DTNB [133]. Also, 4-nitrothiobenzoic acid (4-NTB) shows a
distinguishable peak from 4-MBA [135]. It has been reported that 4-MBA, p-
aminothiophenol (PATP), p-nitrothiophenol (PNTP), and 4-(methylsulfanyl) thiophenol
(4-MSTP) can be applied in the detection of four analytes [136]. In addition, 2,7-mercapto-
4-methylcoumarin (MMC), 2-mercapto-4-methyl-5-thiazoleacetic acid (MMTAA), and
2,3,5,6-tetrafluoro-4-mercaptobenzoic acid (TFMBA) can be distinguishable from 4-
MBA and DTNB [137]. All of these RRMs have one thiol group that could bind to gold
core or shell in a gap-enhanced particle. Therefore, we have a large palette of RRMs to

make the gap-enhanced particle for multiplex detection. Specifically, an xPOCT system
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for a triplex biomarker panel for MI needs three RRMs with clearly distinguishable
signals. Therefore, three RRMs from the palette that are convenient for making the gap-

enhanced particle and provide a strong signal are used.

1.6. Biorecognition element
1.6.1. Antibodies

Biorecognition element is a component in a sensing system for specifically
recognize a target biomarker in a sample mixture [138]. There are different types of
biorecognition elements, such as antibodies, nucleic acids, peptides, molecularly
imprinted polymers, enzymes, phages, and whole cells (bacteria, fungi, yeast, animal cell)
[139, 140].

Most of the current assays used antibodies as the recognition element [139].
Antibody is also called immunoglobulin, which is a protein composed of two heavy chains
(H) and two light chains (L) [141]. The two heavy chains link to each other by disulfide
bonds. Each light chain links to one of the heavy chains by disulfide bonds. A Y-shaped
structure is formed when the heavy chains and the light chains are linked [141]. Each chain
contains one amine-terminated variable (V) domain and one or more carboxy-terminated
constant (C) domains [141]. The V domains are located at the tips of two arms of the Y-
shaped structure, where the biomarkers bind at. The two binding sites at the tips of two
arms of the Y-shaped structure are identical. The features on the V domain decide the
specificity of the antibody to a biomarker [142]. The C domains of the heavy chains decide

the functional activity of the antibody and how it interacts with effector molecules and
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cells [142]. There are different types of immunoglobulins and they are classified by their
difference in the heavy chain C domains [142]. Specifically, there are immunoglobulin M
(IgM), immunoglobulin D (IgD), immunoglobulin G (IgG), immunoglobulin A (IgA), and
immunoglobulin E (IgE) [141].

IgG is the immunoglobulin most often used in developing assays [ 140]. It has three
C domains in its heavy chains. IgG has a molecular weight of around 150 kDa. The trunk
of the Y-shaped structure of an IgG is called fragment-crystallizable fragment (Fc
Fragment) [142]. The two arms of the Y-shaped structure of an IgG are called fragment
antigen-binding fragments (Fab fragments) [142]. Fab fragments can be divided into a
constant fragment (Fb) and a variable fragment (Fv). The Fv fragment is composed of a
V domain of a light chain and a V domain of a heavy chain. The Fb fragment is composed
of a C domain of a light chain and a C domain of a heavy chain [141]. The site on the
biomarker/antigen that binds with the IgG is called epitope. The binding site on the IgG is
called paratope.

Antibodies secreted by a single clone of B lymphocytes are called monoclonal
antibodies. Antibodies secreted by various B lymphocyte clones are called polyclonal
antibodies [143]. The antibodies used for developing assays are produced using
procedures involved with animals. Monoclonal antibodies and polyclonal antibodies are
obtained in slightly different ways. To obtain polyclonal antibodies, animals are given
injections of the target biomarker/antigen. The injected antigen evokes an immune
response and leads to the production of antibodies. An antigen may present many epitopes

and can be recognized by many different B lymphocytes. Each B lymphocyte is activated
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and produces antibodies [144]. Then, the blood of the animal is collected and purified to
obtain the polyclonal antibodies [143]. Rabbit, mouse, goat, and sheep are often used in
producing polyclonal antibodies [143]. To produce monoclonal antibodies, antigen-
specific B lymphocytes are firstly generated by injection of the target biomarker/antigen
in an animal. The generated B lymphocytes can be collected from the spleen. The
generated B lymphocytes are then fused with myeloma cells to form hybridoma cells. The
produced hybridoma cells are then cloned and selected. The selected hybridoma cells are
then injected into the abdominal cavity of mice. The produced ascites are collected and
purified to obtain the monoclonal antibodies [143]. Alternatively, cell culture of the
hybridomas in vitro can also produce the monoclonal antibody [143]. The monoclonal
antibody is more specific, homogeneous, and consistent, but is much more expensive and
time-consuming. On contrary, the polyclonal antibody is less expensive and less time-
consuming, but the specificity is poorer [144].

In an assay using a sandwich binding scheme, a pair of antibodies that bind to
different epitopes of the biomarker is needed. Specifically, the antibody immobilized on a
paper substrate is usually called a primary antibody. The antibody conjugated on the labels
is usually called a secondary antibody. When there is a biomarker in a sample, a sandwich
structure is formed after the primary antibody and the secondary antibody bind to the
different epitopes of a biomarker molecule.

Antibody pairs have been used to develop sandwich assays for the detection of
cTnl [145, 146], copeptin [147], and h-FABP [148, 149]. Antibodies have many

advantages as a biorecognition element, such as a high affinity and high specificity to the
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target biomarker [139]. For example, some antibodies for cTnl can reach low dissociation
constants (Kq) ranging from 10 pM to 200 pM, which are suitable for high sensitivity
assays [150]. Despite these advantages and the success of antibody in developing assays,
antibodies have many limitations. Antibodies have limitations like low thermal stability,
batch-to-batch variation, high cost, difficulty in engineering the sensitivity and specificity,
long production time, using animals in production, poor reusability, and poor solubility

[139, 140].

1.6.2. Aptamers

Nucleic acid, usually a single-stranded DNA (Deoxyribonucleic acid), can be used
as the biorecognition element to detect a DNA or RNA (Ribonucleic acid) strand because
of the natural affinity of the single-stranded DNA to its complementary strand [139].
Nucleic acid can also form a special secondary or tertiary structure due to its self-annealing
properties [139]. The formed structure enables it to bind various types of biomarkers, such
as proteins and small molecules. A nucleic acid ligand (single-stranded DNA or RNA)
that can fold into a secondary or a tertiary structure and have a specific affinity to a target
molecule is called aptamer [151].

Aptamer specific to a target biomarker is selected using systematic evolution of
ligands by exponential enrichment (SELEX) [152], which is an in-vitro process. In a
typical SELEX process, a library of oligonucleotides with various sequences are firstly
mixed with target biomarkers functionalized magnetic beads. The oligonucleotides bound

with the magnetic beads are collected. The oligonucleotides unbound or loosely bound
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with the magnetic beads, which may have a low affinity to the target, are washed away
[139]. The oligonucleotides bound with the magnetic beads are then eluted and amplified
by polymerase chain reaction (PCR). The oligonucleotides product obtained in the first
cycle is mixed with the target biomarker functionalized magnetic beads again. The second
cycle repeats the same process as the first cycle. The cycle is continued to find a group of
oligonucleotides with a high affinity to the target biomarker. Some counter selection
cycles can be used to remove the low-specificity oligonucleotides. In counter selection
steps, the obtained group of oligonucleotides is mixed with magnetic beads functionalized
with some molecules that have a similar structure to the target biomarker. The
oligonucleotides bound with the magnetic beads, indicating they have high affinity to
other molecules, are removed. The rest oligonucleotides are collected and amplified. The
counter selection steps can be repeated to ensure a good specificity of the oligonucleotides.
Finally, the best oligonucleotide with high-affinity and high-specificity are selected as the
aptamer for the target molecule [139]. Various aptamers have been discovered to
recognize small molecules, proteins, and intact cells, with dissociation constants ranging
from nanomolar to picomolar levels [153, 154]. Some aptamers have shown very good
affinities to their target biomarkers, with dissociation constants ranging from picomolar to
nanomolar [139].

Compared with antibodies, aptamers have several advantages. Aptamer has good
thermal stability, good stability in a wide PH range, long shelf life, low-cost, efficient in-
vitro screening, in-vitro automated synthesis, low batch-to-batch variation, and flexibility

of direct modifications of functional groups and fluorophores on it [151, 155]. In addition,
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aptamer, which is usually tens or close to a hundred bases, has a smaller size than
antibodies. The smaller size of DNA largely avoids the steric problems for assays that
require a close distance between the analyte and the sensor surface and largely increases
the max density of recognition elements on a sensor surface[151]. In addition, aptamer has
a better ability to be used in reusable sensors because it can be regenerated multiple times
without loss of its binding affinity [151]. The good stability of aptamer is beneficial to
reduce the cost of transportation and storage because it may not need to be transported and
stored at a low temperature [139]. However, aptamers are vulnerable to nuclease, thus
[139], extra cares to avoid exposure to nuclease should be taken when using aptamers.
Aptamers for detection of cTnl [156, 157]and h-FABP [158], have been reported
in many studies. Aptamer for copeptin is lacking. In addition, there is a lack of pairs of
aptamers for developing sandwich binding assays for h-FABP. One pair or aptamer are
reported and used for the detection of cTnl [157]. The pair of aptamers for ¢Tnl has
dissociation constants (Kq) of 270 pM and 317 pM, indicating a strong binding affinity to
cTnl. Thus, this aptamer pair can be used to develop a sensitive sandwich binding assay

for ¢Tnl.

1.7. Paper based microfluidic device

A POCT sensing system for the detection of cardiac biomarkers for MI could make
the diagnosis of MI more feasible on-site, especially for resources-limited settings. To
develop a POCT sensing system, a platform that holds the sample and allows the reagents

to react with the sample is needed. As mentioned in the REASSURED criteria, user-
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friendliness, environmentally friendliness, and affordability are important for an ideal
POCT. An appropriate platform is needed to achieve these criteria.

Within the past decades, microfluidic technology has been widely used in different
assays because of its potential for miniaturization, integration, and automation [159].
Compared with microfluidic devices based on polydimethylsiloxane, silicon, glass, or
other polymers [160], paper-based microfluidic device is good for POCT because it has
the following advantages: (1) it is made from ubiquitous, lightweight, and cheap cellulosic
material; (2) paper material is more environmentally friendly than other materials, like
plastic; (3) it can be used as a disposable platform due to their low cost; (4) it allows
reagents to be stored in an active form within the fiber network; and (5) liquids are
transported using capillary forces without the need for external forces [159-161].

Lateral flow assay strip is one type of paper-based microfluidic devices. It has been
widely studied in the research field and is used in many commercially available rapid
diagnostic tests [69, 162-165]. Lateral flow assay strip has several advantages, such as its
simplicity of the device preparation, cost-effectiveness, small sample volume, and simple
operational steps [166]. Generally, a lateral flow assay strip is composed of a sample pad,
a conjugate pad, a nitrocellulose paper with a test line and a control line, and a waste pad
(as shown in Figure 1.1). The sample pad can hold the input samples, prevent sample
flooding, and release the sample in a consistent and even way. The sample pad can also
act as a filter or be combined with another paper-based filter to remove unwanted
components in the sample (such as red blood cells in the whole blood). In addition, some

reagents to improve sample flow or reduce non-specific binding can be dry-stored in the
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sample pad. The conjugate pad is usually stored with labels functionalized with
recognition elements, like gold nanoparticles functionalized with antibodies. Some
additional reagents to preserve the antibodies, improve sample flow, and/or reduce non-
specific binding are dry-stored in the conjugate pad. The nitrocellulose paper is often
dispensed with two lines of recognition elements. One line is a test line, which has the
recognition element that specifically binds to the target biomarker. The other line is a
control line, which has the recognition element that binds to the functionalized labels. The
waste pad, or called adsorption pad, is used to wick waste solution, drive the sample to

flow, and prevent contaminant of the test line due to back-flow of the waste solution.
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Figure 1.1 Lateral flow assay strip structure.

When introducing a sample, it is firstly absorbed by the sample pad. The sample
keeps flowing into the conjugate pad, where it resuspends the functionalized labels. If the
sample has target biomarkers, the target biomarkers will react and bind with the

recognition elements on the functionalized labels. The mixture of the sample and the labels
47



then flows into the nitrocellulose paper. On the test line, the labels bound with the target
biomarker are captured by the recognition elements on the line. The more target
biomarkers present in the sample, the more labels are captured on the test line. Labels not
bound with the target biomarker flow to the control line and are captured on the control
line. Finally, the absorption pad absorbed the excess fluid. The concentration of the target
biomarker is correlated to the number of labels captured on the test line.

In conventional lateral flow assays, the test line is usually read as a visible line or
an invisible line by the naked eye for qualitative results [165]. Nowadays, semi-
quantitative or quantitative lateral flow assay strips read by additional readers have been
developed to detect different biomarkers [165]. Labels and readers based on
electrochemical  (amperometry, cyclic voltammetry, impedimetry, -electro-
chemiluminescence), optical (colorimetric, fluorescence, SERS, chemiluminescence),
magnetic, and thermal (thermal imaging, photoacoustic, speckle imaging) modalities,
have been designed [165]. Because of the strong enhancement in the SERS signal, the
SERS modality is suitable for high-sensitivity assays without using additional
amplification steps [165].

Notably, in most lateral flow assay strips, samples flow continuously in a straight
channel with the original permeability, porosity, pore size, width, thickness of the paper
[167-175]. The well-defined structure of a lateral flow assay strip (a sample pad, a
conjugate pad, a nitrocellulose paper, and a waste pad) makes the development of assays

for new biomarkers simple and easy. Despite the advantages and the achievements of
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lateral flow assays, lateral flow assays show large limitations in implementing complicated
operations and multiple reaction steps, and controlling flow rate.

Microfluidic paper-based analytical devices (WPADs) is a platform comprised of
hydrophilic and hydrophobic channel networks in papers [176, 177]. In 2007, the first
microfluidic paper-based analytical device (WPAD) for chemical analysis was reported
[178]. Since then, uPAD have become an important area and shown large potential to
connect the microfluidic technology with the needs of a real-world product. Customized
microfluidic channels can be designed on a paper substrate for complicated function [166].
Various operations normally used in assays in wells, such as mixing, sequential addition,
splitting, separation, and filtration, can be achieved [68]. Thus, using uPAD as a platform
has a better flexibility than lateral flow assays in transforming high-performance assays
that used to be reserved at laboratory settings into point-of-care settings.

In high-performance assays, it is desired that the incubation time/reaction time can
be tuned depending on the specific biomarkers. For instance, a longer reaction time may
be used for a high-sensitivity assay; a shorter reaction may be used for a time-sensitive
biomarker. Different methods can be used to increase the reaction time to achieve high-
sensitivity assays. One simple method is to change the geometries of the channel, such as
lengths, widths, or thickness [179-184]. However, decreasing flow rate in these systems
requires a long, wide, or thick channel, which requires a large volume of sample. To
decrease the flow rate more efficiently, permeability in papers can be tuned using

materials, such as wax [185-187], agarose [188], sucrose [189, 190], and trehalose [191],
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or varying the UV exposure time on TiO»-coated paper [192], or carving channels on a
paper surface [193], or covering a paper with PET sheets with triboelectric charges [194].

In addition, sequential addition samples or reagents in multiple steps is very often
used in high-performance laboratory assays. To achieve these multi-step assays at POC,
uPADs with different designs have been developed. In some designs, fluidic flow is
paused or started by manually separate or connect two channels by sliding a layer [195],
rotating a layer in pPADs [196, 197], adding solvent to dissolve a wax valve [198], and
folding or unfolding papers [199, 200]. In contrast to these designs need manual activation
[195-204], an automatic system is easier to use especially for untrained users [205, 206]
and works better for high-throughput analysis with limited personnel. Different automatic
systems for multi-step assays have been achieved by using electroosmotic pumping [207],
using electrowetting layers [208, 209], melting wax blocks [210], actuating a magnetized
cantilever [205, 211], or heating hexadecyltrimethylammonium bromide [212]. However,
auxiliary instruments are needed in these methods to apply the pressure, voltage,
electromagnetic force, or heat. These auxiliary instruments add more cost on the expense
per test, which contradicts the affordability criterion of an ideal POCT.

To achieve automatic multi-step assays without using auxiliary instruments,
designs to create temporal differences of different fluids in reaching the reaction area have
been developed. Specifically, multiple fluids (e.g. sample, washing buffer, enzyme
solution, labeling solution) are loaded in different channels [181, 182]. These paper
channels have different lengths, widths, or thicknesses, and thus the flow rates in each

channel are different. The fluid that firstly reaches the reaction zone reacts with the
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recognition elements. When the second fluid reaches the reaction zone, it reacts with the
chemicals already in the reaction zone. Similar processes are repeated for the followed
fluids. However, as mentioned above, controlling flow rate by geometry needs a tradeoff
between available sample volumes and the temporal differences between steps.

Dissolvable materials can be used to increase the efficiency of generating temporal
difference while retaining channel geometry [190, 191, 213-215], but the dissolvable
materials themselves may contaminate the samples. More attempts to achieve automatic
multi-step assays without using dissolvable materials have been made. For example,
paraffin wax [216], pressurized papers [217], papers with carved channels on their surface
[193], and folded paper actuators [218], can be used. However, these designs show a
limited capability to achieve automatic multi-step high-sensitivity assays in an efficient
and robust way. Therefore, a new uPAD design that is robust and efficient and can achieve
automatic multi-step high-sensitivity assays for the detection of biomarkers, like cTnl,
copeptin, and h-FABP, is highly needed.

Among the three biomarkers for MI, c¢Tnl is the one with the lowest molar
concentrations in human blood. Thus, the development of a high-sensitivity assay for the
detection of cTnl is the most challenging. Table 1.2 summarizes some recent high-
sensitivity research platforms for the detection of cTnl for POCT applications. As shown
in Table 1.2, non-paper-based platforms and multiple manual processes are still needed in
these reported platforms. Therefore, a high-sensitivity and automatic microfluidic paper-
based assay for the detection of ¢Tnl is still needed, and using aptamer as the recognition

element is of great interest.
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Table 1.2 Research platforms for detection of cardiac troponin I
_— Paper Methods to
Limit of Steps . .
No. | Detection Based 0 in Detail of the ﬁn1§h References
(ng/mL) Platform? assay steps multiple
(Y/N) steps
mix sample with
gold nanoparticle
conjugated
magnetic bead,
1| o0l Y 4 | incubate, Manual 219]
magnetic operation
separation,
adding PBS, load
sample in paper
strip
Use voltage
mix antibody source to
with sample, control the
incubate, load in fluid in the
3 0.001 N 3 device and react device, and [220]
with microbeads, need
incubate, wash manual
operation
Use a
load sample, controller to
incubate, add control the
4 1 0.000394 N > elution buffer, fluid in the [221]
wash 3 times microfluidic
channel

1.8. Summary

Myocardial infarction (MI) is related to myocardial necrosis due to extended
ischemia in cardiomyocytes. It is often caused by thrombosis that obstructs blood flow to
the heart. The population affected by MI and the impact of MI are problematic.

Specifically, the prevalence and incidence of MI are not low and the mortality of MI is
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high. Notably, MI affects males more than females, affects elder groups more than
younger groups, and affects some ethnic groups more than others. In addition,
socioeconomic status is also related to recurrent MI, mortality, and MI incidence. CABG,
PCI, and pharmacological approach, ranked from more costly to less costly, are the
treatments often used in MI. A short time length between the onset of symptoms and
treatment is desired to make more therapy strategies feasible and to increase the clinical
outcomes. Timely diagnosis of MI is essential for determining and implementing the
treatment in a timely manner. In addition, early rule-out of non-MI patients and the
consequent early discharge help to avoid the prolonged monitoring and the high cost of
staying in hospitals.

Cardiac biomarker tests are important for the diagnosis of MI. c¢Tnl is a well-
established cardiac biomarker for MI. Addition of h-FABP and copeptin to ¢Tnl forms a
good biomarker panel for improved performance in the diagnosis of MI and a rapid rule-
out of the non-MI patients. Quantitative assays for these biomarkers are important.
Successful assays should cover 5-16.8 ng/mL range for the detection of h-FABP, cover
0.004-0.056 ng/mL for the detection of copeptin, and cover 0.01-0.1 ng/mL for the
detection of cTnl. The detection time of the assay should be within 60 minutes. To improve
patients’ access to diagnostic tests, especially in resource-limited settings, it is of great
need to develop a cost-effective, user-friendly, and simple-to-use XPOCT sensing system
for the biomarker panel. An assay that meets the above requirements is lacking and thus

it is of great importance to develop one.
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This work describes the development of a multiplex assay for the detection of a
biomarker panel composed of cTnl, copeptin, and h-FABP. A sensitive optical modality,
SERS, was used to transduce the sensing signal. SERS tags, composed of RRM and
metallic nanostructure, were designed and used to generate strong and stable SERS signals
with narrow characteristic peaks. Nanostructures, like silica-shell encapsulated gold
nanosphere and gold-core gold-shell gap-enhanced particle, were developed. The
protective shell, either the silica-shell or the gold-shell, could improve SERS signal
stability because it prevented the RRM from dissociating and prevented interfering
molecules in a sample matrix from adsorbing on the surface of the metallic nanostructures.
MGITC, a molecule with electronic transitions near 638 nm, was used as an RRM to
achieve the resonance condition and generate a strong SERS signal. Alternatively, the
nanogap interior of gap-enhanced particles could also largely enhance the SERS signal of
any RRMs embedded. To overcome the limitation of currently reported methods in the
synthesis of gap-enhanced particles, a modified method to synthesize gap-enhanced
particles using an RRM-based spacer was developed.

