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"It appears to me a most excellent thing for the physician to cultivate Prognosis; for by
foreseeing and foretelling, in the presence of the sick, the present, the past, and the future, and
explaining the omissions which patients have been guilty of, he will be the more readily believed
to be acquainted with the circumstances of the sick; so that men will have confidence to intrust

themselves to such a physician.”

Hippocrates, The Book of Prognostics, ca. 400 BC
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1.1.1.

Introduction

Cardiovascular diseases

Introduction

Cardiovascular disease (CVD) is an umbrella term for multiple interlinked
pathological conditions associated to the heart and blood vessels. Atherosclerosis,
the term given to build-up of plaque in the blood vessels is the underlying cause
of several of the pathologies under CVD. In atherosclerosis, the flow of blood
through the blood vessels is restricted due to the narrowing caused by plaques
attached to the inner walls, and it can lead to a heart attack or a stroke. Being
lifestyle-related slow-onset diseases, there are multiple intertwined processes
having a very wide range of causatives that manipulate the disease development
in periods spanning from several years to decades (Figure 1-1). 1 It is observed
that the prevalence of cardiovascular diseases is rooted in simple environmental
factors like higher air & noise pollution levels, less green space and extreme
temperature conditions may participate towards the development of such
diseases. These factors, in combination with individuals’ living standards, level of
sanitation and societal factors like lack of education, poverty and lower
socioeconomic status create a foundation onto which the progression of CVDs is
structured. Such environmental and socioeconomic factors trigger a cascade
affecting the physiological pathways of an individual through behavioral factors
like poor diet, lack of physical activities, smoking or infections thus generating a
metabolic load involving high blood pressure, raised lipid profile, diabetes,
thrombosis or cardiac inflammations. This metabolic load caused by over-
consumption of rich foods and tobacco products accompanied with decreased
labor deteriorates the cardiovascular system slowly over long periods. Further,
the disease progression cascade is affected by the genomic & metagenomic

composition of an individual and by the prenatal & early years’ care, which



ultimately define the overall risk of cardiovascular disease development for a

particular individual.
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Figure 1-1: lllustration showing the major causations of cardiovascular diseases and their interconnected
pathways. Reprinted with permission from Ref. 1.

1.1.2. Classification

Cardiovascular diseases are generally defined as the diseases of heart and
blood vessels; however, there are multiple pathologies under this common term,
having their unique progression patterns, mechanisms and affected organs. The
International Classification of Disease (ICD) classifies the cardiovascular diseases

in the following broad categories (Figure 1-2),2

i. Ischemic Heart Disease: The pathologies associated with the blood vessels
supplying to the cardiac muscles are termed as Ischemic heart disease, Coronary
heart disease, or Coronary artery disease. The pathology arises when the blood

supply to the heart gets blocked due to an atherosclerotic clot, creating an
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iv.

ischemic state termed as a myocardial infarction or a heart attack. This ischemic
state arising from the deprivation of blood supply may cause necrosis of the
cardiac myocytes thus affecting its functioning. Myocardial tissue necrosis causes
the myocytes to lose their contracting ability, thus affecting their physiological
function. This incapacitates the heart in meeting the metabolic oxygen demand of
body due to reduction in the volume of blood pumped by the heart, thus

generating a clinical condition termed Cognitive heart failure.

Cerebrovascular Disease: Cerebrovascular disease or Stroke is the term given to
lack of blood supply to the brain tissues and is divided in Ischemic and
Hemorrhagic stroke depending on the cause. As the names suggest, Ischemic
stroke is caused when a dislodged clot from an unstable atherosclerotic plaque
chokes a capillary in the nervous system, whereas Hemorrhagic stroke results
from a ruptured blood vessel feeding the brain tissues. Both types of strokes
deplete the blood supply to the brain tissues and cause necrosis of the oxygen-
deprived neurons. The neural damage may hamper physiological functions
depending on the region controlled by the dead tissue. Further, a 7ransient
ischemic attack is a term given to a stroke that is temporary and lasts only for a
few minutes, during which the expressed symptoms include numbness in limbs

and functionality.