To achieve multiplex detection, instead of using spatial separation, resolving peaks
from different biomarkers in a single test line was used because it could reduce assay time,
manufacturing cost, and signal reading time. Because an XxPOCT system for a cTnl,
copeptin, and h-FABP, needs three RRMs with clearly distinguishable peaks, three SERS
tags with differentiable peaks were synthesized. Three RRMs that have at least one

characteristic peak with minimal peak overlapping with subsequent peaks were selected.
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The synthesized three SERS tags were then used in the multiplex detection to resolve the
signal from each biomarker in a single test line.

Aptamers were used as the recognition element for the detection of the target
biomarker. Aptamers have advantages, such as good thermal stability, good stability in a
wide PH range, long shelf life, low-cost, efficient in-vitro screening, in-vitro automated
synthesis, low batch-to-batch variation, and flexibility of direct modifications of
functional groups and fluorophores on it. Alternatively, antibodies, which usually have a
high affinity and high specificity to the target biomarker and are more commercially
available, could also be used as the recognition element.

Paper-based microfluidic devices were used to ensure the assays are cost-effective,
user-friendly, and simple to use. pPPADs have a good ability in transforming high-
performance assays that used to be reserved at laboratory settings into point-of-care
settings. A pPAD was designed to achieve automatic multi-step assays without using
auxiliary instruments. In addition, a localized dissolvable delay was designed and added
in the uPAD to decrease fluid flow rate and improve assay performance. Alternatively, a
lateral flow assay strip, which is simple to prepare and is easy for mass production, could

be used to implement the assay.
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2. APTAMER-BASED SURFACE ENHANCED RESONANCE RAMAN
SCATTERING ASSAY ON A PAPER FLUIDIC PLATFORM FOR DETECTION OF

CARDIAC TROPONIN I *

2.1. Introduction

Myocardial infarction (MI) is a cardiovascular disease related to myocardial
necrosis due to a reduction of blood supply to the heart [222]. MI affects a large
population, and the overall prevalence for MI is 3% in US for adults >20 years of age
between 2011 and 2014 [223]. Moreover, mortality rate from MI is a problem and it is
estimated that ~14% of the people who experience an MI will die of it [223]. Cardiac
troponin I (cTnl) is a primary biomarker for diagnosis of MI [224, 225] and the clinical
cut-off of c¢Tnl for diagnosis of MI is determined by the 99th percentile concentration
[226]. Specifically, it was reported that the range of clinically acceptable concentrations
of the ¢Tnl was 0.01-0.1 ng/mL [227, 228]. Compared with the conventional method of
sending samples to a central lab, point-of-care (POC) testing for ¢Tnl can help diagnosis
of MI in the field [229, 230], which allows high-risk patients to be treated more rapidly
and low-risk patients to be released in a more timely fashion [231]. This enables the health
care provider to apply treatment rapidly, which requires a less invasive intervention
procedure and also leads to much lower mortality [232-234]. Thus, it is of great interest

to develop a sensitive POC method for detection of cTnl in the clinically relevant range.

*Reprinted with permission from Dandan Tu, Allison Holderby, Gerard L. Coté, “Aptamer-
based surface-enhanced resonance Raman scattering assay on a paper fluidic platform for
detection of cardiac troponin I,” Journal of Biomedical Optics, 25(9), 097001 (2020).
https://doi.org/10.1117/1.JBO.25.9.097001. Copyright 2021 SPIE. The article is published under
Creative Commons (CC BY 4.0). The full legal code of the CC BY 4.0 license can be found at
https://creativecommons.org/licenses/by/4.0/legalcode.
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Recently, various POC testing systems for cTnl have been developed [70, 71, 74,
83, 123, 235-246], however these systems have limitations in cost-effectiveness
(especially in the cost of the disposable cartridges), poor sensitivity, or limited stability of
the recognition element. Paper-based sensing systems have demonstrated potential as a
POC platform to implement assays due to the merits of paper (e.g. abundance, low-cost,
ease of disposability) [169, 247]. Surface enhanced Raman spectroscopy (SERS), a
sensitive optical method that provides good performance for detection of trace analytes in
a sample [248], has been used for developing assays for detection of ¢cTnl [70, 71, 237-
239]. Paper-based SERS assays, in particular, have been developed for sensitive detection
of cTnl [74, 123, 236, 240, 241]. However, these assays use antibodies as the recognition
element [70, 71, 123, 237-241], which has limitations due to selection difficulties, high
costs of production, and stability issues [249]. Aptamers, on the other hand, can be used
as the recognition element for low-cost POC testing due to their nontoxicity, thermal
stability, tolerance to a range of pH levels, and long shelf life [155, 250]. Moreover,
compared with SERS, surface enhanced resonance Raman scattering (SERRS) can
provide a 10~100 fold higher signal [251], which can enhance the transduction signal
received from low quantities of an analyte. To synthesize a SERRS active particle, a
Raman reporter molecule (RRM) that has the frequency of the electronic transition close
to the frequency of the excitation light is needed [115]. Malachite green isothiocyanate
(MGITC), a molecule with electronic transitions near 638 nm [116], was thus chosen as a

good RRM to provide the SERRS signal.
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In this paper, an aptamer-based assay on paper platform using SERRS active
particles for detection of ¢cTnl was developed. The hydrodynamic size distribution and the
zeta potential of synthesized particles were characterized, and characteristic peaks of the
SERRS spectrum were demonstrated. The performance of the developed aptamer-based
assay on a paper platform using SERRS active particles for the quantitative detection of
cTnl was evaluated. Selectivity of the assay against interfering molecules, stability of the

assay over 10 days, and the performance of the assay in human serum were also evaluated.

2.2. Materials and methods

2.2.1. Combined system configuration

Primary Aptamer
Secondary Aptamer

r
7 Single Strand DNA
+ SERRS Active Particle
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ﬂ' ’
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Figure 2.1 Schematic of the aptamer-based assay on a paper platform using SERRS
active particles for detection of cTnl.
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Configuration of the developed aptamer-based assay on a paper platform using
SERRS active particles for detection of c¢Tnl is shown in Figure 2.1. SERRS active
particles functionalized with a secondary aptamer of cTnl was stored in a conjugation pad.
To measure a sample with cTnl, the sample was introduced onto the sample pad followed
by introduction of a running buffer. The sample resuspended the SERRS active particles
and flowed to test line region. The cTnl formed a sandwich binding of the SERRS active
particle, the cTnl protein, and the aptamer on the test line. Excess SERRS active particles
flowed to the control line region and bound with DNA on the control line. In this
configuration, the SERRS signal would increase with the amount of SERRS active particle
bound on the test line, which is a direct result of an increase in the concentration of ¢Tnl

in the sample.

2.2.2. Materials and instruments

Cardiac troponin [ was purchased from GenScript (Piscataway, New Jersey, USA).
The sequence of aptamers for the cTnl assay was reported in previous journal papers [156,
157]. In this work, the primary aptamer of <cTnl is 5’-biotin-
TTTTTTCGTGCAGTACGCCAACCTTTCTCATGCGCTGCCCCTCTTA-3". The
secondary aptamer of  cTnl is 5’-amine-spacer 18-spacer 18-
CGCATGCCAAACGTTGCCTCATAGTTCCCTCCCCGTGTCC-3". The sequence of
the DNA strand on the control line is 5’-biotin-
TTTTTTGGACACGGGGAGGGAACTATGAGGCAACGTTTGGCATGCG-3’. The

DNA strands for cTnl assay were purchased from Integrated DNA Technologies (Iowa,
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USA). Whatman grade 1 chromatography paper and Immunopore FP nitrocellulose paper
were purchased from Cytiva (Formerly GE Healthcare Life Sciences, Marlborough,
Massachusetts, USA). Glass fiber (GFCP000800) was purchased from EMD Millipore
(Burlington, Massachusetts, USA). Thick blot filter paper was purchased from Bio-Rad
(Hercules, California, USA). The mounting adhesive card was purchased from Michaels
(Irving, Texas, USA). Milli-Q ultrapure water (18.2 MQ cm') was used in all the
procedures. (3-triethoxysilyl)propylsuccinic anhydride (TEPSA) was purchased from
Gelest (Morrisville, Pennsylvania, USA). N-hydroxysulfosuccinimide sodium salt (Sulfo-
NHS) and N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) were
purchased from CovaChem (Loves Park, Illinois, USA). Malachite green isothiocyanate
was purchased from Thermo Fisher Scientific (Waltham, Massachusetts, USA), and
methoxy-poly(ethylene glycol)-thiol (mPEG-SH, 10 kDa) was purchased from Nanocs
(New York City, New York, USA). Human serum was purchased from Innovative
Research (Novi, Michigan, USA). Other chemicals were purchased from Sigma Aldrich
(St. Louis, Missouri, USA).

Absorbance spectra of particles were measured on a Tecan Infinite 200 Pro (Tecan,
Switzerland) microplate reader. Transmission electron microscopy (TEM) images were
acquired on a JEOL JEM-2010 (JEOL, Japan). The zeta potential and hydrodynamic size
of the particle were measured on a Zetasizer Nano ZS90 (Malvern, U.K.). All SERRS
spectra were collected using an Ocean Optics portable Raman spectrometer (IDR-MINI)
with a 638 nm laser (40 mW laser and 3 s exposure time). Three measurements were taken

on one test line, moving from the left side to the right side, and the SERRS signal of the
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test line on this strip was the average of the intensity from these spectra. All spectra were

baseline corrected.

2.2.3. Nanoparticle synthesis

A seed-mediated synthesis method was used to synthesize the gold nanoparticles
(AuNPs) with a size of around 60 nm [252]. Firstly, 75 mL of 2.2 mM sodium citrate in
water was heated until boiled. Secondly, 0.5 mL of 25 mM chloroauric acid solution was
injected. The mixture was stirred for 30 min, followed by adjusting the temperature to 90
°C. Thirdly, 0.5 mL of 25 mM chloroauric acid solution was injected, and the mixture was
stirred for 30 min. This step was repeated one time, and then the particle solution was
diluted by extracting 27.5 mL of solution and adding 26.5 mL of water and 1 mL of 60
mM sodium citrate. Fourthly, 0.5 mL of 25 mM chloroauric acid solution was injected,
and the mixture was stirred for 30 min. Steps two through four were repeated until the size
of the particle reached the target size and the particle solution was cooled down before
using.

Following AuNPs synthesis, MGITC was functionalized on AuNPs as a RRM, and
the MGITC modified AuNP (MGITC/AuNP) was then encapsulated in a silica shell. The
process is shown in Figure 2.2. Specifically, 50 uL of 20 pM MGITC solution was mixed
with 10 mL of AuNPs in a glass vial and the mixture was kept shaking for 15 min. As a
stabilizing component, 12.4 pL. of 1 mM mPEG-SH was then added and the mixture was

kept shaking for 15 min. After centrifuging (1500 rcf, 20 min), the particle was
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resuspended in 1 mL of 2-propanol. To begin the silica shell formation, 3.6 mL of water
and 19.7 pL of 0.1 mM (3-mercaptopropyl)trimethoxysilane (MPTMS) solution was
added to the particle solution. After shaking for 15 min, 9 mL of 2-propanol and 250 pL
of ammonium hydroxide were added. Then, 100 pL of tetraethyl orthosilicate (TEOS)
solution (1% in 2-propanol) was added and was kept rotating. After 30 min, another 100
uL of TEOS was added, and the mixture was kept rotating overnight. The resulting
solution was centrifuged (1000 rcf, 20 min) and washed three times with ethanol. Finally,
the synthesized silica shell MGITC modified AuNP (silica/MGITC/AuNP) were

resuspended in ethanol.
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Figure 2.2 Process to synthesize the aptamer/silica/MGITC/AuNPs.
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2.2.4. Nanoparticle functionalization with aptamer

As shown in Figure 2.2, a secondary aptamer was covalently bound on the surface
of the silica/MGITC/AuNP to form an aptamer functionalized silica shell MGITC
modified AuNP (aptamer/silica/MGITC/AuNP). Before functionalization, the secondary
aptamers were heated to 85°C for 5 min and slowly cooled to room temperature. Then, 1
mL of silica/MGITC/AuNP was mixed with 0.3 mL of water and 0.2 mL of 0.2 M TEPSA,
followed by shaking overnight. The mixture was then centrifuged (1500 rcf, 15 min) and
resuspended in 0.2 mL of phosphate buffer (PH 7.4) followed by mixing with 75 pL of 50
mM Sulfo-NHS, 75 pL of 200 mM EDC, and 80 pL of 10 pM amine functionalized
aptamer. The mixture was sonicated and left shaking for 1 hour followed by addition of
150 pL of 0.2 M ethanolamine (PH 8.6). The mixture was kept shaking for 1 hour and the
formed aptamer/silica/MGITC/AuNP was sonicated, centrifuged (1000 rcf, 15 min), and

washed with phosphate buffer (PH 7.4).

2.2.5. Preparation of an aptamer-based paper strip

As shown in Figure 2.1, the aptamer-based paper strip is composed of a sample
pad, a conjugation pad, a nitrocellulose paper with a test line and a control line, and an
absorption pad. The sample pad was prepared by cutting a Whatman grade 1
chromatography paper into a strip with a width of 15 mm, soaking it in 0.05 M Tris buffer
(PH 7.6, 0.15 M NaCl) with 0.25% Triton X-100, and drying it at 45 °C for 1 hour. The

conjugation pad was prepared by soaking the glass fiber (8 mm width) in a buffer (1%
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bovine serum albumin, 0.5% tween, and 5% sucrose), drying it at 45 °C for 1 hour, soaking
the aptamer/silica/MGITC/AuNP solution, and drying it at 45 °C for 1 hour.

A primary aptamer of ¢cTnl and a single strand DNA, which was the reverse
complimentary DNA strand of the secondary aptamer of cTnl, were immobilized on the
nitrocellulose paper to form a test line and a control line, respectively. Biotin-streptavidin
interaction was used to immobilize the aptamer and the single strand DNA on the
nitrocellulose paper. Before immobilization, the primary aptamers were heated to 85°C
for 5 min and slowly cooled to room temperature. Then, 1 mL of 10 uM biotinylated
primary aptamer was mixed with 40 puL of 2.5 mg/mL streptavidin, and the mixture was
kept shaking for 1 hour. The aptamers unbound to streptavidin were then washed by
centrifugation (4300 rcf, 20 min) using a Nanosep (30kDa). The produced primary
aptamer/streptavidin conjugate was resuspended in 400 puL of phosphate buffered saline
(PBS). The same process was repeated to form the single strand DNA/streptavidin
conjugate. The nitrocellulose paper was cut into a strip with a width of 22 mm and was
dispensed with the primary aptamer/streptavidin and the single strand DNA/streptavidin
to form the test line and control line, respectively. The nitrocellulose paper was dried at
room temperature overnight. To block the remaining adsorption sites on the nitrocellulose
paper, the nitrocellulose paper was immersed in 1% poly(vinyl alcohol) (PVA, molecular
weight of 9000-10000) aqueous solution for 30 min and dried at 45 °C for 30 min.

The absorption pad is composed of a Whatman grade 1 paper (5 mm width) and a
thick blot filter paper (25 mm width). The grade 1 paper is softer than the thick blot paper

and it has the ability to wick fluid laterally. The thick blot filter paper can absorb large
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volumes of liquid. In this design, the grade 1 paper was added to provide good contact
between the nitrocellulose paper and the thick blot paper and ensure good wicking of waste
solution. The sample pad, conjugation pad, functionalized nitrocellulose paper, and
absorption pad were assembled on an adhesive card with 2 mm overlap between the pads.
Finally, the assembled paper was cut into paper strips with a width of 4 mm and stored in

a petridish sealed with parafilm.

2.2.6. Response of the assay

Different concentrations of ¢Tnl (0, 0.01, 0.03, 0.05, 0.1 ng/mL) in PBS (PH 7.4)
were measured using the developed aptamer-based paper strip. To test a sample, 25 puL of
the sample was dropped on the sample pad, and then 50 pL of running buffer (PBS with
0.25% tween) was deposited on the sample pad after positioning the paper strip vertically.
After all solution flowed to the end of the paper and was wicked by the absorption pad, a
portable Raman spectrometer was used to measure the SERRS signal on the test line. To
collect the SERRS signal, the paper strip was put in a strip holder (shown in Figure 2.3).
The control line was aligned with an indicator on the strip holder. After positioning the
strip holder on the platform, SERRS signal was collected using the Raman spectrometer.

Tests for each concentration were performed in triplicate.
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Figure 2.3 Setup of the portable Raman spectrometer to measure SERRS signal from
a paper strip.

2.2.7. Selectivity of the assay

Selectivity of the aptamer-based paper strip was evaluated by comparing the
SERRS signal to 0.1 ng/mL of ¢Tnl, and potential confounders namely: c-reactive protein
(CRP), heart-type fatty acid-binding protein (h-FABP), and B-type natriuretic peptide
(BNP). The 25 pL sample of either 0.1 ng/mL of ¢Tnl, CRP, h-FABP, or BNP was
dropped on the sample pad, and then 50 pL of running buffer (PBS with 0.25% tween)
was applied on the sample pad after positioning the paper strip vertically. The paper strip
wicked the samples and the solution flowed down the paper and was wicked by the
absorption pad. The portable Raman spectrometer was then used to measure the SERRS
signal on the test lines. Tests for each sample were performed in triplicate. One-way
analysis of variance (ANOVA) was performed in OriginLab to determine whether the
response to cTnl were significantly different from the response to these potential

confounders.
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2.2.8. Stability of the assay

The paper strip was stored in a petridish sealed with parafilm at room temperature.
Stability of the aptamer-based paper strip was evaluated by recording the response of the
paper strip to 0.03 ng/mL of ¢Tnl over 10 days. Specifically, the response at Day 1, Day
2, Day 4, Day 7, and Day 10 were collected. Tests for each day were performed in

triplicate.

2.2.9. Application for the analysis of the serum sample

The following test was implemented to evaluate the performance of the aptamer-
based paper strip for detection of cTnl in a complex biological sample matrix. Without
any pre-treatment, human serum was spiked with cTnl to reach a concentration of 0.03
ng/mL and 0.05 ng/mL of ¢Tnl. The cTnl spiked serum samples were then used to test the
developed aptamer-based paper strip. Specifically, 25 puL of sample was dropped on the
sample pad, and then 50 pL of running buffer was applied on the sample pad after
positioning the paper strip vertically. The paper strip wicked the samples and the solution
flowed down the paper and was wicked by the absorption pad. The portable Raman
spectrometer was then used to measure the SERRS signal on the test lines. Tests for each

sample were performed in triplicate.
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2.3. Results and discussion
2.3.1. Characterization of particle

Absorbance spectrum was used to confirm the synthesis and AuNPs. Figure 2.4(a)
shows the absorbance spectrum of the synthesized AuNPs, in which the surface plasmon
resonance peak was shown around 536 nm. The RRM MGITC, with electronic transitions
near 638 nm [116], was used to provide the SERRS signal. Adsorption of MGITC reduced
the electrostatic stability of the MGITC/AuNP particle, which could lead to aggregation
of the particles during the processing steps, thus mPEG-SH was used to stabilize the
particle. In addition, the binding force in Au-isothiocyanate interaction when adsorbing
the MGITC to AuNP is weak, which can lead to fluctuations in the signal [253].
Encapsulation of a silica shell was an efficient way to prevent reporter molecules from
desorption from the particle surface [254]. Thus, the MGITC/AuNP was encapsulated in
a silica shell to produce a stable and reproducible SERRS signal. MPTMS was used to
functionalize the surface of the MGITC/AuNP with an ethoxy group to facilitate the
adsorption of TEOS [255]. TEOS and ammonium hydroxide were added to form a silica
shell. As shown in Figure 2.4(a), there was a red shift of the absorbance peak of the
synthesized silica/MGITC/AuNP compared with AuNPs, indicating the modification of
MGITC and silica shell.

The overall morphology of synthesized silica/MGITC/AuNP was observed from
the TEM image shown in Figure 2.4(b). A clear silica shell encapsulating the gold core in
the synthesized silica/MGITC/AuNP particles could be observed. It is also seen that

almost all particles had an individual RRM functionalized gold nanoparticle encapsulated
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in a silica shell, confirming the effect of mPEG-SH used to stabilize the particle and to

prevent the particle from aggregating during the process used for particle encapsulation.
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Figure 2.4 (a) Absorbance spectrum of synthesized AuNPs. (b) TEM image of
silica/MGITC/AuNPs. (¢) Size distribution of AuNPs and silica/MGITC/AuNPs. (d)
Zeta potential of silica/MGITC/AuNPs before and after functionalization of the
secondary aptamer.
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Figure 2.4(c) shows the hydrodynamic size distribution of the synthesized AuNPs
and silica/MGITC/AuNP particles. As can be seen, the synthesized AuNPs have a mean
size of 64 nm. Compared to a small size AuNP, a large size AuNP was used here to provide
better efficiency for SERS with excitations at 630-650nm [116]. As shown in Figure
2.4(c), after functionalizing MGITC and growing a silica shell, the size of the particle
increased to around 129 nm. Moreover, the uniformity in size distribution of
silica/MGITC/AuNP particles were close to that of the bare AuNPs, indicating the
thickness of the formed silica shell was consistent.

To form an aptamer/silica/MGITC/AuNP, TEPSA was modified on the surface of
the silica/MGITC/AuNP particle. The succinic anhydride group of TEPSA was
hydrolyzed into two carboxyl groups, which was then activated by EDC and Sulfo-NHS
and reacted with the amine group of the secondary aptamer. After this process, the
secondary aptamer was functionalized on the silica/MGITC/AuNP particle by an amide
bond. Figure 2.4(d) shows the zeta potential change before and after functionalization of
the secondary aptamer. After the functionalization, the zeta potential of the particles
remained negative and had an increase in value, which was due to the strong negative
charge of the aptamer.