Cardiac Arrhythmia: Arrhythmia, as the term suggests, is abnormal rhythm of
heart, beating too fast, too slow, or irregularly. When the heart is beating at more
than 100 beats per minute, arrhythmia is called Tachycardia, and Bradycardia is
the term given to an arrhythmia with less than 60 beats per minute. Although
different from cognitive heart failure, arrhythmia has similar effects as the

irregularity in the beating affects the pumping capacity.

Valvular Disease: The abnormalities associated with the valves separating the
cardiac chambers are called Valvular diseases. The deformations in the valves can
cause failure in generating directionality in the blood flow due to their improper

closing, thus leading to a condition called Stenosis. Improper closing of valves
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Figure 1-2:Depiction of the classification of various categories related to cardiovascular diseases.

causes the blood to leak in the previous chambers, thus reducing the amount of
blood pumped ahead. The valvular diseases are generally congenital, developing
during the gestation period in the fetus, and are present in the individual since
birth. However, Rheumatic heart disease is a valve-related condition resulting
from the damage to the cardiac valves and myocytes from inflammation during a

rheumatic fever caused by Streptococcusbacteria.

v. Hypertensive Heart Disease: Hypertensive heart disease includes heart diseases
like ischemic heart disease, strokes, congestive heart failures or hypertrophies
etc, where the causative factors are the direct or indirect effects of long-term
unmanaged hypertension that cause structural abnormalities in the heart and its

vasculature.

Besides the mentioned major diseases, other less prevalent pathological
states of the cardiovascular system include cardiovascular neoplasms,
inflammatory heart diseases, vascular diseases like peripheral vascular disease &
abdominal aortic aneurysm, and some congenital affecting the structure or
function of the heart. Such diseases along with valvular disease and arrhythmia
are generally innate or represent a smaller fraction of cardiac-associated mortality
compared to ischemic heart diseases and cerebrovascular diseases. Further, the
diagnosis of these minor cardiac diseases is through measurements of electrical

signal conduction, beating pattern of heart, and via indirect visualization of heart

5
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and vasculature. These methods are starkly different from the diagnosis of
ischemic heart diseases, strokes and hypertensive heart diseases that generally
rely on blood-based biochemical profiling discussed in detail in the following

sections.

Current global scenario

Cardiovascular diseases are the leading cause of mortality throughout the
world among all disease categories. The total deaths due to cardiovascular
diseases is 32.17% of the annual global mortality, accumulating to ca. 18 million
worldwide as of 2016.3-6 According to the recent Global Burden of Disease study,
ischemic heart diseases are the major contributor for mortality in cardiovascular
associated maladies.? Among the total deaths, 85.2% of the mortality share is from
ischemic heart disease (IHD) and strokes, accounting for 9.5 million & 5.5 million
respectively. At the top position in the non-communicable disease category,
cardiac diseases are followed by cancer & associated complications having an
annual mortality of 8.9 million.

Besides mortality, years of life lost is another important parameter of the
severity and burden of a disease, which, as termed, indicate the years deducted
from the average life expectancy of an individual due to a diseased condition.
Along with their huge death toll, cardiovascular diseases are also the leaders in
total years of life lost category, with Ischemic heart diseases being the leading

causative of global morbidity among the high to middle-low income countries.

Disease biomarkers

Introduction

Biomarker (a portmanteau of biological marker) is a biological entity, the
presence or concentration of which can be used as an indicator of the presence, or
progression of a pathogenic state. As laid by National Institutes of Health
Biomarkers Definitions Working Group in 1998, a biomarker is defined as “a

characteristic that is objectively measured and evaluated as an indicator of normal
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biological processes, pathogenic processes, or pharmacologic responses to a
therapeutic intervention”.” International Programme on Chemical Safety defines
a biomarker as “any substance, structure, or process that can be measured in the
body or its products and influence or predict the incidence of outcome or
disease’ 8 Further, WHO provided a more generalized definition of a biomarker as
“almost any measurement reflecting an interaction between a biological system
and a potential hazard, which may be chemical, physical, or biological. The
measured response may be functional and physiological, biochemical at the

cellular level, or a molecular interaction”.?