The SERRS spectrum of the synthesized aptamer/silica/MGITC/AuNP particle
was measured and is shown in Figure 2.5, and its characteristic peaks were from the
vibrational modes of MGITC. The three strong characteristic peaks of the

aptamer/silica/MGITC/AuNP particle were 1173 cm™,1368 cm™, and 1617 cm™.
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Figure 2.5 SERRS spectrum of the aptamer/silica/MGITC/AuNPs.

2.3.2. Response of the assay

The developed aptamer-based paper strip was used to measure different
concentrations of cTnl. To measure a sample with c¢Tnl, 25 pL of the sample was
introduced onto the sample pad of the paper strip. The sample resuspended the
aptamer/silica/MGITC/AuNPs and the cTnl started to bind with the NPs. Then, 50 pL of
the running buffer was introduced to drive the cTnl and the particle to flow to the end of

the paper. The paper strip was positioned vertically when wicking the running buffer to
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achieve a low flow rate, which provided a longer reaction time for cTnl, the
aptamer/silica/MGITC/AuNPs, and the primary aptamer on the test line. When cTnl was
captured by the primary aptamer on the test line, a sandwich binding of the
aptamer/silica/MGITC/AuNPs, the cTnl protein, and the primary aptamer was formed.
The free aptamer/silica/MGITC/AuNPs not bound with cTnl passed the test line, flowed
to the control line, and bound with the single strand DNA on the control line. The more
cTnl present in the solution, the more aptamer/silica/MGITC/AuNPs were captured on the
test line, and thus there was a stronger SERRS signal. By measuring the SERRS signal,
the concentration of target molecule was quantitatively determined. It took around 10
minutes for the sample to initially flow down the paper and, in order to increase the
sensitivity by allowing more particles and sample to interact, around 40 mins for the paper
strip to wick both the sample and the running buffer to the absorption pad.

Images of the paper strips after loading different concentrations of cTnl are shown
in Figure 2.6(a). It can be seen that the control line was easy to see with one’s bare eyes.
The test line was not as strong nor as easy to read as the control line, especially at the
lower concentrations. However, using a portable Raman spectrometer to measure the
signal from the test line quantitative results could be obtained. The distribution of the
signal on the test line is shown Figure A1 in Appendix A. The SERRS spectra of the test
line of the paper strips are shown in Figure 2.6(b). Among the three strong characteristic
peaks (1173 cm™,1368 cm™!, and 1617 cm™), 1617 cm™ was chosen as the best peak due

to the nitrocellulose paper having a low background at this peak. By comparing the SERRS
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intensity at 1617 cm™ from the test lines, the signal was shown to increase with an

increasing concentration of cTnl.
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Figure 2.6 (a) Images of paper strips and (b) SERRS spectra from the test line on a
blank nitrocellulose paper and the paper strips after loading different concentrations
of ¢Tnl.

The correlation of the SERRS peak intensity at 1617 cm’ with the cTnl
concentration (0- 0.1 ng/mL) is shown in Figure 2.7. The SERRS signal observed for 0
ng/mL of ¢Tnl could be due to some non-specific binding of the secondary aptamer
functionalized silica particle with the primary aptamer/streptavidin on nitrocellulose
paper. The results show that SERRS intensity was linearly correlated with the

concentration of ¢Tnl, and the limit of detection (LOD) was calculated to be 0.016 ng/mL.
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The dynamic range of the developed aptamer-based paper strip for cTnl was 0.016 - 0.1
ng/mL, which is close to the physiological relevant range of ¢Tnl (0.01-0.1 ng/mL). This
result indicates that the developed aptamer-based paper strip has a potential to be used to
quantitatively detect ¢Tnl at the point-of-care. The comparison of the developed aptamer-
based paper strip with previously reported assays for detection of ¢Tnl is shown in Table
Al in Appendix A. Compared with other paper-based assays[236, 242, 243], the
developed paper strip used an aptamer, which is more thermally stable, has better tolerance
to wide range of pH, and is a lower cost recognition element (>50 times lower cost
compared to the cost of cTnl antibodies purchased on-line) [155, 250]. In addition, using
a portable reader, it showed good sensitivity close to the lower end of physiological range

and required a shorter detection time than the other assays based on aptamers [245, 246].
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Figure 2.7 SERRS intensity at peak 1617 cm™ of the test line of the aptamer-based
paper strip to different concentrations of ¢cTnl (n=3).

2.3.3. Selectivity of the assay

To evaluate the selectivity of the developed aptamer-based paper strip, potential
interferents were tested all at the mid-level concentration of 0.1 ng/mL. CRP is an
inflammatory biomarker and is used in risk stratification in cardiac diseases [256]. h-
FABP is a protein and its concentration would increase after MI [257]. BNP is a
neurohormone released from the cardiac cells and the increase in its concentration would
indicate heart failure [257]. Thus, CRP, h-FABP, and BNP were used to show the
specificity to these potential interferents. These interferents were tested under the same
experimental conditions as c¢Tnl. Tests for each sample were performed in triplicate.

Figure 2.8 shows the SERRS intensity at peak 1617 cm™ measured from test lines of these
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samples. It is shown that the aptamer-based paper strip had low response to CRP and BNP.

The signal intensity of h-FABP was higher than CRP and BNP, but as shown in Figure

2.8 all three signals were statistically lower than ¢Tnl. All three components were in the

same range as the background (i.e. zero concentration of cTnl), indicating these

interferents had a negligible change on the spectra from non-specific binding. These

results indicate the aptamer-based paper strip had a good selectivity to cTnl.
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Figure 2.8 SERRS intensity at 1617 c¢cm™! of ¢Tnl, CRP, h-FABP, and BNP,
demonstrating the selectivity of the aptamer-based paper strip. *Significantly

different (p<0.05).
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2.3.4. Stability of the assay

To evaluate the stability of developed aptamer-based paper strip, the paper strip
was stored in a sealed container at room temperature and its response to 0.03 ng/mL c¢Tnl
over 10 days was tested. As shown in Figure 2.9, the SERRS signal changes over 10 days
were within 8% of the initial response on day 1. On Day 10, the signal retained 96.5% of
the initial response on Day 1. These results indicate that the developed aptamer-based

paper strip had reasonable stability when stored at room temperature over 10 days.
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Figure 2.9 Stability of the aptamer-based paper strip stored at room temperature
over 10 days.
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2.3.5. Analysis of ¢Tnl in serum

To evaluate the performance of the aptamer-based paper strip for detection of cTnl
in a complex biological sample matrix, a standard addition method was used to detect the
recoveries of different concentrations of ¢Tnl in human serum. The result is shown in
Table 2.1. It can be observed that the recovery rate was in the range of 93.8% - 95.8%
indicating the serum matrix had a low effect on the assay. No dilution of serum sample
was needed in this assay due to the use of 50 uL running buffer, which helped the serum
to flow and reduced the effect of higher viscosity of the serum. Therefore, the developed
aptamer-based paper strip was shown to have the potential to be applied for the clinical

determination of cTnl in a more complex medium.

Table 2.1 Test for the detection of ¢Tnl in serum samples (n=3).

Added Found o —1 0
Sample (ng/mL) (ng/mL) Recovery (%) RSD (n=3, %)
1 0.03 0.0285 93.83% 4.99%
2 0.05 0.0479 95.83% 3.52%

2.4. Conclusion
In this work, an aptamer-based SERRS assay on a paper strip for detection of cTnl

was developed and characterized. The developed assay used aptamer rather than
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antibodies as the recognition element, due to its low relative cost, good thermal stability,
tolerance to a range of pH levels, and long shelf life. The assay used silica/MGITC/AuNPs
to provide a strong and stable SERRS signal at a 638 nm excitation wavelength. A
handheld Raman spectrometer was used to measure the SERRS signal. A lateral flow strip
design was used to build the paper fluidic strip. The particles were stored in the paper strip
and ensured a simple operation for end users. After introducing the sample with ¢Tnl in
the sample pad, a sandwich binding of the aptamer/silica/MGITC/AuNPs, the cTnl, and
the aptamer on test line formed when cTnl was present. The SERRS signal on the test line
increased with the concentration of cTnl. The developed assay for ¢Tnl had a detection
range of 0.016-0.1 ng/mL, with a LOD of 0.016 ng/mL. The developed assay also showed
good selectivity to ¢Tnl compared with other potential interferents. In addition, the
developed assay showed stability over ten days and good performance in spiked serum
samples. To increase the sensitivity in the low concentration range, a larger sample volume
or a particle that produces a higher SERRS signal (e.g. nanostars, nanoshells, etc.) could
be used in future tests. In addition, the assay time could be decreased by using a
nitrocellulose paper with a faster flow rate. Overall, this work showed that the aptamer-
based SERRS assay on a paper platform has the potential to provide a sensitive, selective,
stable, repeatable and cost-effective platform for the detection of ¢cTnl, toward eventual

use in diagnosis of MI at the point-of-care.
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3. PAPER MICROFLUIDIC DEVICE WITH A HORIZONTAL MOTION VALVE
AND A LOCALIZED DELAY FOR AUTOMATIC CONTROL OF A MULTISTEP

ASSAY *

3.1. Introduction

A microfluidic paper-based analytical device (WPAD) is a platform comprised of
hydrophilic and hydrophobic channel networks in paper [176, 177]. Paper has the merits
of abundance, low-cost, ease of disposability, ease of manipulation, being environmentally
friendly, and having compatibility with biological samples [247]. Due to these advantages,
paper-based devices have demonstrated their capability for being used in implementing
assays, especially in point-of-care testing (POCT) [167, 174, 258-260]. However, most of
these paper-based devices perform assays without controlling the fluid[167-175]. Fluidic
control in a uPAD is important in implementing high-performance assays. For instance,
controlling the fluid to flow at a slower flow rate in paper-based devices can improve the
sensitivity of the assay [186, 188, 191]. A fluidic control valve can also be used to
implement multi-step assays, such as those that include sequential loading, incubation,
and washing [205, 206, 213, 214, 261]. Thus, pPADs capable of implementing a multi-
step protocol would help to translate high-performance assays into point-of-care settings.

Efforts to control flow rate have included several designs such as changing the

geometries of the channel [179-184] or altering the permeability of the paper by using

* Reprinted with permission from Dandan Tu, Allison Holderby, John Dean, Samuel Mabbott,
Gerard L. Coté, “Paper Microfluidic Device with a Horizontal Motion Valve and a Localized
Delay for Automatic Control of a Multistep Assay,” Anal. Chem. 2021, 93, 10, 4497—4505.
https://dx.doi.org/10.1021/acs.analchem.0c04706. Copyright 2021 American Chemical Society.
You can view the full text of this article at http://pubs.acs.org/articlesonrequest/ AOR-
6ZWA2ZXSZWAZZMWF4BPJ to download this article.
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materials including wax [185-187], agarose [188], sucrose[189, 190], and trehalose[191].
Sucrose is a popular permeability altering material since it is a water-dissolvable, abundant
and low-cost material. It is also currently used in the preservation of reagents in many
paper-based analytical devices and has minimal effect on many assay chemistries [190].
A wide range of time delays have been achieved by using a sucrose-based dissolvable
delay [190]. However, the dissolvable delay using sucrose typically covers the whole
channel and the method used makes it difficult to quantify the sucrose applied on the
channel. This type of dissolvable delay is not suitable for the localization of sucrose in a
specific position in the channel. In one study, a sucrose-based dissolvable barrier was
fabricated by depositing a sucrose solution on paper using a modified craft-cutting
instrument [189]. Using this method, the position and volume of the localized sugar delay
are well controlled. However, 5 drawings on a Whatman grade 1 chromatography paper
only provided a delay time of around 48 s, which is enough for this application but may
be too short for POC applications that often require more time [189]. Therefore, a simple
one-step method to precisely make a localized dissolvable sugar delay, which efficiently
increases the flow time and decreases the flow rate would be desirable.

To achieve multi-step processes using pPADs, various methods have been
developed [181, 182, 190, 191, 193, 205, 206, 213-216, 218]. Automatic systems are
easier to use especially for untrained users [205, 206]. To retain the cost-effectiveness of
uPADs, eliminating the dependence on auxiliary instruments for automatic multi-step
processes is desired. With no auxiliary instruments, multi-step processes can be achieved

by controlling the fluid flow in different channels such that the fluid arrives at the reaction
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point at different times. Perturbation of fluid flow speeds in puPADs may occur using the
following techniques: channel geometry variations [181, 182], dissolvable materials [190,
191, 213-215], variation in paper wettability [213, 214, 216], and carving channels on
paper [193]. Limitations in these methods include loss of effective fluid volume, which
can affect the assay reaction and fluid mixing with the dissolvable materials leading to a
change in assay chemistries. Designs using folded paper actuators [218] and compressed
cellulose sponges [206] have the potential to overcome these limitations as each method
utilizes valve actuation for multi-step processes. In the two designs, the connection or
separation of channels for fluid of different steps are controlled by vertical movements
generated by a sponge or a folded paper actuator. However, the channels that are designed
to stay spatially separated at different heights have the potential to become falsely
connected before actuation. To ensure its performance, extra care is needed to prevent
false actuations between channels. Developing a uPAD that uses horizontal movement of
the actuator could largely avoid this problem.

In this paper, a simple and robust system that includes a mechanical valve using
horizontal movement to implement a multi-step process in a uPAD along with a localized
dissolvable delay to control flow rate and enhance assay sensitivity is described. This
study was the first demonstration of using a mixture of fructose and sucrose in a
dissolvable delay. The effect of the ratio of fructose to sucrose, the volume of the mixture,
and the position of the dissolvable delay were analyzed. A one-step method using pipetting
and wax-printed scale lines was used to make the dissolvable delay in a localized region.

In addition, a horizontal motion mechanical valve, a paper arm and a compressed sponge
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was used to achieve a multi-step process. The paper arm uniquely transformed the vertical
movement of the compressed sponge into a horizontal movement. The developed uPAD,
that included the localized dissolvable delay and the mechanical valve, was initially
characterized with dye solutions and then tested on a model assay namely; a surface-
enhanced Raman scattering (SERS) assay developed to target cardiac troponin I (¢Tnl), a

clinically validated biomarker for myocardial infarction.

3.2. Materials and methods
3.2.1. Materials

Whatman Grade 1 chromatography paper was purchased from GE Healthcare (IL,
USA). Glass fiber pad (GFCP000800) was from EMD Millipore (MA, USA). Thick blot
filter paper (#1703932) was purchased from Bio-Rad (CA, USA). The compressed
rectangular sponge (43CC) was purchased from Sponge Producers Company (MO, USA).
The mounting adhesive sheets were purchased from Michaels (TX, USA). Transparent
sealing film (UC-500) was from Axygen (CA, USA). Food dye (red) were purchased from
a local supermarket (TX, USA). Sucrose, D-(-)-fructose, sodium citrate tribasic dihydrate,
gold(III) chloride trihydrate, (3-mercaptopropyl)trimethoxysilane (MPTMS), 2-propanol,
tetracthyl orthosilicate (TEOS), ammonium hydroxide (28%), ethanol, sodium
cyanoborohydride (NaBH3CN), and sodium periodate (NalO4) were purchased from
Sigma Aldrich (MO, USA). Malachite green isothiocyanate (MGITC) and green
fluorescent particles (GO100) were purchased from Thermo Fisher Scientific (MA, USA).

Carboxy-poly(ethylene glycol)-thiol (SH-PEG-COOH, Mw 10 kDa) was purchased from
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Nanocs (NY, USA). N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS) and N-ethyl-
N'-(3-dimethylaminopropyl)carbodiimide  hydrochloride (EDC-HCI) were from
CovaChem (IL, USA). (3-triethoxysilyl)propylsuccinic anhydride (TEPSA) was
purchased from Gelest (PA, USA). Cardiac Troponin I (cTnl) was purchased from
GenScript (NJ, USA). The sequence of aptamers for cTnl assay was reported previously
[156, 157]. In this work, aptamer 1 (5’-amine-2 hexa-ethyleneglycol spacers-CGTGC
AGTAC GCCAA CCTTT CTCAT GCGCT GCCCC TCTTA -3’) and aptamer 2 (5’-
amine-2 hexa-ethyleneglycol spacers-CGCAT GCCAA ACGTT GCCTC ATAGT
TCCCT CCCCG TGTCC-3") were used. Both aptamers and the control line DNA strand
(5’-amine—hexa-ethyleneglycol spacer-GGACA CGGGG AGGGA ACTAT GAGGC
AACGT TTGGC ATGCG- 3°) were from Integrated DNA Technologies (IA, USA).

Milli-Q ultrapure water (18.2 MQ cm™") was used in all the procedures.

3.2.2. Instrumentation

The wax was printed on the paper using a ColorQube 8570 wax printer (Xerox,
USA). The fluid flow on the paper was recorded using a webcam (Logitech Webcam
c922). The fluorescent images and videos were recorded using a benchtop Nikon Eclipse
Ti2-U fluorescence microscope (Nikon, Japan). Scanning electron microscope (SEM)
images were acquired on a JEOL JSM-7500F (JEOL, Japan). Transmission electron
microscopy (TEM) images were acquired on a JEOL JEM-2010 (JEOL, Japan). All SERS
spectra were collected using a Thermo Scientific DXR Raman confocal microscope with

a 780 nm laser. The magnification and numerical aperture of the objective were 10x and
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0.25, respectively. The spectral range was from 200 cm™ to 1800 cm™, and the spectral
resolution was 3.0-4.1 cm!. Samples were excited with a 24 mW laser using 2-sec

exposure per reading. All spectra were baseline corrected.
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Storage Region
Movable Arm

Figure 3.1 Schematic representation of a pPAD with a horizontal motion mechanical
valve.

3.2.3. Preparation of paper substrates

Hydrophobic wax barriers and wax scale lines were patterned on Whatman grade
1 chromatography paper. The paper with wax patterns was then heated in an oven at 120
°C for 2 min to melt the wax and form the hydrophobic boundary. An adhesive backing
sheet was taped on the bottom of the paper. Two pieces of hydrophobic tape, labeled as

“choke tape” in Figure 3.1, were used to form a sample inlet region at the beginning of the
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hydrophilic channel. The choke tape was used to direct fluid samples into the porous paper
matrix and to prevent them from flowing onto the surface of the paper.
3.2.4. Horizontal motion mechanical valve

Figure 3.1 shows the design of the lateral motion mechanical valve in the uPAD.
A compressed sponge (6mm x 6 mm % 2.5 mm) was fixed to the paper using adhesive
tapes. The overlapping region between the sponge and the hydrophilic channel was 6 mm
x 3 mm. The movable arm is composed of a hydrophobic wax body and a hydrophilic
head. A socket to guide the horizontal movement of the arm was made using paper and
adhesive tape. The arm went through the socket, and the end the hydrophobic body was
taped on a paper cube with a height of 2.5 mm. The paper cube, which was taped on the
wax region, was used to keep the end of the arm high and reduce the downward pressure
applied on the compressed sponge. A transparent sealing film was covered on top of the
hydrophilic region with a 0.5 mm gap between the sealing film and the paper. Adhesive
sheets with a thickness of 0.5 mm were used as a supportive wall to form the gap. The
fabricated paper was then stored in a sealed container before use. The detailed information
of the dimensions and positions of components of the horizontal motion mechanical valve
is shown in Figure B1 in Appendix B.

Performance of the mechanical valve was characterized using red and blue food
colorings, diluted in PBS. 150 pL of the blue solution was loaded in the washing solution
storage area, followed by loading 75 pL of the red fluid into the inlet of the uPADs.
Movement of the two fluids was recorded using a webcam. Height change of the

compressed sponge was measured using a digital caliper.

86



3.2.5. Localized dissolvable delay

Localized Dissolvable Delay:
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|
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Figure 3.2 Schematic representation of the pPAD with a mechanical valve and a
localized dissolvable delay for a multi-step assay. Components and dimensions of the
localized dissolvable delay portion of the pPAD are shown in the blow-up detail on
the right.

Figure 3.2 shows the overall design of the WPAD with mechanical valve and the
localized dissolvable delay for a multi-step assay. The dissolvable delay portion was
initially fabricated and tested before adding the mechanical valve. To make the dissolvable
delay region, the following process was used. Sucrose was mixed with water at room
temperature for 2 days to yield a saturated sucrose solution (concentration of ~2 g/mL at
20 °C) [190]. Concentrations of 0.2 g/mL, 0.6 g/mL, 1 g/mL, 1.4 g/mL, and 1.8 g/mL of
sucrose solutions were made by adding different volumes of water into the saturated

sucrose solution. To make sucrose/fructose mixtures, 0.5 g, 1 g, 1.5 g, and 2 g fructose
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was added into 1 mL of the sucrose solutions to get sucrose solutions with 0.5 g/mL, 1.0
g/mL, 1.5 g/mL, and 2.0 g/mL fructose, respectively. Full details of the sucrose solution
and sucrose/fructose mixture compositions are shown in Table Bl in Appendix B.
Solutions were agitated for 2 hours to aid dissolution.

The mixture was deposited on the hydrophilic channel of the paper using reverse
pipetting, meanwhile, the wax scale lines were used to indicate the position of the drop.
The paper containing the sucrose/fructose mixture solution was left at room temperature
with 55% humidity until the solution is fully dispersed across the paper. The paper was
then dried in an oven at 45 °C for 12 hours. After drying the mixture, a dissolvable delay
was formed in a small localized area. The hydrophilic region was then covered with a
sealing film using adhesive sheets (thickness of 0.5 mm) as a supportive wall. The pPAD
was then stored in a sealed container with desiccant before use.

The dissolvable delay was characterized using a webcam to record movement of
the fluid front in the hydrophilic channel after loading 50 pL of PBS containing red dye.
Characterization of the particle count of 1.1 um green fluorescent particles in the
hydrophilic channel with and without a localized dissolvable delay was measured using a
fluorescent microscope. Specifically, movement of the fluorescent particles at 10 mm
down the channel in the puPADs was recorded at 300 s, 600 s, 900 s, 1200 s, 1440 s, and
1680 s, after loading the fluorescent particles in 50 pL of water. The particle count was
obtained using a Lagrangian particle tracking algorithm [262, 263]. One-way analysis of

variance (ANOVA) in OriginLab was used to determine whether the flow times were
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significantly different when using different dissolvable delays. A theoretical analysis and

discussion regarding the dissolvable delay are given in Appendix B.

3.2.6. Aptamer based SERS assay using pPAD

As shown in Figure 3.2, a test line and a control line were formed on the uPAD for
the multi-step assay. To develop the test line and the control line, aptamer 1 and the control
line DNA strand were immobilized on the hydrophilic channel of cellulose paper using a
modified process based on the Schiff base plus reduction method [264]. The detailed
process is described in Appendix B. After immobilization of aptamer 1 on the uPAD, the
localized dissolvable delay and the mechanical valve was fabricated using the processes
mentioned in the previous section.

SERS-active silica shell particles functionalized with MGITC as the Raman
reporter molecule were synthesized. Aptamer 2 was then attached to the synthesized silica
shell particle using TEPSA as a linker. The synthesized aptamer functionalized SERS
active particles were then dried on the glass fiber pad and cut into 4 mm x 4 mm squares.
The glass fiber pad with the particles was put at the inlet of the pPAD, as shown in Figure
3.2. The detailed process to synthesize the silica shell particles and dry them on the glass
fiber pads is described in Appendix B.

To test the performance of the developed pPAD, we developed a model assay for
the detection of cTnl solutions. Specifically different concentrations of cTnl (0, 0.01, 0.05,
0.1, 0.2, 0.5, 1 ng/mL) were prepared in PBS (PH 7.4). The assay was implemented by

loading 150 pL of wash-ing buffer (PBS with 0.25% Tween 20) in the washing solution
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storage area and loading 75 pL of the cTnl solution in the sample inlet. After loading the
solutions, the pPAD automatically com-pleted the steps of wicking the sample to the
reaction region and washing excess reagents. After the washing solution was completely
wicked, the SERS signal of the test line in the pfPAD was measured using a Raman

microscope.

3.3. Results and discussion
3.3.1. Measuring the delay time with the localized dissolvable delay

The dissolvable delay portion of the uPAD (Figure 3.2) was first tested before
introducing the mechanical valve. The delay was positioned in the middle (Region 2) of a
50 mm hydrophilic channel. Region 1 and Region 3 represent the areas before and after
the localized delay, respectively. Evaporation, which could cause loss of sample solution
and change in flow rate, cannot be neglected in a long-time reaction. Thus, a sealing film
was used to cover the hydrophilic region in the uPAD. The evaporation test, depicted in
Figure B3 in Appendix B, shows a significant reduction in the percent of mass loss with
time when the sealing film was used indicating reduced evaporation.

Fructose, a monosaccharide, that combines with glucose to form sucrose, has been
used to slow down crystallization of sucrose because fructose attaches on the major
growing face of a sugar crystal and inhibits the incorporation of the sucrose [265]. Here,
fructose and mixtures of fructose and sucrose were evaluated for their performance in
providing a localized dissolvable delay. We tested our flow delay by measuring the time

the fluid front took to reach the location in Region 3 (40 mm). Based on results contained

90



within Appendix B including Figure B4, 0.6 g/mL sucrose and 1.0 g/mL fructose were
selected and combined to form the optimal sucrose/fructose mixture that provided a long
delay time. Further, the flow time of the solution through the uPAD with a localized delay
composed of the fructose/sucrose mixture was compared with a blank pPAD and one with
localized delays made of just 0.6 g/mL sucrose. As shown in Figure 3.3(a), the localized
sucrose/fructose delay provided a flow time of 661 s, close to 2 times the flow time in a
uPAD without a dissolvable delay (348 s), and was better than only sucrose. The longer
flow time of the sucrose/fructose mixture may be attributed to the higher-viscosity mixture
dispersing slower across the paper, with the slower speed in forming sucrose crystals,
and/or could be the better penetration in the paper pores of fructose. Due to these effects,
less pores present after drying (Figure B5(c) in Appendix B). More effectively filled pores
possibly decreased the cylindrical pore radius, which increased flow time and reduced
flow rate. Moreover, as the sugar was effectively dissolved, both fructose and sucrose
increased fluid viscosity and the fluid was effectively slowed down due to the higher

viscosity.
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Figure 3.3 (a) Comparison of the flow time of the fluid front to reach 40 mm on a
pPAD without a dissolvable delay, a pnPAD with a localized dissolvable delay made
of 3 pL of 0.6 g/mL sucrose, and a pPAD with a localized dissolvable delay made of
3 pL of 0.6 g/mL sucrose with 1.0 g/mL fructose. All the localized dissolvable delays
were located at the 10 mm position. {Significantly different (p<0.05). (b) The column
data is the flow time on the pPADs with localized dissolvable delays made of different
volumes of 0.6 g/mL sucrose with 1.0 g¢/mL fructose, and the scatter data is the length
of the sugar region. All the localized dissolvable delays were located at the 10 mm
position. (c) Left: Image of the pPADs with localized dissolvable delays made with
2.5 pL of 0.6 g/mL sucrose and 1.0 g/mL fructose at different positions (light grey
area shifted from left to right as you go from bottom to top). Right: Flow time for the
fluid front to reach 40 mm on the hydrophilic channel of the pPADs. *Significantly
different compared with delays located at different positions (p<0.05).

3.3.2. The effect of dissolvable delay region width and distance from the inlet
In our work, the dissolvable delay is in a localized region in the pPAD and this
limited length of the sugar region enables a flexible position for the assay design in

UPADs. The lengths of the sugar region were affected by the volume of the
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sucrose/fructose mixture dried on the channel. Figure 3.3(b) shows that the larger the
volume of sugar solution, the longer the length of the sugar region. Dissolvable delays
with lengths ranging from 4.3 mm to 10.8 mm were achieved. Figure 3.3(b) also shows
that the longer length of the sugar region, the longer the flow time, but the flow time was
effectively constant after the length of the sugar region reached 8.2 mm (i.e. 2.5 uL of
sugar solution).

The increase in flow time with the increased volume of sugar solution could be
attributed to a longer Region 2 with a small cylindrical pore size, and a higher fluid
viscosity in both Region 2 and Region 3. Based on Figure 3.3(b), because the increase of
flow time slowed down at 2.5 pL, 2.5 pL. of 0.6 g/mL sucrose with 1.0 g/mL fructose was
selected for the following experiments due to its short length and long delay time.

The effect of the position of the sugar region was characterized, and Figure 3.3(c)
shows the uPAD with sucrose/fructose delays made at different positions down the
channel and their different flow times. As discussed in the theoretical analysis in Appendix
B, for a longer Region 1, the start of Region 2 that contains the sugar mixture is further
away, which causes a slower dissolution. This slower dissolution allows the pore sizes to
stay small and the paper to exhibit low porosity (i.e., the sugar mixture does not dissolve
as quickly and so there is a smaller cylindrical pore radius) but also yields a lower viscosity
(i.e. there is less material dissolved in the solution and traveling to Region 3). Notably,
these two factors affect the flow time in opposite directions according to Equation 1 in
Appendix B. From the result shown in Figure 3.3(c), the flow time was longer the farther

the sugar region was from the inlet (5 mm to 20 mm). This suggests that the effect of the
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location on the sugar mixture region on keeping the cylindrical pore radius small was
larger than the lower fluid viscosity. In addition, the figure showed that the flow time
reached a plateau when the dissolvable sugar mixture region was further than 20 mm. At
15 mm an effective delay in flow was depicted with a flow time of 756 s, which was 2
times greater in the puPAD without a dissolvable delay. As a result, the 15 mm position
was selected as the position for the localized dissolvable delay.

To use the pPAD for an assay, a test line with recognition elements was
immobilized to capture target analytes and particles and a control line was created to
capture excess particles and ensure the assay was working correctly. The test line and
control line were designed to be located in Region 1 (before the delay) instead of Region
3 (after the delay) in order for the assay to avoid interaction with the dissolved sugar.
Given the dissolved sugar mixture region starts at 15 mm from the inlet, the control line
was located at 14mm and the test line at 10 mm from the inlet. The flow at the 10 mm test
line position was characterized using fluorescent particles (see details in Appendix B). As
shown in Figure B6 in Appendix B, the localized delay decreased the particle flow at the
10 mm test line position. This result validated that the localized dissolvable delay

effectively decreased flow rate and extended time for the assay to react.
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3.3.3. Mechanical valve using a two-step design

A novel mechanical valve using horizontal movement was developed using a paper
arm and a compressed sponge. The two-step process is shown in Figure 3.4(a). For Step
1, a red solution was loaded at the inlet and flowed down the hydrophilic channel. When
the solution reached the compressed sponge, the sponge increased in height after it
absorbed the sample solution. A paper arm and socket were used to transfer the vertical
movement of the compressed sponge into a horizontal movement. When the paper arm
moved, the hydrophilic head connected the washing buffer storage region with the
hydrophilic channel, which then initiated Step 2, and the blue solution started to flow in
the hydrophilic channel.

Figure 3.4(b) shows the height change of the compressed sponge (actuator) related
to the volume of the red solution loaded in the sample inlet. The larger the volume of the
red solution, the larger the height change and, correspondingly, the larger the horizontal
movement. Figure 3.4(b) shows the height increased from 0.8 mm to 6.2 mm as the
solution volume increased from 25 puL to 225 pL. However, the increase was much slower
after the volume reached 125 pL and effectively stopped after the volume reached 175 pL.
The reduced slope after 125 pL. was primarily because the compressed sponge enlarged,
became softer, and leaned to one side. Similarly, the horizontal movement of the
hydrophilic head, depicted in Figure 3.4(c), showed a slowdown in the change after 125
pL. The slight leaning of the enlarged sponge also resulted in the moveable arm shifting
to an angle, which contributed to the larger standard deviation in the horizontal movement.

Thus, before initiating Step 2, the total volume of solution in Step 1 was kept smaller than
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125 pL. Within this range, the horizontal movement allowed for a variation from 0.4 mm

to 3.4 mm.
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Figure 3.4 (a) Schematic representation of using the pPADs with a mechanical valve
to finish a two-step process automatically. (b) Height change of the actuator (c)
Horizontal movement of the arm in a pPAD with a mechanical valve when adding
different volumes of the red solution. (d) Time-lapsed images of loading solutions at
the beginning and finishing the two steps automatically on a pPAD with the
mechanical valve.
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The time-lapsed images of the flow on the uPAD with the mechanical valve are
shown in Figure 3.4(d). At 0 s, the washing buffer storage region was loaded with 150 uL
blue solution. The hydrophilic head was also wetted because wetting the hydrophilic head
kept it in good contact with the paper surface and ensured a successful connection of the
hydrophilic channel and the washing buffer storage region after actuation of the
mechanical valve. 75 puL red solution was also loaded and began to travel down the channel
reaching the mechanical valve sponge actuator after 624 s. The mechanical valve then
automatically initiated Step 2, and the blue solution began loading and finished flowing at
roughly 2290 s. Figure B7 in Appendix B shows the repeatability of the flow time in the
uPAD with the mechanical valve. It can be observed that the design provided a consistent

control in the time to open the valve and initiate Step 2.

3.3.4. Mechanical valve using a four-step design

In addition to the two-step process, the mechanical valve was modified to achieve
a four-step process as characterized in Figure 3.5. The modified pPAD was tested using
PBS with four different colored solutions. Initially, 50 pL of the green, red, and blue
solutions were loaded in the solution storage areas and then 50 pL of the yellow solution
was loaded in the inlet of the pPAD. After loading the four solutions, the pPAD
automatically finished the four-step process. As depicted in Figure 3.5, the yellow solution
starts to flow in the channel after 0 s and is absorbed by the sponge. The valve is actuated
and the green solution starts to flow at roughly 316 s, is absorbed by the sponge, causing

the valve to open further and the red solution starts to flow at roughly 641 s. The red
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solution is absorbed by the sponge, opening the valve further allowing the blue solution
to flow at roughly 1095 s. Compared to previous literature designs using a compressed
sponge[206], this design uses horizontal movement instead of vertical movement to
achieve the multi-step procedure. In this way, false actuations between the channels, that
are designed to stay spatially separated at different heights before actuation, can be

avoided.

Os 316s 565 s
Load solutions for Step 1 - 4. Step1 finishes. Actuator is Green solution flows in the
Step 1 starts after loading the activated and Step 2 starts. hydrophilic channel.

yellow solution.

641s 1095 s 2623 s

Step 2 finishes. Hydrophilic Step 3 finishes. Hydrophilic Step 4 continues until blue solution
head moves, and Step 3 starts. head moves, and Step 4 starts.  is wicked. Finally, Step 4 finishes.

Figure 3.5 Time-lapsed images of the addition of solutions at the beginning and end
of an automated four-step pPAD with a horizontal mechanical valve.

3.3.5. Aptamer based SERS assay design and results using the pnPAD

A high sensitivity cTnl assay at the POC and outside the central lab, for example
in an ambulance, is important to help the diagnosis and early treatment of MI [229].
Toward that goal, a two-step aptamer-based SERS assay for cTnl was developed using the
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uPAD with a localized dissolvable delay and a mechanical valve. Figure B10 in Appendix
B shows the schematic plot of the assay. In the assay, aptamers were used as the
recognition element and SERS-active silica shell particles were used to transduce the
signal (Figure B9 in Appendix B shows the TEM image of the silica shell SERS active
particle). Aptamer 1 was immobilized on the hydrophilic channel of the uPAD. Figure B8
in Appendix B shows a strong fluorescent intensity observed on the test line region
confirming the successful immobilization of aptamer 1 on the paper. Aptamer 2
functionalized SERS active particles were stored in the glass fiber inlet pad. To initiate
the automatic two-step assay, the washing buffer and sample solution were loaded in the
washing buffer storage region and sample inlet, respectively. After loading, the sample
resuspended the aptamer 2 functionalized particles and they started to flow in the channel.
When ¢Tnl was present in a sample, it bound with aptamer 2 functionalized particles,
which were then captured by aptamer 1 on the test line. The unbound aptamer 2
functionalized particles with no cTnl were captured on the control line. When the solution
reached the delay region, the dissolvable delay slowed down the flow. After the sample
solution dissolved the sugar, the fluid passed through and actuated the mechanical valve.
The washing buffer was released and automatically flowed in the channel and washed off
excess chemicals and unbound particles. The SERS signal of the test line was measured

to determine the concentration of ¢Tnl in the sample.
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Figure 3.6 (a) Time-lapse images of fluid flow in a pPAD with a localized dissolvable
delay and a mechani-cal valve. (b) SERS response of the pPAD to different
concentrations of cTnl in a PBS solution. The inset is the SERS spectra for 0 ng/mL
to 0.5ng/mL of ¢Tnl. The peak intensity at around 1614 cm™! (C-C and N-phenyl ring
stretches in MGITC) is used. The SERS intensity value in the response curve
represents the summed value of the peak intensities in a 2.9 mm % 0.9 mm area on
the test line. Each concentration was tested using three replicates.

Figure 3.6(a) shows the time-lapse images of fluid flow in the pPAD. The contrast

is lower here because nanoparticles with Raman reporters and a washing buffer were used

instead of food dye solution. The SERS response to different concentrations of cTnl was

acquired after the washing buffer finished flowing, and the results were shown in Figure
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3.6(b). Details about the SERS signal measurement and data processing are described in
Appendix B. Figure 3.6(b) shows the SERS intensity on the test line was linearly
correlated with the concentration of the ¢Tnl from 0 ng/mL to 0.5 ng/mL. The limit of
detection (LOD) was 0.02 ng/mL. The focus for using this model assay was to show that
the two-step SERS assay on the uPAD, with a localized dissolvable delay and a
mechanical valve, could quantitatively determine the concentration of ¢Tnl in a PBS
buffer. Moreover, the assay response and the flow time in pPADs with and without the
delay were compared in Figure B13 and Figure B14 in Appendix B. It was shown that,
compared with the pPAD without the delay, the flow time in the puPAD with the
dissolvable delay in step 1 was longer and the assay was more sensitive in the low
concentration range, validating the slowing effect from the delay, which was designed to

allow for more time for the assay components to react.

3.4. Conclusion

In this paper, a novel uPAD with a localized dissolvable delay and a horizontal
motion mechanical valve was developed. A simple one-step method was used to fabricate
the localized dissolvable delay region. A mixture of fructose and sucrose was shown to
form an effective delay gate. Ratios of fructose to sucrose, volumes of the mixture, and
positions of the delay were optimized. The localized dissolvable delay made of 2.5 pL of
0.6 g/mL sucrose with 1.0 g/mL fructose at 15 mm was determined to provide an effective
increase of flow time to allow the assay to interact. A two-step and four-step process were

successfully implemented using the horizontal mechanical valve with a paper arm and a
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compressed sponge. Because the paper arm in the mechanical valve moved in a horizontal
direction, it prevented problems often encountered in vertical direction valves and
provided robust activation. The developed nPAD was successfully used to automate an
aptamer-based SERS assay for the quantitative detection of c¢Tnl. In the assay, the
localized dissolvable delay increased reaction time to ensure good detection sensitivity
and the mechanical valve automatically actuated the washing step. The assay performance
can be further improved if particles with stronger SERS signal were used and the uPAD
production was automated. The developed pPAD was shown to provide a useful way to
implement high-performance multi-step assays automatically and has the potential to play
a role in converting current multi-step laboratory assays into simple point-of-care devices

that have high performance yet remain easy to use.
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4. SPECTRALLY MULTIPLEXED ASSAY USING GAP ENHANCED
NANOPARTICLE FOR DETECTION OF A MYOCARDIAL INFARCTION

BIOMARKER PANEL

4.1. Introduction

Myocardial infarction (MI) is a cardiac disease which manifests as myocardial
necrosis due to extended ischemia in cardiomyocytes.[1, 6] Detection of cardiac
biomarkers in blood is indispensable in the diagnosis of ML.[8] Cardiac troponin I (¢Tnl)
has been demonstrated to have high specificity for MI diagnosis, and is a well-established
biomarker according to American Heart Association and American College of Cardiology
guidelines.[26] The clinically relevant cut-off values of cTnl are within the 0.01-0.1 ng
mL ! range.[39] Compared with detecting of cTnl alone, using a multiple biomarker panel
has shown better performance in clinical studies.[47-49, 58, 59] Copeptin is a biomarker
that can indicate the onset of MI,[45] with a clinical cut-off value of 0.056 ng mL'.[43]
Several clinical studies demonstrate the additive value of copeptin on troponin for early
rule-out of MI.[47-49] Heart-type fatty acid-binding protein (h-FABP) is another
biomarker elevated in concentration after onset of MI.[53] The clinical relevant cut-off
values of h-FABP are within the range of 5-16.8 ng mL™'.[56, 57] Adding h-FABP on
troponin can help to improve sensitivity in diagnosis of MI and help in early diagnosis of
MIL.[58, 60, 62, 63] Thus, detection of the biomarker panel composed of cTnl, copeptin,

and h-FABP, will help improve MI diagnostic performance.
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Development of a point-of-care (POC) testing for detection of the cardiac
biomarkers could make the onsite diagnosis of MI more feasible, especially in limited
resource settings. In addition, POC testing is capable of achieving short result turnaround
times compared to samples measured in a central laboratory [68]. A multiplexed assay is
more efficient to detect a biomarker panel than a single-biomarker assay, because the
multiplexed assay usually needs less total volume of sample, shorter analysis time, and
lower total cost.[69] In a recent study, a signal amplified chemiluminescence assay
incorporating Co(II) catalyst/antibody/luminol functionalized gold nanoparticles was used
for the simultaneous detection of the three biomarkers.[85] In another study, a signal
amplified duplex assay for c¢Tnl and h-FABP was developed using metal ion
functionalized titanium phosphate nanospheres as electrochemical labels.[266] However,
these assays require complicated assay steps, including several washing steps, several
incubation steps, and manual operations to add labels and overlap layers during assay. The
complicated procedure is not user-friendly at the POC and requires specialized user
training. Lateral flow assay strip is widely used at the POC due to test simplicity, rapidity,
low cost, and user-friendliness.[69, 162-164] A common way to achieve multiplexed
detection on a lateral flow assay strip, is through spatial separation of test zones using
different lines [73-76] or dots [77, 78]. However, multiplexed detection in a single test
zone could enable shorter manufacturing time, reduced reagent consumption, decreased
manufacturing cost, shorter assay time, and reduced signal evaluation time.[69, 72] Labels

with different colors,[80] Raman peaks,[72, 77, 82] fluorescent peaks,[79] time windows
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for signal reading,[ 79, 81] or electrochemical redox peaks,[82] can be used to differentiate
the signals from different analytes in a single test zone.