Selection parameters

Although physical parameters like body temperature, pulse, blood
pressure etc. fall under the definition, disease biomarkers generally refer to
quantifiable biochemical molecules resulting from diverse processes in
individuals, having an ability to precisely predict complex pathological states.8?
Disease biomarkers often are direct products of diseased tissues as in the case of
tumors, or are molecules whose expression is affected positively or negatively
under the influence of the disease.l? For a disease biomarker to be beneficial in

the screening of the associated disease, it should meet following requirements,’-

14

The biomarker should be specific to a particular disease with little or no

interference from other physiological parameters.

The expression levels should be consistent among genders, races and ethnic

groups.

There should be ample change in expression level of the biomarker for it to be able

to differentiate between diseased and normal condition.

The biomarker should have a wider expression window to allow enough time for

its quantification.
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The biomarker should have the facility of convenient and preferably non-invasive
collection. Urine, saliva, sputum and sweat are the body fluids that allow non-
invasive measurements, while blood, lymphatic fluid and cerebrospinal fluid offer

the invasive route of measurements.

The biomarker should not have any close structural relatives that might interfere

in the quantification and generate false results.

The biomarker should be easy to collect, safe to handle for the technician and

should have a stable profile for long-term storage.

Classification

Disease biomarkers can range from gene segments, proteins, peptides,
small DNA/RNA molecules, to even small inorganic molecules. According to
“Biomarkers and Surrogate Endpoint Working Group” biomarkers can be
classified as,15
Type 0 markers: These are natural history biomarkers, which are clinically
established to have direct relevance with a disease. These are characterized via
clinical trials using assays in a known patient population over a defined period.
The state of a disease is correlated with the concentration of such biomarkers, thus

these are also termed as “gold standards” for the particular pathological state.

Type I markers: These are the drug activity markers, which are measured to assess
the effects of drug intervention on a particular disease to predict the clinical
outcome. These have concentration-based relation with the state of disease but

their underlying mechanistic pathways are not established.

Type Il markers: These biomarkers are called “surrogate markers” or “surrogate
end-points” due to their relevance with clinical end-points. Clinical end-points are

not real markers but rather represent how a patient feels. These may or may not



1.2.4.

signify the state of disease accurately but still are used as an important parameter

in the disease treatment.

Molecular biomarkers used for the monitoring the presence or progression
of a disease fall under the Type 0 category and must be highly established in their
roles as the severity of disease increases.”1? Depending on the involved
biochemistries, different biomarkers are expressed corresponding to a particular
phase of the disease or a single biomarker may have different expression levels at
different stages of the disease.1? Apart from these, depending on the stage at which
the biomarkers are expressed, these can be classified in Prognostic biomarkers or
Diagnostic biomarkers, being active before and after the occurrence of a disease
respectively.1011 Prognostic biomarkers are used for the risk assessment of the
development of a particular disease in an individual, whereas diagnostic
biomarkers are the validating signs of the presence of a particular disease. Both
types can be used during the therapy monitoring process where their pathological
concentrations are scrutinized and decrease in their expression suggests a

positive response to the treatment.

Cardiac biomarkers

Cardiac biomarkers are biological molecules associated with the
cardiovascular system, which are released in an event of cardiovascular stress or
damage and can be quantified to reflect the cardiovascular health.1416 [n general,
the cardiac biomarkers are structural proteins that are released in the blood due
to a tissue disintegration following cardiac tissue necrosis.1” Such proteinaceous
markers have the highest cardio-specificity due to their cardiac origins and are the
true marker to reflect ischemia-based cellular damage to the cardiac tissues.
Examples of such biomarkers are myoglobin, cardiac troponins, heart-type fatty
acid binding protein etc. which, depending on their cytosolic concentrations and
cellular localization, are released beginning at different intervals from an event of
cardiac necrosis. This property, alongside their varying serum expression level
helps creating a dynamic kinetics that can be used to precisely locate the cardiac