Recently, gap-enhanced nanoparticles (GeNPs), also called gap-enhanced Raman
tags [107] or bilayered Raman-intense gold nanostructures with hidden tags (BRIGHTSs)
[113], have been developed to provide strong and stable surface-enhanced Raman
scattering (SERS) signal. The morphologically advanced particles have demonstrated high
performance in imaging and biosensing [107, 113, 123]. GeNP is composed of a metal
core, a metal shell, an interior nanogap between the core and the shell, and the Raman
reporter molecules (RRM) embedded in the nanogap. GeNP has advantages of
encapsulation of RRM inside a protective shell which prevents signal fluctuation due to
desorption of RRM,[97] avoiding the competitive adsorption between RRM and
recognition elements of a sensor when both are functionalized on the surface of the
nanostructure, as well as the high enhancement factor attributed to the inner nanogap
between core and shell.[267] Because gold has a good chemical stability [87] and good
biocompatibility [100], a GeNP with a gold core and gold shell is preferred. Studies have
detailed the formulation of GeNPs with a gold core and gold shell using different spacers
to form the gap.[105, 109-112, 128] When the amount of spacers reaches an effective
coverage on the core surface, a gap layer is formed between the core and grown shell.[108]
When using oligonucleotides,[109] polymers,[105, 110, 111] cyclodextrin,[128] and silica
dioxide,[112] as the spacer, the spacer takes a large portion of the surface area on the
metallic core, which leads to a smaller area for RRM. Some studies have reported to use

RRMs, usually small organic molecules with a thiol group, as the spacer.[107, 108, 129-
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131] Because the RRM itself is capable of forming a gap,[108] the whole surface of the
metallic core is available for the RRM attachment. Compared with RRMs with one thiol
group, RRMs with dithiol groups are capable of forming strong attachments to both core
and shell, leading to very stable GeNP capable of generating significant SERS signals.
However, limited dithiol RRMs are available and most exhibit very similar vibrational
peaks, which limiting their capacity for multiplexed analysis.[ 130] Thus, it is important to
develop a new method to synthesize a set of GeNPs, which use RRMs as the spacer, forms
strong Au-S bond on both core and shell side, and use RRMs with distinguishable peaks.

Here we have developed a multiplex assay using a single test line for the
simultaneous detection of three biomarkers: cTnl, copeptin, and h-FABP. Due to the low
circulating concentrations of the three biomarkers in human body, we have opted to
generate a novel set of GeNPs for high SERS signal and discriminative vibrational peaks.
Different RRMs were used in the GeNPs, including 4-mercaptophenylacetic acid
(MPAA), 5,5 ' -dithiobis(2-nitrobenzoic acid) (DTNB), and 2,3,5,6-tetrafluoro-4-
mercaptobenzoic acid (TFMBA). Additionally, 6-amino-1-hexanethiol (6-AHT) was used
together with these monothiol RRMs to enable formation of Au-S bond on both core and
shell side in the GeNPs. From the best of our knowledge, it is the first time to use this
strategy for formation of a set of GeNPs. Assays for the detection of the three biomarkers
were developed using the GeNPs. Paper-based lateral flow assay strip was used as the
platform to ensure the simplicity, cost-effectiveness, and user-friendliness of the assay.
The assay was tested in buffer solutions and serum samples, and the cross interference
among the three biomarkers was also evaluated.

106



4.2. Experimental section
4.2.1. Materials and chemicals

Human cardiac troponin I was purchased from Abcam (Cambridge, UK). Human
heart fatty acid binding protein was purchased from Hytest (Turku, Finland). Human
copeptin was purchased from Phoenix Pharmaceuticals (CA, USA). Monoclonal mouse
anti-cardiac troponin I (19C7cc and 560cc) and monoclonal mouse anti-human fatty acid
binding protein (10E1 and 28) were purchased from Hytest (Turku, Finland). Monoclonal
anti-human copeptin (4801 and 4804) were purchased from Medix Biochemica (Espoo,
Finland). Monoclonal anti-mouse IgG (M8642) were purchased from Sigma (MO, USA).
Troponin I free serum was purchased from Hytest (Turku, Finland). Human cardiac
troponin I ELISA kit (ab200016) was purchased from Abcam (Cambridge, UK). ELISA
kit for copeptin (CPP) was purchased from Cloud-Clone Corp. (TX, USA). Human heart
fatty acid-binding protein ELISA kit was purchased from Sigma (MO, USA). Whatman
grade 1 chromatography paper and Whatman FF120HP nitrocellulose paper were
purchased from Cytiva (MA, USA). Glass fiber (GFCP000800) was purchased from EMD
Millipore (MA, USA). Thick blot filter paper was purchased from Bio-Rad (CA, USA).
N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI) and N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS) were purchased from CovaChem (IL,
USA). Thiol-poly(ethylene glycol)-acid (SH-PEG-COOH, 2 kDa) was purchased from
Nanocs (NY, USA). Bovine serum albumin (BSA), 6-amino-1-hexanethiol hydrochloride

(6-AHT), L-ascorbic acid, sodium citrate tribasic dihydrate, gold (III) chloride trihydrate
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(HAuCls - 3H20), cetyltrimethylammonium chloride solution (CTAC), 4-
mercaptophenylacetic acid (MPAA), and 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB)
were purchased from Sigma Aldrich (MO, USA). 2,3,5,6-tetrafluoro-4-mercaptobenzoic
acid (TFMBA) was purchased from Tokyo Chemical Industry (Tokyo, Japan). Milli-Q

ultrapure water (18.2 MQ cm™!) was used in all the procedures.

4.2.2. Instrumentation

The test line and control line were dispensed on the lateral flow paper strip using
a dispenser (ClaremontBio Solutions, USA). Extinction spectra of particles were measured
on a Tecan Infinite 200 Pro (Tecan, Switzerland) microplate reader. Transmission electron
microscopy (TEM) images were acquired on a JEOL JEM-2010 (JEOL, Japan). The zeta
potential and hydrodynamic size of the particle were measured on a Zetasizer Nano ZS90
(Malvern, UK). The concentration of particles was measured on a Nanosight Nanoparticle
Tracking Analysis (NTA) system (Malvern, UK). The SERS spectra were collected using
a Thermo Scientific DXR Raman confocal microscope with a 780 nm laser and were
baseline corrected prior to analysis. The magnification of the objective was 10x and the
numerical aperture of the objective was 0.25. The spectral range was from 200 cm™ to
1800 cm™!, and the spectral resolution was 3.0-4.1 cm™'. EM field distributions of Aucore

and GeNP were calculated using Ansys Lumerical.[268]

108



4.2.3. Synthesis of gold-core gold-shell gap-enhanced nanoparticle

The gold core nanoparticle (Aucore) Was synthesized using a seed-mediated
synthesis method.[252] The detailed process to synthesize Aucore 1S in the supporting
information. The gold-core gold-shell (Aucore/RRM/Aushel) GeNP was synthesized using
RRM as the spacer and 6-AHT as the linker to form the nanogap. Figure 4.1 shows the
process used to synthesize the Aucore/ TFMBA/Aushen GeNP. The method was also used in
the Aucore/ DTNB/Aushen and the Aucore/ MPAA/Aushet GeNPs. The general procedure is
as-follows: 50 uL of TFMBA dissolved in ethanol (10 mM) was added to 1 mL of the
Aucore solution (around 240 pM). The mixture was allowed to react on a shaker (400 rpm
speed) at room temperature for overnight. The obtained Aucore /TFMBA particle was
centrifuged (1500 rcf, 15 min) and resuspended in 1 mL of phosphate buffer (PH 7.4).
Similarly, 50 pL of DTNB (10 mM) was added to 1 mL of the Aucore solution, which was
allowed to incubate overnight. The formed Aucore/DTNB particle was centrifuged and
resuspended in 100 pL DMSO and 900 pL of phosphate buffer. To form Aucore/MPAA
particle, 50 uL of MPAA (10 mM) was added to 1 mL of the Aucore solution, which was
incubated for 30 min, centrifuged, and resuspended in 100 uL DMSO and 900 pL of
phosphate buffer.

Next, 2 uL of EDC-HCI (16 mM) and 1 pL of 6-AHT (10 mM) were added to the
Aucore/MPAA. Similarly, 2 uL of EDC-HCI (16 mMm) and 100 puL of 6-AHT (0.01 mm)
were added to the Aucore/DTNB and the Aucore/TFMBA. The particle solutions were
sonicated for 30 min, centrifuged, and resuspended in 1 mL of CTAC solution (0.1 M).

Each obtained particle solution was then added into a mixture composed of 6 mL of 0.1 M
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CTAC solution, 270 pL of HAuCl4 (4.65 mM), and 111.2 pL of ascorbic acid (40 mMm).
After 30 min of sonication, the solution was centrifuged (1000 rcf, 15 min) and washed
with 0.1 M CTAC solution. Finally, the synthesized gold-core gold-shell GeNP was

resuspended in 1 mL of water and stored in a fridge before using.

TFMBA 6-AHT _ . HAuc,
— Y BO — R T —
Epc-HEl Ascorbic Acid

CTAC

Figure 4.1 Process to synthesize the Aucore/ TFMBA/Aushen GeNP.

4.2.4. Preparation of antibody conjugated gap-enhanced nanoparticle

The antibody was covalently immobilized on the GeNP using SH-PEG-COOH as
a linker. The following process is used to prepare the antibody conjugated GeNP for the
detection of h-FABP (GeNP/Abn.ragp). To start with, 300 uL. of ImM SH-PEG-COOH in
phosphate buffer was mixed with 600 puL of Aucore/MPAA/Aushen GeNP (around 462 pM).
The mixture was shaken overnight before being centrifuged (1000 rcf, 12 min) and
resuspended in 600 pL of phosphate buffer. Next, EDC-HCI (0.2 mg) and sulfo-NHS (0.6
mg) were added into the resuspended solution, which was then left to mix for 30 min. The

nanoparticles were centrifuged and resuspended in 600 puL of phosphate buffer, followed
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by addition of 3.8 uL of anti-human fatty acid binding protein antibody (10E1) solution
(6.6 mg mL ™). The mixture was shaken for 1 hour, followed by the addition of 150 pL of
BSA (5%, w/v) in phosphate-buffered saline (PBS, PH 7.4). After shaking for 30 min, the
particles were centrifuged and washed with BSA (1%, w/v) in PBS (PH 8.5). Finally, the
synthesized GeNP/Abn-rapp was resuspended in 600 uL of PBS (PH 8.5) containing BSA
(0.1%, w/v) and stored in a fridge before using. The same procedures were repeated for
the different antibodies using the GeNPs containing TFMBA and DTNB. Specifically,
Aucore/TFMBA/Aushen GeNP and 4.8 pL of anti-human copeptin antibody (4801) solution
(5.2 mg mL ") were used to get antibody conjugated GeNP for the detection of copeptin
(GeNP/Abcopeptin). In addition, Aucore /DTNB/Aushen GeNP and 3.3 pL of anti-cardiac
troponin I antibody (560cc) solution (7.5 mg mL™") were used to get antibody conjugated

GeNP for the detection of ¢Tnl (GeNP/Abctnr).

4.2.5. Preparation of lateral flow assay strip

To begin with, a Whatman FF120HP nitrocellulose paper (25 mm in width) was
dispensed with antibodies to form the test line and the control line. To prepare the control
line, anti-mouse IgG solution (0.25 mg mL™") was dispensed on the nitrocellulose paper
using a 6 V power supply and a pump with a flow rate of 0.2 mL min~!. To prepare the
test line, a solution mixed of anti-cardiac troponin I antibody (19c¢7cc) solution (0.05 mg
mL "), anti-human fatty acid binding protein antibody (28) solution (0.25 mg mL™"), and
anti-human copeptin antibody (4804) solution (0.05 mg mL™!) were dispensed on the

nitrocellulose paper. The nitrocellulose paper was dried at 4 °C overnight. The
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nitrocellulose paper was then immersed in a phosphate buffer (PH 7.4) with BSA (1%,
w/v), triton X-100 (0.1%, v/v), and trehalose (4%, w/v) for 5 min and dried at 37 °C for
30 min. The sample pad was prepared by soaking a Whatman grade 1 chromatography
paper (15 mm width) in PBS (PH 7.4) with BSA (0.1%, w/v) and drying it at 37 °C for 1
hour. The conjugation pad was prepared by soaking a glass fiber pad (8§ mm width) in a
borate buffer (PH 9) with BSA (1%, w/v) and trehalose (4%, w/v). After drying the glass
fiber pad at 37 °C for 1 hour, a mixture (1:1:1) of GeNP/Abn-rasp, GeNP/Abcopeptin, and
GeNP/Abcta, was dropped on the glass fiber and was dried at 37 °C for 1 hour. The
absorption pad is a thick blot filter paper (25 mm width), which is connected to the
nitrocellulose paper via a grade 1 Whatman paper (4 mm width). The sample pad,
conjugation pad, antibody functionalized nitrocellulose paper, and absorption pad were
assembled on an adhesive card with 2 mm overlap between the pads. Finally, the

assembled paper was cut into paper strips with a width of 5 mm and stored in fridge.

4.2.6. Assay test for single biomarker detection

To evaluate the single biomarker detection performance in a buffer solution, the
following samples were prepared. Samples with different concentrations of ¢Tnl (0 - 0.1
ng mL '), h-FABP (0 - 50 ng mL™), or copeptin (0 - 0.07 ng mL ') in PBS (PH7.4) were
prepared for testing each assay. To test the performance of the assay for single biomarker
detection in a serum matrix, human serum solutions spiked with different concentrations
of ¢Tnl, h-FAHP, or copeptin were prepared. The background concentration of ¢Tnl, h-

FABP, and copeptin in the serum solution was firstly measured using commercial ELISA
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kits. The measured cTnl concentration in the serum was below the detection limit of the
ELISA kit (0.0044 ng mL™"), thus we used it as a cTnl free serum sample. The measured
background concentration of h-FABP in the serum was 2.3 ng mL™!. The measured
background concentration of copeptin in the serum was 0.007 ng mL™!. Based on these
measured background concentrations, serum samples with 0 - 0.3 ng mL™! of ¢Tnl, 2.3 -
52.3 ng mL™! of h-FABP, or 0.007 - 0.077 ng mL™' of copeptin were prepared. The
prepared biomarker spiked serum samples were used without any dilution.

The following procedures were used to run the assay. To begin with, 50 uL of
sample was dropped on the sample pad. After the sample was wicked into the conjugation
pad, 50 pL of running buffer (PBS with 0.25% tween (v/v)) was added. It takes about 25
min for the sample and the running buffer to completely wick through the strip. Tests for
each concentration were performed in triplicate. Then, the SERS signal on the test line
was read. The SERS intensity on the test line area was measured using the mapping
function in the Thermo Scientific DXR Raman confocal microscope with a 780 nm laser.
A 3 x 12 point array was measured on the test line area. The step size of the array in the
direction parallel to the test line was 400 pm, and the step size of the array across the test
line was 200 um. Each point was measured by excited with a 20 mW laser using 2 s

exposure. All spectra were baseline corrected.

4.2.7. Assay test for multiplex detection of the biomarker panel
The performance of the assay for multiplex detection of the biomarker panel was

evaluated in a human serum matrix. Human serum solutions spiked with mixture of
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different concentrations of cTnl, copeptin, and h-FABP were prepared. Specifically,
mixture 1 (0 ng mL™! ¢Tnl, 2.3 ng mL™' h-FABP, 0.007 ng mL"! copeptin), mixture 2
(0.07 ng mL™! ¢Tnl, 12.3 ng mL ! h-FABP, 0.037 ng mL"! copeptin), and mixture 3 (0.1
ng mL ! ¢Tnl, 27.3 ng mL ™' h-FABP, 0.057 ng mL ™! copeptin) were prepared. The serum
mixture samples were used without any dilution. The same assay procedures as used in

the single biomarker tests were used.

4.3. Results and discussion

4.3.1. Principle of the assay

§ MPAA ¢  Anti-h-FABPAb
§ TFMBA % Anti-Copeptin Ab
§ DINB  %¢ AnticTnl Ab

% Bovine serum albumin

@& hFABP

% Copeptin

@ cTnl

Y  Anti-mouse IgG Ab

Figure 4.2 Schematic illustration of the process to prepare antibody conjugated gap-
enhanced nanoparticle, and the lateral flow strip for a multiplex detection of the

biomarker panel for myocardial infarction.
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As shown in Figure 4.2, the designed assay was based on a lateral flow assay strip.
Antibodies were used as the recognition elements of the target biomarkers and GeNPs
were used to provide the SERS signal. Three GeNPs with MPAA, TFMBA, and DTNB,
respectively, were used to produce SERS spectra with different characteristic peaks. The
three GeNPs were then conjugated with secondary antibodies specific to h-FABP,
copeptin, and c¢Tnl, respectively. Bovine serum albumin (BSA) was used to block the
particles, reducing nonspecific binding. In the lateral flow assay strip, primary antibodies
specific to h-FABP, copeptin, and cTnl were immobilized on a single test line. The
antibody conjugated GeNPs (GeNP/Ab) that have the secondary antibodies specific to h-
FABP, copeptin, and cTnl, were dry-stored on the conjugation pad.

The assay is initiated by adding the sample to the sample pad. The sample solution
moves to the conjugation pad, where the solution resuspended the dried GeNP/Ab. When
the h-FABP, copeptin, and cTnl biomarkers are present in the sample, they bind to their
respective secondary antibodies on the GeNP. Primary antibodies are specific to each of
the biomarkers. Biomarker capture leads to the formation of a sandwich assay when the
primary antibody, captured biomarker, and the GeNP are all present. At higher target
biomarker concentrations more GeNP/Ab is captured on the test line. Excess GeNP/Ab
flow across the control line, where the anti-mouse IgG antibody bound with the GeNP/Ab.
When there was no target biomarker present in the sample, particles were only captured
on the control line. Finally, the excess running buffer and particles were wicked by the

absorption pad. The SERS spectra on the single test line was used to quantify the
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concentration of h-FABP, copeptin, and c¢Tnl in the sample. The signal from the single
test line was resolved by the differentiable SERS peaks related to each of the three
biomarkers. Specifically, the presence of h-FABP in the sample was related to the
characteristic peaks of MPAA in the SERS spectra. The presence of copeptin was related

to the peaks of TFMBA. The presence of ¢cTnl was related to the peaks of DTNB.

4.3.2. Characterization of the gap-enhanced nanoparticle

The gold-core gold-shell GeNPs were synthesized using RRM as the spacer. This
strategy makes the whole surface of the gold core available for RRM adsorption which
enables good SERS signal. Three RRMS, MPAA, DTNB, and TFMBA were used in
synthesizing three gold-core gold-shell GeNPs (Aucore/MPAA/Aushen GeNP,
Aucore/ DTNB/Aushen GeNP, Aucore/ TFMBA/Aushen GeNP). The peak assignments and the
SERS spectra of the three GeNPs are shown in Table C1 and Figure C1 in Appendix C.
All of the three RRMs have a thiol group and a carboxylic group. The amine terminated
alkane thiol linker, 6-AHT is covalently bound to the carboxylic acid group of the RRMs
via EDC coupling. After the 6-AHT was bound, the gold core surface was surrounded by
a layer of thiol groups. Reduction of HAuCls using ascorbic acid in the presence of the
gold core particles, facilitates the formation of a gold shell. The thiol groups from the
RRM and the introduced 6-AHT helped to form strong Au-S bonds on both core and shell
side, which increase the stability of the GeNPs and results in the generation of a robust
SERS signal. In addition, the formation of molecule-metal bonds on both core and shell

made the chemical enhancement available and might contribute partly to enhance the
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SERS signal. Figure 4.2 illustrates the mentioned synthesis steps using

Aucore/ TFMBA/Aushen GeNP as an example.
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Figure 4.3 (a) Extinction spectra and (b) hydrodynamic size distributions of the
synthesized Aucore nanoparticle, Aucore/ DTNB/Aushen GeNP, Aucore/MPAA/Aushen
GeNP, and Aucore/ TFMBA/Aushen GeNP. (¢) FDTD simulation of electromagnetic
field of Aucore and GeNP. In the simulation, Aucore size is 52.1 nm, gap size is 0.9 nm,
shell thickness is 28.3 nm, and incident light wavelength is 780 nm. The TEM images
of the synthesized (d) Aucore/ DTNB/Aushen GeNP, (€) Aucore/ MPAA/Aushen GeNP, and
(f) Aucore/ TFMBA/Aushen GeNP. Inset: TEM images after increasing brightness, the
gap is also labeled with white arrows.
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A complete gold shell plays a large role in generating strong and uniform SERS
signal.[109] The amount of 6-AHT bound to the RRMs determines the amount of thiol
group available. Sufficient 6-AHT is required for effective coverage and complete
formation of a gold shell. Additional 6-AHT may also fill in the spare surface area between
RRMs on the gold core, as a result a reduction of electrostatic repulsion between particles
could lead to particle aggregation. Thus, we optimized the amount of 6-AHT added to
enable efficient gold shell growth. The full optimization process is detailed in the
supporting information and displayed in Figure C2 in Appendix C. The optimal amounts
of 6-AHT were then used to synthesize each GeNP: 0.01 mM was used in the synthesis of
Aucore/MPAA/Aughen and 0.001 mM was wused in  Aucore/TFMBA/Aushen and
Aucore/  DTNB/Aushen. Figure 4.3(a) shows the extinction spectra of the synthesized
particles. Compared with the Aucore, the GeNPs had a red shift in the localized surface
plasmon resonance (LSPR) peak due to the growth of gold shell. The red shift of
Aucore/ TFMBA/Aushenn was larger than the other two, indicating a thicker shell was grown
in this particle.

The hydrodynamic sizes of the synthesized particles were characterized using
dynamic light scattering. As shown in Figure 4.3(b), the hydrodynamic sizes of the three
GeNPs were larger than the Aucore (52.1 nm) indicating a successful growth of outer shell.
Specifically, the hydrodynamic size of the Aucore/ TFMBA/Aushen was 110.6 nm, indicating
a growth 0f 29.3 nm in radius. The hydrodynamic size of the Aucore/DTNB/Aushen was 94.6
nm, indicating a growth of 21.3 nm in radius. The hydrodynamic size of the

Aucore/ MPAA/Aushen was 99.6 nm, indicating a growth of 23.8 nm in radius. The size
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distributions of Aucore/DTNB/Aushenn and Aucore/ MPAA/Aushenn were very similar. These
two GeNPs were slightly smaller in size and more monodispersed than
Aucore/ TFMBA/Aushen. The larger average size and the higher polydisperse of
Aucore/ TFMBA/Aushen may be caused by the lower electrostatic force and poorer particle
stability of Aucore/ TFMBA, which makes it easier to aggregate before growing the shell.
The zeta potential of the synthesized particles is shown in Figure C3 in Appendix C. It
shows that the surface charge of the particle changed from a strong negative value caused
by citrate association to a strong positive value after growing the shell which is caused by
cetyltrimethylammonium chloride (CTAC).

Figure 4.3(c) shows the electromagnetic (EM) field distribution of Aucore and
GeNP calculated using the finite-difference time-domain (FDTD) simulation. The
maximum EM field intensity at 780 nm in the gap of GeNP is 12.4 times larger than that
of Aucore. Figure 4.3(d)-4.3(f) show the TEM images of the synthesized GeNPs. Small
gaps between the metal core and the metal shell can be observed. As shown in the images,
the gap sizes were around 0.9 nm, 0.9 nm, and 1.1 nm in Aucore/TFMBA/Augpel,
Aucore/ DTNB/Aughen, and Aucore/ MPAA/Aushen GeNPs, respectively. These gaps with
around 1 nm size are good for generating a strong electromagnetic field for a strong SERS
signal.[109]

To quantify the enhancement in SERS signal generated after growing the gold
shell, we measured SERS spectra of the GeNPs and the Aucore/RRMs and compared their
peak intensity. Notably, some studies used large-size spherical gold nanoparticles and

adsorb RRM on particle surface to achieve high SERS signal.[100, 269] Because of this,
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it is also of great interest to evaluate whether the GeNP is more efficient in enhancing the
SERS signal than a large-size solid spherical particle. To test this, we also measured the
SERS spectra of an around 99 nm solid spherical particle (Augonm), which has a similar
size to the GeNPs. Figure C4 in Appendix C shows the TEM images of the synthesized
Aucore and Augonm. The SERS comparisons are in the supporting information including
Figure C5 in Appendix C. In brief, the SERS intensity of the RRM in the gap of GeNPs
are more than 105 times higher than that on the Aucore, confirming the large enhancement
effect in SERS signal after growing the shell.[108] In addition, the SERS intensity of the
RRM in the gap of GeNPs are more than 15 times higher than that on the Augonm,
confirming that using the gap inside the GeNP is more efficient in enhancing the SERS
signal than using a large-size solid spherical particle.

Figure 4.4(a) shows the SERS spectra of the synthesized three GeNPs and
molecular structures of the RRMs. The 1591 cm™ peak of MPAA exhibited minimal
overlap with the peaks from the other two RRMs, thus this peak of MPAA was selected
for peak resolving. DTNB and TFMBA have multiple peaks displayed minimal overlap
with the peaks from the other RRMs. The peak selection of DTNB and TFMBA is
described in the supporting information. In brief, 1556 cm™ peak of DTNB and 1632 cm’
! peak of TFMBA were chosen for resolving the signal from the three GeNPs. Figure
4.4(b)-4.4(d) shows the SERS signal calibration curves of the three GeNPs using the
selected peaks. The limits of detection of these GeNPs were calculated according to values
given by three times the standard deviation of the blank solution: 0.27 pM for the GeNP

with MPAA, 0.11 pM for the GeNP with DTNB, 0.28 pM for the GeNP with TFMBA.
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The good signal-to-noise ratio of these GeNPs is capable to provide SERS signal for high-

sensitivity assays.

a b
soono| DTNB n.\\_iu? ﬂl‘l 9000 -
A f ] = ome .
o0 f LT [ 8000 .
HO™ I R {
400004 o Eﬂ‘? | | * 7000
i | |I 1 S
~ 35000 ) R Il : 6000 +
=2 L. A )III IUUJIL_/ \W [N <
< 30000 =
- TFMBA 3 90004
2 25000 [t g
2 F‘J-/' ‘ll/L“oH * ‘g 4000
Pow] L R
15000 " ——"—— PN A A % 3000 ~
5] _
10000 MPAA 2000 " 1§;:32+ 152.52
g e OH =0.
5000 - D \ * 1000
HE™
o I o
300 450 600 750 ©00 1050 1200 1350 1500 1650 0 80 120 180 240 300 60 420 480
; -1
Raman Shift (cm™) Concentration of Particle (pM)
c d
5000 4 TFMBA 5000 - o MPAA
A
— 4000 4 — 4000 -
) 5 g
< <
= =
£'3000 £ 3000 -
c c
1] i
= £
) 2000 () 2000 -
[id o
w ]
® . y=10.14 x + 146.75 ® y=8.53 x + 114.28
10007 R?=0 9899 10007 R?=09916
0 0
b : r - . : . T ) r T . : r : r .
0 60 120 180 240 300 360 420 480 0 60 120 180 240 300 360 420 48D
Concentration of Particle (pM) Concentration of Particle (pM)

Figure 4.4 (a) SERS spectra of the synthesized GeNPs. The best distinctive
characteristic peak of each GeNP is marked. Insets: molecule structures of the
corresponding Raman reporter molecules. (b-d) Plots of SERS peak intensity against
different concentrations of GeNPs for Aucore/ DTNB/Aushen GeNP (1556 cm™),
Aucore/ TFMBA/Aushen GeNP (1632 cm'l), and Aucore/ MPAA/Aushen GeNP (1591 cm'l)
in water, respectively. The SERS signal was obtained using 780 nm laser, 24mW
power, 2 s exposure time, and 3 exposures. Error bars are mean = SD (n = 3).
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4.3.3. Analytical performance of the assay for single biomarker detection
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Figure 4.5 SERS intensity maps of the test line in assays for (a) h-FABP, (b) copeptin,
and (c) ¢Tnl, respectively. SERS spectra at different points covering the test line (3
x 12 points) were used to generate the plot. The SERS peak intensity at each grid
point was extracted. 1591 cm™! peak was used for h-FABP assay, 1556 cm™! peak was
used for c¢Tnl assay, and 1632 cm peak was used for copeptin assay. The SERS
intensity was then represented using different colors. Response curves for (d) h-
FABP, (e) copeptin, and (f) cTnl, respectively, in buffer solution. The SERS intensity

of one paper strip was the average of SERS intensities from all the points in a map.
Error bars are mean = SD (n = 3).

The performance of the GeNPs-based lateral flow assay for the detection of each
biomarker spiked in PBS buffer solution was initially evaluated. Figure 4.5(a)-4.5(c) show
that the overall SERS intensity on the test line increased when the biomarker concentration
was increased. Figure 4.5(d)-4.5(f) show the response curves of the assay for the detection

of each biomarker. The h-FABP could be detected across 0.86-50 ng mL ™! of h-FABP,
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with a limit of detection of 0.86 ng mL™'. The copeptin could be detected across 0.004-
0.07 ng mL!, with a limit of detection of 0.004 ng mL™!. The cTnl could be detected
across 0.01-0.1 ng mL ™!, with a limit of detection of 0.01 ng mL".

Human serum, was used to evaluate assay performance in a more complex clinical
biological matrix. Serum samples were spiked with different concentrations of the target
biomarkers. Figure 4.6 shows the response curves for the detection of each biomarker
spiked in serum. The SERS signal in the serum for all three assays is lower than that was
observed in the buffer, which may be caused by the proteins in serum nonspecifically
blocking some of the antibodies on the GeNP or on the test line reducing the number of
specific binding events. Additionally, the serum may be less efficient at resuspending the
dried GeNPs due to its higher viscosity. Dynamic linear detection ranges of 0.01-0.3 ng
mL™!, 0.03-0.077 ng mL™!, and 4-52.3 ng mL"! for cTnl, copeptin, and h-FABP in human
serum samples were achieved, which successfully covered the clinically relevant ranges
of these biomarkers. The lower end of the detection range in serum was calculated using
three times of standard deviation on the background concentration of the serum solution
used. Because of the strong signal from the GeNP, we obviated the need of extra steps of

signal amplification used in other study to achieve the wanted sensitivity.[85]
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Figure 4.6 Response curve to different concentrations of (a) h-FABP, (b) copeptin,
and (c) cTnl, respectively, in human serum. The peak intensities at different peaks
were used for plotting the three response curves. 1591 cm™ peak was used for h-FABP
assay, 1556 cm! peak was used for c¢Tnl assay, and 1632 cm™! peak was used for
copeptin assay. Error bars are mean £+ SD (n = 3).

4.3.4. Multiplex detection of the biomarker panel on a single test line

As shown above, the three developed GeNPs have distinguishable peaks. We
tested the performance of the GeNPs-based lateral flow assay for multiplex detection in a
single test line using peak resolving. The performance was tested using different mixtures
of ¢Tnl, h-FABP, and copeptin, in human serum solutions. Figure 4.7(a) shows the spectra
when detecting a mixture (0.07 ng mL™! ¢Tnl, 12.3 ng mL ™' h-FABP, and 0.037 ng mL"!
copeptin) using the multiplexed assay compared with when detecting 0.07 ng mL ™! ¢Tnl,
12.3 ng mL ' h-FABP, or 0.037 ng mL™! copeptin using single biomarker assay. It can be
observed that the peaks corresponding to each single biomarker were clearly observed in
the spectra taken from the single test line. As shown in Figure 4.7(b), when testing Mixture

1, the SERS response for each biomarker in the multiplex assay was comparable to the

124



response observed in the single biomarker assay. Mixture 1 had low concentrations of
each biomarker (0 ng mL™' ¢Tnl, 2.3 ng mL™' h-FABP, 0.007 ng mL™! copeptin). This
result indicates there was no cross-reactivity among the three biomarkers in the developed
multiplexed assay when all three biomarkers were at low concentration. When testing
Mixture 2, which had higher concentration of the three biomarkers than Mixture 1, the
signal in the multiplex assay was generally lower than the response observed in each single
biomarker assay. This indicates some interference appeared when there were high
concentrations of the three biomarkers. The interference may be caused by the decreased
accessibility of the primary antibodies on the test line after large amount of biomarker
bound to the antibodies on the test line and were crowed on the test line. This may then
lead to a decreased response signal due to “hook effect”. Base on the result, the signal
from the mixture was about 0.87-0.92 times of the signal from the single biomarker
sample, which still was a relatively small interference. Mixture 3, which had higher
concentrations of the three biomarkers than Mixture 2, behaves very similar to Mixture 2.
Only cTnl showed a larger signal in the multiplex detection than in the single biomarker
sample (ratio>1), which may be due to the large standard deviation of this tests. Overall,
our results indicate there was no cross-reactivity among the three biomarkers in the
developed multiplexed assay for the detection of mixture samples with low concentrations
of biomarkers and a relatively low cross-reactivity for mixture samples with high
concentrations of biomarkers. In addition, statistical analysis (shown in Table C4, Figure
C8, Figure C9, Figure C10 in Appendix C) was used to evaluate the SERS signals from

the multiplex detection of mixtures and the SERS signals from the single-biomarker
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detection. The statistical analysis results confirm there was a low cross-reactivity in the

developed multiplexed assay.
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Figure 4.7 (a) Comparison of the spectrum of the multiplexed assay when detecting
a mixture in serum solution composed of 0.07 ng mL™! ¢Tnl, 12.3 ng mL™! h-FABP,
and 0.037 ng mL™! copeptin with the spectra of the single biomarker assays when
detecting 0.07 ng mL™! ¢Tnl, 12.3 ng mL™! h-FABP, and 0.037 ng mL™! copeptin. (b)
Comparison of the SERS signal in the multiplex assay and in the single biomarker
assay when measuring the three mixture samples in serum solution. Mixture 1 has 0
ng mL™! ¢Tnl, 2.3 ng mL™! h-FABP, and 0.007 ng mL™! copeptin; Mixture 2 has 0.07
ng mL™! ¢Tnl, 12.3 ng mL ™' h-FABP, and 0.037 ng mL™! copeptin; Mixture 3 has 0.1
ng mL™! ¢Tnl, 27.3 ng mL™! h-FABP, 0.057 ng mL! copeptin. SERS intensity at 1591
cm! peak was used for h-FABP response, 1556 cm™! peak was used for cTnl response,
and 1632 cm™! peak was used for copeptin response. Error bars are mean + SD (n =
3).
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4.4. Conclusion

In summary, we have developed a spectrally multiplexed multiplex assay on a
paper strip for detection of the biomarker panel composed of ¢Tnl, copeptin, and h-FABP.
A gold-core and gold-shell GeNP, which could generate a strong SERS signal attributed
to the inner nanogap between core and shell, was synthesized for the detection of these
low-concentration biomarkers. We developed a new method to form the interior nanogap
in the GeNP using RRM and 6-AHT. Strong Au-S bonds were formed on both core and
shell side by using the RRM with a thiol group and introducing the 6-AHT as a linker.
The strong bonds on both core and shell side and the covalent bond between RRM and 6-
AHT led to a stable structure, which ensured the stable SERS signal generation from the
GeNPs. The three GeNPs with different RRMs, showed differentiable SERS peaks (1556
cm’! from DTNB, 1632 cm™! from TFMBA, 1591 cm™! from MPAA). Using the optimal
amount of 6-AHT, GeNPs with gap sizes of 0.9-1.1 nm and shell thicknesses of 21-29 nm
were formed. The SERS signals from GeNPs were 105-254 times higher than that from
Aucore, confirming the large enhancement factor from GeNPs in SERS signal. The
developed method to synthesize GeNPs, which is simple and able to embed with more
RRM, can be expand to other RRMs in addition to DTNB, MPAA, ad TFMBA. Other
linkers with different lengths can replace 6-AHT and be used to adjust the interior gap size
of the GeNPs. The possibility of using different lengths linkers add the potential flexibility
of adjusting the SERS enhancement factor by tuning the gap size.

In addition, the developed paper-based SERS assay based on the synthesized

GeNPs achieved a sensitive detection of h-FABP (0.86-50 ng mL™"), copeptin (0.004 -
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0.07 ng mL™"), and c¢TnlI (0.01-0.1 ng mL™") in buffer samples. The detection ranges of the
assay in serum samples also covered the clinically relevant range of the three biomarkers.
Moreover, when detecting these three biomarkers simultaneously, the signal from the
single test line was resolved by the differentiable SERS peaks from the GeNPs and a
relatively low cross interference among the three biomarkers was observed. The developed
paper-based assay strip avoided the complicated assay steps and ensured the simplicity,
cost-effectiveness, and user-friendliness of the assay. The developed peak resolved
multiplex assay using a single test line required less total volume of sample, lower total
cost, shorter manufacturing time, less reagent, and shorter signal reading time than using
single biomarker assays for each biomarker or using multiplex assay based on multiple
test zones. Therefore, there is a strong potential for the developed peak-resolved assay to
be utilized for biomarker panel analysis and on-site diagnosis of MI, especially at

resource-limited clinical settings.
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5. SUMMARY

Myocardial infarction (MI) is a problematic disease because of its prevalence,
incidence, and high rate of mortality. Timely diagnosis of MI is essential for determining
and implementing the treatment in a timely manner. In addition, early rule-out of non-MI
patients and the consequent early discharge help to avoid the prolonged monitoring and
the high cost of staying in hospitals. A biomarker test using a biomarker panel consisting
of ¢cTnl, copeptin, and h-FABP is needed for better diagnosis of MI and early ruling out
the non-MI patients. To eventually improve patients’ access to the diagnostic tests,
especially in resource-limited settings, a cost-effective, user-friendly, and simple-to-use
xPOCT sensing system for multiplex detection of the biomarker panel is largely needed.
Efforts were made in this work to develop the xXPOCT sensing system.

Among the three biomarkers for MI, c¢Tnl is the one with the lowest molar
concentrations in human blood. Thus, the first effort was made to develop a high-
sensitivity single biomarker assay for the detection of cTnl. Specifically, an aptamer-based
assay on a lateral flow assay strip for detection of cTnl was developed and characterized.
A lateral flow assay strip was used to achieve simplicity, low cost, and user-friendliness
of the assay. The aptamer was used because of its advantages, such as good thermal
stability, good stability in a wide PH range, long shelf life, and low cost. A pair of
aptamers, a primary aptamer and a secondary aptamer, that bounds to different sites of
cTnl were used. The primary aptamer was immobilized on the nitrocellulose paper using

biotin-streptavidin interaction. The secondary aptamer with an amine group was
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immobilized on silica/MGITC/AuNP using TEPSA as a linker. MGITC, a molecule with
electronic transitions near 638 nm, was used as an RRM on AuNP to achieve the resonance
condition and generate a strong SERRS signal. The MGITC/AuNP was then encapsulated
in a silica shell to form silica/MGITC/AuNP. The silica shell could improve SERS signal
stability because it prevented the RRM from dissociating and prevented interfering
molecules in a sample matrix from adsorbing on the surface of the metallic nanostructures.
The size of the silica/MGITC/AuNP particle was around 129 nm. Two manual steps were
needed in running the assay. The first step was to load 25 pL of sample and the second
step was to add 50 pL of running buffer. The detection time of the assay was 40 mins. The
developed assay achieved a detection range of 0.016-0.1 ng/mL for cTnl in buffer solution.
The assay showed a low response to C-reactive protein, h-FABP, and B-type natriuretic
peptide, indicating a good selectivity of the cTnl assay. In addition, the developed assay
showed reasonable stability when it was stored at room temperature over 10 days. A good
recovery rate was observed when using the assay for the detection of ¢Tnl in spiked human
serum samples, indicating the serum matrix had a low effect on the assay. Because the
target detection range for c¢Tnl is 0.01-0.1 ng/mL, the developed assay needs to be
improved to extend the lower end of the detection range. In addition, two manual steps are
still needed in the assay, thus a more automatic paper-based device is needed to make the
assay easier to use.

A pPAD with wax printed channels, a horizontal motion mechanical valve, a paper
arm, and a compressed sponge was designed to automatically finish multi-step processes.

The developed pPAD showed good performance in both a two-step process and a four-
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step process. To finish the two-step process, solution 2 was added to the washing buffer
storage region on the pPAD, and solution 1 was added to the inlet. The solution flowed in
the hydrophilic channel and was absorbed by the compressed sponge. The compressed
sponge increased in height after it absorbed solution 1. The paper arm then transformed
the vertical movement of the compressed sponge into a horizontal movement. The
hydrophilic head at the tip of the paper arm then connected the washing solution storage
region and the inlet, which allowed solution 2 to flow in the channel. The distance of the
horizontal movement was correlated to the volume of solution 1 added. Specifically, the
addition of 25 pL to 125 pL of solution 1 led to a horizontal movement of 0.4 mm to 3.4
mm. In addition, to improve the assay sensitivity, a localized dissolvable delay was
designed and added to the uPAD to decrease the flow rate in the paper channel. A mixture
of fructose and sucrose was used as the dissolvable material in the localized dissolvable
delay. The good parameters to make the localized dissolvable delay was to drop 2.5 pL of
0.6 g/mL sucrose with 1.0 g/mL fructose at 15 mm position on the hydrophilic channel.
The pPAD with this localized dissolvable delay successfully decreased the flow rate and
doubled the flow time in the hydrophilic channel. The developed pPAD with the
mechanical valve was successfully used to automate an aptamer-based SERS assay for
cTnl, which has two steps (sample reaction and washing). The developed assay achieved
a detection range of 0.02-0.5 ng/mL for cTnl in buffer solution. The sample volume was
75 pL and the detection time was more than 60 mins. Although the assay was more

sensitive in the low concentration range in the puPAD with the dissolvable delay than the
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uPAD without the delay, the assay needs to be improved to extend the lower end of the
detection range.

To increase the sensitivity of the cTnl assay, a new SERS active particle, gap-
enhanced nanoparticle, was developed. To overcome the limitation of currently reported
methods in the synthesis of gap-enhanced particles, a modified method using RRM-based
spacer was developed. Three gap-enhanced particles with different RRMs (DTNB,
MPAA, TFMBA) in each particle was successfully synthesized. The synthesized gap-
enhanced particles showed gap sizes of 0.9-1.1 nm and shell thicknesses of 21-29 nm. The
nanometer gap largely enhanced the SERS signal and the gold shell protected the RRM
and ensured a stable SERS signal. In addition, antibodies with a high affinity and high
specificity to ¢Tnl were used as the recognition element. The primary antibody was
immobilized on a test line and the secondary antibody was immobilized on the gap-
enhanced particle. Using the above components, a single biomarker assay for cTnl was
developed on a lateral flow assay strip. The size of the gap-enhanced nanoparticle used in
the cTnl assay was around 94.6 nm. Two manual steps were needed in running the assay.
The first step was to load 50 pL of sample and the second step was to add 50 pL of washing
buffer. The detection time of the assay was around 27 mins. The developed single
biomarker assay achieved a detection range of 0.01-0.1 ng/mL for cTnl in buffer solution,
which covered its clinically relevant range. Using a similar setup, assay for copeptin was
developed and achieved a detection range of 0.004 -0.07 ng/mL, and assay for h-FABP
was developed and achieved a detection range of 0.86-50 ng/mL. The assays were also

tested in serum samples and showed a good performance. Using the gap-enhanced
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particles with different RRMs, multiplex detection of the three biomarkers in a single test
line was achieved. The three gap-enhanced particles made with different RRMs showed
differentiable SERS peaks. The signal from each biomarker on a single test line was
resolved by the differentiable peaks of different RRMs in SERS active particles (1556 cm’
! from DTNB for cTnl, 1632 cm™ from TFMBA for copeptin, 1591 cm™ from MPAA for
h-FABP). When detecting these three biomarkers simultaneously, a relatively low cross-
interference among the three biomarkers was observed.

The developed multiplex assay for detection of ¢cTnl, copeptin, and h-FABP was a
cost-effective, user-friendly, and simple-to-use system. When detecting spiked human
serum samples, the quantitative assays successfully covered 5-16.8 ng/mL for the
detection of h-FABP, partially covered 0.004-0.056 ng/mL for the detection of copeptin,
and successfully covered 0.01-0.1 ng/mL for the detection of cTnl. The detection range of
the assay for copeptin in serum samples was 0.03-0.077 ng/mL. Although it didn’t cover
the concentrations in healthy humans (0.004-0.018 ng/mL), this range covered the clinical
cut-off value of copeptin to indicate MI (0.056 ng/mL) and was sufficient in this
application. The detection time of the assay was within 60 minutes. With these features,
the developed assay shows some potential to be used in the xPOCT sensing system, to
improve patients’ access to diagnostic tests, especially in resource-limited settings.

Several aspects of work could be continued in future work. Firstly, more RRMs in
addition to DTNB, MPAA, and TFMBA, can be used to synthesize gap-enhanced
particles. Using more gap-enhanced particles with differentiable peaks, simultaneous

detection of four or more biomarkers could be achieved. Secondly, in the synthesis of gap-
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enhanced particles, other linkers with different lengths can replace 6-AHT and be used to
adjust the interior gap size of the gap-enhanced particles. The possibility of using different
lengths linkers add the potential flexibility of adjusting the SERS enhancement factor by
tuning the gap size. Thirdly, in the synthesis of gap-enhanced particles, the core size and
the shell thickness of the gap-enhanced particles can be adjusted to achieve an optimal
signal. Lastly, the uPAD with the mechanical valve can be combined with the developed
lateral flow strip to automate the multiplex assay for detection of cTnl, copeptin, and h-

FABP (two steps: sample reaction and washing).
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APPENDIX A
SUPPORTING INFORMATION FOR APTAMER-BASED SURFACE ENHANCED
RESONANCE RAMAN SCATTERING ASSAY ON A PAPER FLUIDIC

PLATFORM FOR DETECTION OF CARDIAC TROPONIN I

To evaluate the distribution of the particles on a test line on the paper strip, the
following process was implemented. The SERS intensity on the test line area was
measured using the mapping function in the Thermo Scientific DXR Raman confocal
microscope with a 780 nm laser. A 10 % 40 point array with a 100 um step size was
measured on the test line area. Each point was measured by exciting with a 24 mW laser
using a 3 s exposure. All spectra were baseline corrected. By using the peak intensity at
around 1617 cm’!, the SERS intensity map could be drawn. Figure Al shows the SERS
intensity map of the test line on a paper strip after testing 0.03 ng/mL of cTnl. It could be
observed that the SERS signal at some spots are stronger. To overcome this variation, our
work used a portable Raman spectrometer that has a Raster mode, which can scan a larger
area on the test line than a single spot Raman measurement system. The Raman
spectrometer also had a spot size of around 2.5 mm in its Raster mode, and hence it
covered the thickness of the test line. An averaged intensity at 3 different spots of the test
line from the left side to the right side was also used. Because the strip had a width of 4
mm and the spectrometer had a spot size of around 2.5 mm, three measurements was
enough to cover the whole test line area. The final SERRS signal of the test line on a strip

was the average of the intensity from these spectra.
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SERS
Intensity at
~1617 cm-!

Figure A1 SERS intensity distribution at the test line when testing 0.03 ng/mL of
c¢Tnl.

Table A1l. Comparison of the developed assay with previously reported assays for
c¢Tnl detection

Portable Recoenition 1221::3 Limit of Detection
No. | Transduction Mode | Reader? g Detection Time Ref.
(YN) Element Platform? (ng/mL) (min)
(Y/N) s
Electrochemilumine .
1 scence (ECL) N antibody N 0.0001 120 [235]
Electrochemilumine .
2 scence (ECL) N antibody N 0.0032 240 [83]
3 Fluorescence N antibody Y 0.049 15 [242]
4 Electrochemistry N antibody Y 0.05 1 [243]
5 Fluorescence Y antibody Y 0.01 10 [236]
6 Electrochemistry N peptide N 0.0009 50 [244]
7 Ph"toele‘:lr“hem‘c N aptamer Y | 000000047 | 240 | [245]
8 Electrochemistry N aptamer N 0.0057 120 [246]
*
9 Electrochemistry Y antibody N 0.02 <10 1270]
%
10 - Y antibody N 0.018 <10 1271]
Surface Enhanced
11 Raman Y aptamer Y 0.016 40 This
Spectroscopy work
(SERS)

* Commercially available product
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APPENDIX B

SUPPORTING INFORMATION FOR PAPER MICROFLUIDIC DEVICE WITH A

HORIZONTAL MOTION VALVE AND A LOCALIZED DELAY FOR AUTOMATIC

CONTROL OF A MULTISTEP ASSAY

Figure B1. Dimensions and positions of components when making the pPAD with a
horizontal motion mechanical valve.
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Table B1. Amounts of saturated sucrose solution and fructose needed to make the
sucrose solution and sucrose/fructose mixtures.

Volume of
Solution Ssal‘ilggtszd ngl %rlle Weight of
Solution water | Fructose (g)
(mL) (mL)
0.2 g/mL sucrose 1 9 -
0.6 g/mL sucrose 3 7 -
1 g/mL sucrose 5 5 -
1.4 g/mL sucrose 7 3 -
1.8 g/mL sucrose 9 1 -
0.2 g/mL sucrose with 0.5 g/mL fructose 1 9 5
0.6 g/mL sucrose with 0.5 g/mL fructose 3 7 5
1 g/mL sucrose with 0.5 g/mL fructose 5 5 5
1.4 g/mL sucrose with 0.5 g/mL fructose 7 3 5
0.2 g/mL sucrose with 1.0 g/mL fructose 1 9 10
0.6 g/mL sucrose with 1.0 g/mL fructose 3 7 10
1 g/mL sucrose with 1.0 g/mL fructose 5 5 10
1.4 g/mL sucrose with 1.0 g/mL fructose 7 3 10
0.2 g/mL sucrose with 1.5 g/mL fructose 1 9 15
0.6 g/mL sucrose with 1.5 g/mL fructose 3 7 15
1 g/mL sucrose with 1.5 g/mL fructose 5 5 15
1.4 g/mL sucrose with 1.5 g/mL fructose 7 3 15
0.2 g/mL sucrose with 2.0 g/mL fructose 1 9 20
0.6 g/mL sucrose with 2.0 g/mL fructose 3 7 20
1 g/mL sucrose with 2.0 g/mL fructose 5 5 20
1.4 g/mL sucrose with 0.5 g/mL fructose 7 3 5
1.4 g/mL sucrose with 1 g/mL fructose 7 3 10
1.4 g/mL sucrose with 1.5 g/mL fructose 7 3 15
1.8 g/mL sucrose with 0.5 g/mL fructose 9 1 5
2.5 g/mL fructose - 10 25

To form a test line and a control line in the pyPAD, aptamer 1 and the control line
DNA strand were immobilized on the hydrophilic channel of cellulose paper using a
modified process based on the Schiff base and reduction method [264]. The reaction

process is shown in Figure B2. The cellulose paper was first reacted with NalO4 to oxidize
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hydroxyl groups and generate aldehyde groups. The aldehyde groups were then reacted
with amine-functionalized aptamer 1 to form a Schiff base, which was then reduced by
NaCNBHj; to generate a stable covalent bond between the aptamer and cellulose paper.
Specifically, a wax patterned paper was soaked in 60 mL of 0.03 M NalO4 and
allowed to react overnight at room temperature in the dark. The paper was then washed
with water and dried in a desiccator. Amine-functionalized aptamer 1 in PBS (pH 7.4) was
heated to 85 °C for 5 min and then cooled to room temperature to fold into its tertiary
structure. Aptamer 1 (300 uM) was then dispensed on the paper using a dispenser
(ClaremontBio Solutions, USA) with a 6 V power supply and a pump with a flow rate of
0.15 mL/min. A similar process, with a flow rate of 0.15 mL/min, was used to dispense
the control line DNA strand. The paper was then immersed in 0.1 M NaBH3CN in PBS
for 10 hours in the dark. The paper was washed three times with PBS and water, and then

dried at room temperature.

@9@ v&@ & @@s@

HO_ OH NaIO4 NH2 Aptamer ||\| |l| NaCNBH, H}\l |{|H
o Ny
0 o\Z[ g —_— oJT g
OH n OH n OH n

Figure B2. Reaction process to immobilize aptamer on cellulose paper based on a
Schiff base plus reduction method.
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To create aptamer 2-functionalized SERS active particles, 60 nm gold
nanoparticles (AuNPs) were synthesized using a seed-mediated synthesis method [252].
Briefly, 75 mL of 2.2 mM sodium citrate in water was heated under vigorous stirring.
After the solution boiled, 0.5 mL of 25 mM HAuCls was injected, and the mixture was
stirred for 30 min. The temperature was then adjusted to 90 °C, followed by injection of
0.5 mL of 25 mM HAuCl4 and the mixture stirred for 30 min. This process was repeated
one time before diluting the particle solution by extracting 27.5 mL of solution and adding
26.5 mL of water and 1 mL of 60 mM sodium citrate. While keeping the temperature at
90 °C, 0.5 mL of 25mM HAuCl4 was injected, and the mixture was stirred for 30 min. The
above processes were repeated until the size of the particle reached 60 nm. The final AuNP
solution was cooled down at room temperature.

A Raman reporter molecule (Malachite green isothiocyanate, MGITC) was
modified on the AuNPs to provide a SERS signal. The AuNPs were then encapsulated in
a silica shell using a modified method based on Stober’s method [272]. Briefly, 50 puL of
20 uM MGITC solution was mixed with 10 mL AuNPs in a glass vial, and the mixture
was kept shaking for 15 min. 12.4 pL of 1 mM SH-PEG-COOH was then added, and the
mixture was kept shaking for 15 min. The mixture was then centrifuged (1.5k rcf, 20 min)
and resuspended in 1 mL of 2-propanol. 3.6 mL of water and 19.7 pL of 0.1 mM (3-
mercaptopropyl)trimethoxysilane (MPTMS) solution were added in the particle solution,
and the mixture was kept shaking for 15 min. 9 mL of 2-propanol and 250 pL of
ammonium hydroxide were then added, followed by adding 100 pL of TEOS solution (1%

in 2-propanol) and another 100 pL after 30 min while stirring in rotator. The mixture was
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then kept rotating overnight. The resulting solution was centrifuged (1k rcf, 20 min) and
washed three times with ethanol. Finally, the synthesized silica shell particle was
resuspended in 5 mL of ethanol.

To immobilize aptamer 2 on the silica shell particle, 0.3 mL of water and 0.2 mL
of (3-triethoxysilyl)propylsuccinic anhydride (TEPSA) (0.2 M in ethanol) were added in
1 mL silica shell particles. The particle solution was kept shaking overnight and then was
washed and resuspended in 1 mL of phosphate buffer (PH 7.4). 75 pL of 50 mM Sulfo-
NHS and 20 mM EDC and 80 pL of 0.01 mM amine-functionalized aptamer 2 were then
added to the particle solution, and the mixture was left shaking for 1 hour. The mixture
was then sonicated and mixed with 75 pL of 0.2 M ethanolamine solution (PH 8.6),
followed by shaking for 1 hour. Finally, the aptamer-functionalized silica shell particles
were sonicated, washed and resuspended in 0.2 mL of phosphate buffer (PH 7.4).

A glass fiber pad was soaked in a buffer with 1% bovine serum albumin, 0.5%
Tween 20 and 5% sucrose and then dried at 45 °C for 1 hour. The synthesized aptamer-
functionalized SERS active particles were then dried on the glass fiber pad at 45 °C for 1
hour. The glass fiber pad with particles was then cut into 4 mm x 4 mm squares.

An evaporation test was developed to evaluate the effect of the sealing film to
reduce evaporation. To estimate the evaporation from the ptPADs without and with a
sealing film during flow, the pPAD was saturated with water and its mass change over
time was monitored on a balance. By subtracting the mass of the original (dry) device, the
mass lost from evaporation of the water (% mass loss) can be calculated with time, as

shown in Figure B3. The mass loss in the puPADs with a sealing film is much lower than
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in the uPADs without a sealing film, which confirms the effect of the sealing film to reduce

evaporation.
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Figure B3. Comparison of evaporation of water from the pPADs without and with a
sealing film. The measurements were taken after loading 50 pL of water in the inlet
of the pPADs in a mass balance.

Dissolution of the material and fluid wicking are the main processes that occur
when a fluid wicks through a paper with a dissolvable material. These processes are
different for Region 1 (before the delay), Region 2 (the dissolvable delay), and Region 3
(after the delay). The process of a fluid wicking through a paper can be described using a
Lucas-Washburn model [190], which assumes the porous media is a bundle of parallel

capillary tubes and the transformed equation can be written as:
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Equation 1

= 2
y-coso-r
where ¢ is time, L is the length the fluid penetrated, y is the fluid surface tension, 6 is the
contact angel, r is the radius for a cylindrical pore, and 7 is the fluidic dynamic viscosity.
The radius for a cylindrical pore in Lucas-Washburn equation should not be simply
interpreted as the pore size of a porous paper [190]. Instead, cylindrical pore radius is a
parameter affected by pore size, porosity, and pore shape of the paper. According to
Equation 1, fluid will have a longer flow time and a slower flow rate at a further position
down the channel and thus, a longer Region 1 leads to a slower flow rate at the beginning
of Region 2.
In Region 2, both dissolution of sugar and fluid wicking are happening. Dissolution
of a dissolvable material can be described using the Nernst—Brunner equation [273],
Equation 2

dM _A@®D

where M is the total mass dissolved, A denotes the total exposed surface area at time t, D
is the diffusion coefficient of the dissolved molecule in the solvent, § is the thickness of
liquid unstirred boundary layer, c, 1s the saturation solubility of the sugar, and ¢, is the
mass concentration of dissolved sugar in the fluid. Generally, § can be decreased with an
agitation. Although no exterior agitation is used, a turbulent flow can form when the flow

comes in contact with the dissolvable material. A fast flow rate can cause a strong
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agitation. Based on Equation 1, the flow rate near the inlet is faster than at the end. Thus,
the position of the localized dissolvable delay (length of Region 1) affects the dissolution
speed of the sugar. Fluid viscosity is reported to be the main factor contributing to the time
delay when using a sucrose-based dissolvable delay [190]. Because surface flow is limited
by the choke tape, the effect of sugar on the radius of the cylindrical pore in Region 2 also
limits flow as the fluid largely wicks through the porous matrix of the paper. Notably, a
faster dissolution speed of the sugar would cause both a larger increase in viscosity and a
larger increase in the cylindrical pore in Region 2. These two parameters are tradeoffs
since the viscosity and the cylindrical pore size have opposite effect on the flow time as
noted in Equation 1.

In Region 3, after the dissolvable delay sugar region, fluid with dissolved sugar
wicks in the blank paper. The fluid viscosity is determined by the amount of sugar
dissolved in Region 2. Thus, compared with Region 1, Region 3 has an increased viscosity

1 which will cause a longer flow time.
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Figure B4. (a) The column data is the flow time of the fluid front to reach 40 mm on
the paper with localized dissolvable delays made with 3 pL of different
concentrations of sucrose, and the scatter data is the length of the sugar region using
these sucrose solutions. (b) Comparison of flow time of the fluid front to reach 40
mm on the paper with localized dissolvable delays made of 3 pL of different
concentrations of sucrose with different concentrations of fructose. All the localized
dissolvable delays were located at the 10 mm position from the inlet. *Significantly
different compared with pnPAD without delay (p < 0.05); "Significantly different
compared with delays made of different sugar solutions (p < 0.05).

We initially used sucrose solution to form the localized dissolvable delay and
tested our flow time delay by measuring the time the fluid front reached the 40 mm
location. As shown in Figure B4(a), the flow time in puPAD with localized delays made of
sucrose was shorter than 500 s, and the delay wasn’t increased effectively by increasing
the concentration of sucrose. Compared with a flow time of 348 s in the pPAD without
sucrose, the localized delay made of sucrose didn’t effectively slow down the fluid. This
indicates sucrose solution couldn’t form an effective localized delay using the one-step
dropping method. When limited volume of sucrose solution was dropped on the paper,
the sucrose solution would quickly spread out in the paper and the dried sucrose would
form a crystalline structure, leaving most pores vacant in the paper. An SEM image of the

paper with dried sucrose is shown in a Figure B5(b). Fluid could flow through the pores
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and the time to dissolve the sucrose was short. Thus, the fluid was not effectively hindered
in the delay region possibly due to both large cylindrical pore radius and low viscosity.
Fructose and mixtures of fructose and sucrose were evaluated for their
performance in providing a localized dissolvable delay. As shown in Figure B4(b), the
flow time in the pPAD with dissolvable delays made of only fructose increased with the
concentration of fructose used in making the delay. When the concentration of fructose
was 1.5 g/mL, the flow time reached 560 s. The longer flow time using fructose and the
monotonic increase compared to sucrose could be caused, in part, by the slower formation
of crystals of fructose and better penetration in the paper pores of fructose, thereby filling
the pores more completely than sucrose. Figure B4(b) also shows the flow time in the
pPAD with dissolvable delays made of mixtures of different concentrations of fructose
and sucrose. It shows that the sucrose/fructose mixture had a longer flow time than only
fructose when fructose concentration was 1.0 g/mL and 1.5 g/mL. The longer flow times
of the sucrose/fructose mixtures could be attributed to the slower speed in forming sucrose
crystals and more of the sucrose/fructose mixture filling in the pores (Figure B5(c)). More
effectively filled pores possibly decreased the cylindrical pore radius, which increased
flow time and decreased flow rate. Moreover, the slow flow increased the interaction time
of the fluid to improve sugar dissolution. As the sugar was effectively dissolved and both
fructose and sucrose increased fluid viscosity after they were dissolved, the fluid was
effectively slowed down due to the high viscosity. The flow time in channels with 0.6
g/mL or 1 g/mL sucrose and 1.0 g/mL fructose, 0.6 g/mL or 1 g/mL sucrose and 1.5 g/mL

fructose, and 0 g/mL sucrose with 2.0 g/mL fructose were all significantly different from
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the flow time in a blank channel as indicated by the * in Figure B4(b). Among these five
combinations that maximized flow time, the 0.6 g/mL sucrose with 1.0 g/mL fructose was
used in future experiments because it consumed less sugar material and was less viscous,

which made it easier to make on the paper. It also provided a flow time of 661 s, close to

2 times the flow time in a puPAD without a dissolvable delay.

Figure B5. SEM images. Whatman grade 1 chromatography paper (a) without any
sugar, (b) with 0.6 g/mL sucrose, and (c¢) with 0.6 g/mL sucrose and 1.0 g¢/mL fructose.
The scale bar indicates 100 pm.

The total particle count at the 10 mm test line position was characterized using
fluorescent particles. Initially, 50 uL of water with fluorescent particles was loaded in the
uPADs with a localized dissolvable delay made of 2.5 uL. of 0.6 g/mL sucrose with 1.0
g/mL fructose at 15 mm. To measure the total particle count, 5 s videos were taken from
a fluorescent microscope at 300 s, 600 s, 900 s, 1200 s, 1440 s, and 1680 s, after loading

the fluorescent particle solution. The same tests were done in uPADs without the localized
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dissovable delay. Movements of the 1.1 um fluorescent particles at 10 mm past the inlet
of the pyPAD were tracked using a program developed in a previous study [262, 263].
Particle counts were obtained by adding up all moving particles tracked in all frames of
the 5 s video. As shown in Figure B6, to achieve a total particle count of 1300, it took
around 900 s for a blank uPAD and around 1650 s for the uPAD with a delay. Because a
longer time was needed in the uPAD with a delay for same number of particles to reach
the test line, the reaction time between analytes and particles in the pPAD with a delay

would be longer and hence allow for more time to interact.
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Figure B6. The total counts of fluorescent particles at 10 mm from 300 s to 1680 s in
pPADs without and with a localized dissolvable delay. The localized dissolvable delay
was made of 2.5 pL of 0.6 g/mL sucrose with 1.0 g/mL fructose located at 15 mm
from the inlet. The particle counts were the total counts of moving particle tracked
in all frames of a 5 s video.

Performance of the mechanical valve without a dissolvable delay was

characterized. For the mechanical valve alone, 150 pL of the blue fluid (made by mixing
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PBS with food color dye) was loaded in the washing solution storage area followed by
loading 75 pL of the red fluid in the inlet of the uPADs. Movements of the two fluids were
recorded using a webcam. The flow time to the specific positions was read from the
recorded videos. Figure B7 shows the repeatability of the flow time in the puPAD with the
mechanical valve. It can be observed that the design provided a consistent control in terms

of the time to open the valve and initiate Step 2.
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Figure B7. Repeatability of the flow time in the pPAD with a mechanical valve for a
two-step process without a delay.

The immobilization of aptamer 1 on the test line was confirmed by imaging using
a fluorescent microscope. Before imaging, the paper was reacted with a DNA strand with
a complementary sequence to aptamer 1 and a fluorescein at the 5’- end. Specifically, an
aptamer immobilized paper was incubated in a solution with 3 pL of 100 pM DNA-

fluorescein and 50 puL of hybridization buffer (6% SSC) for 1 hour. After incubation, the
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unbound DNA-fluorescein was washed off, and the paper was dried before imaging. As
shown in Figure B8, a strong fluorescent intensity observed on the test line region
compared with the rest of hydrophilic channel confirms the successful immobilization of

aptamer 1 on the paper. The thickness of the test line was smaller than 1 mm.

Figure B8. Image of a cellulose paper immobilized with aptamer 1. The image was
taken using a fluorescent microscope.

Figure B9. TEM images of synthesized silica shell SERS particles showing the
nanoparticles and the silica shell encapsulation.
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Figure B10. Schematic representation of the aptamer-based assay using the nPAD
with a localized dissolvable delay and a mechanical valve.

The SERS spectra of the hydrophilic channel on the Whatman grade 1
chromatography paper with and without the SERS active particles were measured. The
raw spectra were baseline corrected using Baseline Estimation and Denoising with
Sparsity function in MATLAB (cut-off frequency of 0.006, filter order of 1, asymmetry
parameter of 6). The baseline corrected spectra are shown in Figure B11. It is observed
that 1168 cm™', 1584 cm!, and 1614 cm™! are the characteristic peaks from the SERS active
particles and, although the paper itself has Raman peaks, that at those wavenumbers the

signal intensity is high compared to the background signal from the cellulose paper. In
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terms of the peak assignments, 1168 cm™' is assigned to in-plane benzene vo mode, 1584
cm’! is assigned to ring in-plane stretching and bending, and 1614 cm™ is assigned to C—

C and N-phenyl stretching [274].
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Figure B11. SERS spectra of a blank cellulose paper and a cellulose paper with the
aptamer-functionalized SERS active particle.
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Figure B12. (a) SERS intensity maps of the test line on the pnPADs after testing
different concentrations of ¢Tnl using peaks at 1614 cm™'. To plot the maps, SERS
spectra at different points covering the test line (10 x 30 points, 100 pm step size)
were first measured. The SERS intensity at 1614 cm™! for each grid point was used
to plot the color maps. The color represents the value of the SERS intensity. (b)
Comparison of SERS response on the test line of pPADs to different concentrations
of ¢Tnl using the different peaks.
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The SERS intensity on the test line area was measured using the mapping function
in the Thermo Scientific DXR Raman confocal microscope with a 780 nm laser. A 10 x
30 point array with a 100 um step size was measured on the test line area. Each point was
measured by excited with a 24 mW laser using 2 s exposure. All spectra were baseline
corrected using the same method mentioned above. The peak intensities at 1168 cm™,
1584 cm’!, and 1614 cm™ were obtained by calculating the maximum values in the ranges
of 1165 cm™-1185 cm™, 1574 cm™-1590 cm™!, and 1610 cm™-1630 cm™!, respectively. By
using the peak intensity at a specific peak, the SERS intensity map could be drawn. Figure
B12(a) shows the SERS intensity map of the test line on uPADs after testing different
concentrations of cTnl using the peaks at 1614 cm™.

After adding up the SERS intensity at specific peaks from the 10 x 30 point array,
the correlation between the SERS response on the test line of pPADs with the
concentration of cTnl was plotted. As shown in Figure B12(b), the SERS response at 1168
cm™', 1584 cm™, and 1614 cm™' increased with the concentration of the cTnl. The error
bars are a bit high at 1584 cm™, indicating a low signal-to-noise ratio using this peak, but
this could be improved with various signal and image processing approaches.

Assay response to different concentrations of cTnl using a pPAD with a localized
dissolvable delay made of 2.5 pL of 0.6 g/mL sucrose and 1.0 g/mL fructose located at 15
mm from the inlet was compared to the response using a puPAD without a dissolvable
delay. As shown in Figure B13, the assay using uPADs with the localized dissolvable
delay shows a better sensitivity in the low concentration range than the assay using blank

uPADs. In addition, the assay using uPADs with a dissolvable delay also reached a plateau
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at 0.5 ng/mL compared to the assay using blank pPADs. This indicates the assay saturated
at a lower concentration, which may be caused by more cTnl protein bound to the aptamers

and more particles captured due to longer sample reaction time.

1.10 4 —®— pPAD without a dissolvable delay
o— pPAD with a dissolvable delay -
. 1.054 1
-
< 1001 }_ 1
20.95 e - 1
‘@ // / -
S 0.90 %/
= 0851 /
cn 7
£ 0.80 /
- 0.75 /% /S
> /
/
= .70 /
@
E 0.65 / g
s U ¥
Zos0p
0.55 -4 T T T T T
0.0 0.2 04 0.6 0.8 1.0

Concentration of cardiac troponin | (ng/mL)

Figure B13. Comparison of the assay response to different concentrations of cTnl
using a pPAD without a dissolvable delay and a pPAD with a localized dissolvable
delay made of 2.5 pL of 0.6 g¢/mL sucrose and 1.0 g/mL fructose located at 15 mm
from the inlet.

Flow time of the uPADs for ¢Tnl assay when using a uPAD with and without a
dissolvable delay was also compared. In this test, both yPADs were functionalized with
aptamers and had a glass fiber pad with aptamer-functionalized SERS active particles. The
UPAD with a dissolvable delay had a delay region made of 2.5 puL of 0.6 g/mL sucrose

with 1.0 g/mL fructose and was located at 15 mm from the inlet. The flow time was
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recorded, after 150 pL of washing buffer (PBS with 0.25% Tween 20) was loaded in the
washing solution storage area, followed by loading 75 uL of sample solution (PBS with
cTnl) in the inlet of the uPADs. As depicted in Figure B14, the flow time was fairly
repeatable for both configurations. The dissolvable delay caused a more than 2 times
increase in the flow time for the sample to reach 25 mm (end of the dissolvable delay

region). In addition, the dissolvable delay postponed the time to start Step 2 (flowing the

washing buffer).
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Figure B14. Comparison of the flow time of the pPADs for a ¢Tnl assay when using
a pPAD without a dissolvable delay and a pPAD with a localized dissolvable delay
made of 2.5 pL of 0.6 g/mL sucrose and 1.0 g/mL fructose at a distance of 15 mm
from the inlet.

198



APPENDIX C
SUPPORTING INFORMATION FOR SPECTRALLY MULTIPLEXED ASSAY
USING GAP ENHANCED NANOPARTICLE FOR DETECTION OF A

MYOCARDIAL INFARCTION BIOMARKER PANEL
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Figure C1. SERS spectra of the synthesized (a) Aucore/DTNB/Aushen, (b)
Aucore/ TFMBA/Aushen, and (¢) Aucore/ MPAA/Aushen gap-enhanced nanoparticles. The
spectra have been baseline corrected.
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Table C1. Assignment of vibrational modes of DTNB, TFMBA, and MPAA, to the
SERS spectrum of the gap-enhanced nanoparticles.

Raman Peak
Assignment Reference
Reporter (cm™)
DTNB 843 Nitro scissoring vibration [275]

Succinimidyl N—C—-O stretch
1059 [275, 276]
overlapping with aromatic ring modes

1148 C-H bending [277, 278]

Symmetric stretch of the N—O nitro [275, 279,

1327
group 280]
1556 Aromatic ring stretching [275, 280]
TFMBA | 848 Aromatic ring breathing [281, 282]
989 Ring breathing [283]
1250 C-H bending [284-286]
1378 C-H bending and C-C stretching [286-288]
[286, 289,
1632 C-C stretching
290]
MPAA 1078 V12 aromatic ring vibration [133, 291]
1591 Vga aromatic ring vibration [133, 291]
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Figure C2. Optimization of the amount of AHT in synthesis of (a)
Aucore/DTNB/Ausher, (b) Aucore/ TFMBA/Aushen, and (C) Aucore/ MPAA/Aushen gap-
enhanced nanoparticles. The SERS signal was obtained using 780 nm laser, 24mW,
1 s exposure time, 5 exposures. The SERS intensity of Aucore/DTNB/Aushen is from
the peak at 1148 cm’!, SERS intensity of Aucore/ TFMBA/Aushen is from the peak at
1632 cm’!, and SERS intensity of Aucore/ MPAA/Aushen is from the peak at 1591 cm™.
The polydispersity index (PDI) and size value are from DLS data.
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The amount of 6-AHT added affects the formation of the gold shell. A set of
experiments were used to determine the optimal amount of 6-AHT to form a gap enhanced
particle with good size distribution and a good SERS signal. The polydispersity index
(PDI) was used to evaluate the particle size distribution. The amount of 6-AHT used to
synthesize Aucore/ DTNB/AUshel, Aucore/ TFMBA/AuUshen, and Aucore/ MPAA/Aughenn gap
enhanced particles were optimized, respectively.

As shown in Figure C2(a), Aucore/DTNB/Ausnenr gap-enhanced particle size
increases with 6-AHT from 10 nM to 1000 nM, indicating a better formation of the gold
shell when more 6-AHT is present in this range. In addition, the SERS signal increases
with the increase of 6-AHT, and thus a high 6-AHT concentration is favored to achieve a
significant SERS signal. However, the PDI value of 10000 nM 6-AHT is the highest. This
may be because the large amount of 6-AHT attached to the gold core decreases its stability,
which causes aggregation before forming gold shells. In addition, the excess 6-AHT may
form multiple layers of 6-AHT on the surface of Aucore, which decreases the number of
free thiol groups and prevents the growth of the gold shell. This mixture of the Aucore,
Aucore/ DTNB/Aushen, and the aggregated particles leads to a broader particle distribution.
To achieve a high SERS signal and keep the uniformity of the particle size, 1000 nM of
6-AHT is determined to be the optimal amount for the synthesis of Aucore/DTNB/AUshen
particle.

As shown in Figure C2(b), Aucore/ TFMBA/Aushen gap-enhanced particle size
slightly increases with 6-AHT. The SERS signal increases with 6-AHT from 10 nM to

500 nM and stops growing after 500 nM of 6-AHT. Thus, 500 to 10000 nM of 6-AHT are
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similarly good for SERS signal. The PDI value of the particle using 1000 nM 6-AHT is
the lowest among 500 nM, 1000 nM, and 10000 nM of 6-AHT. Therefore, to achieve a
high SERS signal and keep the particle size uniformity, 1000 nM 6-AHT is selected for
Aucore/ TFMBA/Aushen particle.

As shown in Figure C2(c), Aucore/MPAA/Aushen gap-enhanced particle size
increases with 6-AHT when 6-AHT increases from 200 nM to 10000 nM. The SERS
signal increases with 6-AHT from 200 nM to 10000 nM. In addition, the PDI value of
10000 nM 6-AHT is the smallest. Therefore, to achieve a high SERS signal and keep the
uniformity of the particle size, 10000 nM 6-AHT is selected for Aucore/MPAA/Aushen

particle.
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Figure C3. Zeta potential of the synthesized Aucore nanoparticle, Aucore/DTNB/Aushen
GeNP, Aucore/ MPAA/Aushen GeNP N and Aucore/ TFMBA/Aushen GeNP.
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Figure C4. TEM image of (a) the synthesized gold core and (b) the around 99 nm
gold nanoparticle.

To synthesize gold core nanoparticle (Aucor), the following procedures are used.
Sodium citrate solution (75 mL, 2.2 mM) was heated until boiled. After the solution was
boiled, HAuCl4 solution (0.5 mL, 25 mM) was injected and the mixture was allowed to

stir for 30 min. The temperature was then adjusted to 90 ‘C. After confirming the solution
temperature reached 90 ‘C, HAuCls solution (0.5 mL, 25 mM) was injected and the
mixture was allowed to stir for 30 min. Another HAuCl4 solution (0.5 mL, 25 mM) was
then injected and the mixture was allowed to stir for 30 min. Next, the particle solution
was diluted by extracting 27.5 mL of solution and adding the same volume of sodium
citrate solution (2.2 mMm). After confirming the solution temperature reached 90 C,
HAuCls solution (0.5 mL of 25 mM) was injected the mixture was allowed to stir for 30

min. Lastly, the nanoparticle solution was allowed to cool to room temperature.
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Figure C5. (a) Comparison of SERS spectra of Aucore/DTNB, Augonm/DTNB, and
Aucore/ DTNB/Aushen GeNP. (b) Comparison of SERS spectra of Aucore/ TFMBA,
Au9onm/ TFMBA, and Aucore/ TFMBA/Aushen GeNP. (¢) Comparison of SERS spectra
of Allcore/MPAA, Au99nm/MPAA, and Aucore/ MPAA/Aushen GeNP. The SERS signal
was obtained using a 780 nm laser, 24mW, 2 s exposure time, 3 exposures. The stock
concentrations of the particles were determined using Nanosight Nanoparticle
Tracking Analysis (NTA). To prepare the Aucore/RRM and Augonm/RRM, the Aucore
and Augonm were diluted to be 90 pM, then added 25 pL. of 10mM RRM. The mixtures
were then shaken overnight before measuring their SERS signal. The
Aucore/RRM/Aushen GeNPs were diluted to be 90 pM before measuring their SERS
signal. The SERS spectra of the Aucore/DTNB and Au9onm/DTNB were multiplied by
5 to show their peaks clearly.
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The SERS signal of the Aucore/RRM/Aushen GeNP was compared with the
Aucore/RRM to evaluate the SERS enhancement after growing a gold shell. We also
compared the GeNPs with a solid spherical particle similar to the GeNPs (a 99 nm gold
nanoparticle) to evaluate the improvement of the core-gap-shell nanostructure.

Figure C5(a) shows the SERS spectra of Aucore/DTNB, Augonn/DTNB, and
Aucore/DTNB/Augnen. It indicates that the SERS signal of the Augon/DTNB is slightly

larger than Aucor/DTNB, except the peak at around 883 cm

. When preparing
Aucore/DTNB and Augonn/DTNB, 25 uL of 10mM DTNB dissolved in ethanol was added
into the particle. Because the mixture contains ethanol, some ethanol molecules adsorb on
the surface of Aucore and Augonm. Due to this, the SERS spectra showed characteristic
ethanol peaks at around 883 cm!, 1048 cm!, 1092 cm™!, and 1450 cm™ [292]. In addition,
Augon/DTNB showed a lower ethanol peak than Aucoe/DTNB, possibly due to less
favored ethanol adsorption on Augonm than on Aucore. Based on Figure C5(a) and the
calculation shown below, the Aucore/DTNB/Ausnhent has a much larger SERS intensity than
the signal of Aucore/DTNB (120 times) and the signal of Augon/DTNB (212 times).

Using the peak intensity at 1148 cm™!,

signal ratio of Aucore/DTNB/AUshell to Aucore/DTNB = 1231.74/5.81 =212

signal ratio of Aucore/DTNB/Aushen to Augonm/DTNB = 1231.74/10.28=119.86

Figure C5(b) shows the SERS spectra of Aucore/TFMBA, Augonm/TFMBA, and
Aucore/ TFMBA/Auspen. In the SERS spectrum of Aucore/ TFMBA, the characteristic peaks

from TFMBA were very low, and only the distinct peaks from ethanol were visible. In

contrast, the Augonm/TFMBA showed clear peaks from TFMBA. Similar to particles with
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DTNB, the ethanol peaks on Augnm/TFMBA were lower than the ethanol peaks on
Aucore/ TFMBA, possibly due to less favored ethanol adsorption on Augonm than on Aucore.
Based on Figure C5(b) and the calculation shown below, the Aucore/ TFMBA/Aushen has a
much larger SERS intensity than the signal of Aucore/ TFMBA (254 times) and the signal
of Augon/ TFMBA (15 times).

Using the peak intensity at 1632 cm™,

signal ratio of Aucore/ TFMBA/Aushen to Aucore/ TFMBA = 1253.56/4.94 = 253.79

signal ratio of Aucore/ TFMBA/Aushen to Augonn/ TFMBA = 1253.56/81.11=15.45

Figure C5(c) shows the SERS spectra of Aucore/MPAA, Augonm/MPAA, and
Aucore/ MPAA/Aughen. Similarly, the ethanol peaks on Augon/MPAA were lower than the
ethanol peaks on Aucore/MPAA, possibly due to less favored adsorption of ethanol on
Augonm than on Aucore. It also shows that the SERS signal of the Augonm/MPAA is much
larger than Aucore/MPAA. In addition, the Aucore/MPAA/Aushen has a much larger SERS
intensity than the signal of Aucore/MPAA (106 times) and the signal of Augonm/MPAA (35
times).

Using the peak intensity at 1078 cm™!,

signal ratio of Aucore/MPAA/AUshen to Aucore/ MPAA =1110.69/10.49 = 105.84

signal ratio of Aucore/MPAA/AuUghen to Augonm/MPAA =1110.69/31.29=35.49

Notably, in synthesizing GeNPs, 25 uL of 10 mM RRM was added to incubate
with the Aucore and then centrifuged to wash the excess RRM. Because of this, the actual
RRM inside the gap of the Aucore/RRM/Aushen GeNP should be much smaller than the

added amount. Thus, the signal ratio of Aucore/RRM/AUghell to Aucore/RRM or Augonm/RRM
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should be larger than the values calculated above if controlling the attached amount of
RRM to be the same. Despite this, the obtained result confirmed that a significant SERS
enhancement could be achieved after growing the gold shell. Although increasing particle
size can increase electromagnetic field and increase SERS intensity [100], using the gap
inside the GeNP is more efficient in enhancing the SERS signal than the increasing size

of a solid spherical particle.

Table C2. Calibration curves of Aucore/DTNB/Aushen GeNP using 1148 cm™! peak,

1327 cm™! peak, and 1556 cm™! peak.
Peak (cm™) | Calibration curve R?
1148 y=10.1x+ 115.95 R?=0.9844
1327 y =52.468x +446.87 | R2=0.9740
1556 y=16.164x + 152.52 | R2=0.9836
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Table C3. Calibration curves of Aucore/ TFMBA/Aushen GeNP using 989 cm™! peak,
1378 cm! peak and 1632 cm™! peak.

Peak (cm™') | Calibration curve R?

989 y =1.8056x +25.206 | R*=0.989
1378 y =8.53x +124.70 R2=0.9898
1632 y =10.138x + 146.75 | R*=0.9899

The 1148 cm™! peak, 1327 cm™ peak, and 1556 cm! peak of DTNB displayed
minimal overlap with the peaks from the other two RRMs. The 989 cm™ peak, 1378 cm’
!'peak, and 1632 cm™! peak of TFMBA had least overlap with the peaks from the other two
RRMs. Due to the GeNPs being uniformly distributed there was no aggregation induced
SERS enhancement, therefore the SERS intensity should be linearly proportional to the
concentration of the GeNPs measured.[108] The calibration curves of Aucore/DTNB/Aushen
GeNP using different peaks were compared in Table C2. The 1556 cm™! peak displayed
good linearity (R? = 0.9836) comparative to 1148 cm™ (R? = 0.9844) but had a greater
slope, therefore it was used in further analyses. In addition, the calibration curves of
Aucore/ TFMBA/Aushen GeNP using different peaks were compared in Table C3. Because
the 1632 cm™! peak had a higher intensity than the 989 cm™! peak and the 1378 cm™! peak

and all three peaks had similar linearity, the 1632 cm™ peak of TFMBA was selected.
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Figure C6. Calibration curves of the ELISA Kkits were used to calculate the
concentration of the (a) cTnl, (b) h-FABP, and (c) copeptin in the human serum.
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and (c) cTnl, respectively, in PBS buffer.
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Table C4. Paired t-test of the SERS signals from multiplex detection of mixtures and
the signals from single-biomarker detection.

Paired t-test for equality of means of multiplex
Concentration of biomarker in detection and single-biomarker detection
sample
t Statistics | p-value Significance™
_ Not significantly
0.007 ng/mL copeptin 1503 | 0272 different
' Not significantly
0.037 ng/mL copeptin -1.147 1 0370 different
. Not significantly
0.057 ng/mL copeptin -1.012 | 0.418 different
2.3 ng/mL h-FABP 1.609 | 0.249 Not significantly
different
12.3 ng/mL h-FABP 1347 | 0310 Not significantly
different
27.3 ng/mL h-FABP 21066 | 0.398 Not significantly
different
Not significantly
0 ng/mL cTnl -1.469 0.280 different
Not significantly
0.07 ng/mL cTnl -2.506 0.129 different
Not significantly
0.1 ng/mL cTnl 0.685 0.564 different

*0.05 significance level. p-values <0.05 were considered statistically significant.

Paired t-test was used to evaluate the means of the SERS signals from the multiplex
detection of mixtures and the SERS signals from the single-biomarker detection. As
shown in Table C4, the t-test results indicate that the means of SERS signal in the two

detection settings are not significantly different at 0.05 significance level.
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Figure C8. Bland-Altman plot describing the agreement between multiplex detection
and single-biomarker detection of copeptin. The £1.96 SD lines represent limits of
agreement in 95% confidence interval.
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Figure C9. Bland-Altman plot describing the agreement between multiplex detection
and single-biomarker detection of h-FABP. The +£1.96 SD lines represent limits of

agreement in 95% confidence interval.
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Figure C10. Bland-Altman plot describing the agreement between multiplex
detection and single-biomarker detection of ¢cTnl. The £1.96 SD lines represent limits
of agreement in 95% confidence interval.

Bland-Altman plots are generally used to evaluate the agreement of two detection
methods [293-295]. Here, Bland-Altman plots (Figure C8-C10) were generated to
evaluate the agreement of the SERS signal from the multiplex detection of mixtures and
the signals from the single-biomarker detection. In the plots, the +1.96 SD lines represent
limits of agreement in 95% confidence interval. In Figure C8 and Figure C9, all the data
points lied inside the limits, which indicates a good agreement between the multiplex
detection and single-biomarker detection for copeptin and h-FABP. In Figure C10, one
data point fell out of the limits, which was from the data points for 0.1 ng/mL cTnl that

showed a large standard deviation in Figure 4.7(b). The rest data points in Figure C10 fell
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within the limits, which confirms the good agreement between the multiplex detection and

single-biomarker detection for cTnl.
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