event. Further, several inflammation-related molecules and hormones have been
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reported to have a correlation with the onset of disease. These proteins usually
are not of cardiac origins though their increased serum expression levels are
established to be a direct or associated consequence of the development of a
cardiovascular disease. Due to the expression profile, the structural proteins act
as the diagnostic markers of a cardiac event, whereas inflammatory molecules and
hormones can be utilized as prognostic indicators of the onset of cardiac disease.
However, owing to the non-cardiac origins and broader physiological role, their
serum concentrations can also be elevated due to non-cardiac issues like
inflammatory reactions, cancers, immunogenic processes etc. and thus their
expression can not be used for the precise triage of a cardiovascular disease.
Examples of such markers are Creatine kinase, IL-6, C-reactive protein, free fatty
acids, certain metalloproteinases, myeloperoxidase etc. An exception to this list is
B-type natriuretic peptide that is a prognostic biomarker with a cardiac origin and
thus can be used for the triage of such events with a higher clinical confidence.
Besides these, certain DNA based markers have also been reported to be effective
in the diagnosis of cardiovascular diseases and usually include microRNAs like
miR133-a/b, miR-208a/b, miR-499, miR-1 and miR-145b. However the
prognostic effectiveness of such DNA based cardiac biomarkers is yet to be
established due to their small physiological half-lives, tedious sample recovery
and comparatively lower clinical confidence.

Cardiovascular diseases are slow and progressive disease conditions that
include multiple distinct cardiac stages, each having a different biochemical
profile.1® Due to the physiological and biochemical differences in the cardiac
events, different biomarkers are released during different phases and thus may
act as the indicator molecules of a particular stage of disease. These are further

discussed in detail in Section 1.7.

Biosensors

Introduction

A biosensor is a two-component system comprising of a bioreceptor and a

transducer with the ability to perform a qualitative or quantitative analysis of a

10
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certain target.1® The bioreceptor is a biological entity, being enzymes, antibodies,
host receptors, or nucleic acids, which provides selectivity to a biosensor by
specifically binding to the target analyte while the transducer component converts

this biorecognition in a readable signal output (Figure 1-3).

History

Sensors were conceived with the invention of pH sensor by Soren Sorenson
in the first decade of twentieth century.2® However, true biosensors were
introduced with the work of Leland Clark on Clark electrode, which acted as
foundation to develop glucose sensors.21.22 Their glucose sensor used an enzyme
called glucose oxidase as an oxygen electrode acting both as bioreceptor and
transducer. The enzyme specifically recognized glucose from blood samples and
the consumption of oxygen was used as an indicative of glucose concentration.
Initial biosensors relied on the use of enzymes, which provided specificity as well
as acted as transducers based on their enzymatic action, however due to their
limited repertoire, enzymes were replaced by antibodies that had the ability of
generation against a wider range of target molecules.?3 In recent years, nucleic
acid-based receptors, called aptamers are being explored as advanced alternatives

to the conventional protein-based receptors.2425

Classification

Biosensors can be fabricated using a wide range of bioreceptors or
transducers, and thus can be classified based on either of the component in diverse

varieties.

Classification based on the bioreceptor

Based on the type of bioreceptor used, biosensors can be classified in two
major categories, using proteins or nucleic acids as their receptors. Further
classification is done based on the origin, properties or application of the

bioreceptor as following,

11
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Figure 1-3: Diagram showing general layout and components of a biosensor.

ii.

Enzyme-based biosensors: Enzyme-based biosensors were the first true
biosensors to be developed, and as the name suggests, these utilize enzymes as
the receptor moiety. The classic and most widely applied example of such
biosensors is a glucose biosensor, which uses glucose oxidase as the bioreceptor
for the recognition of glucose. However, these type of biosensors do not have a
very wide application range due to the limitation posed by the enzymes itself, as
such biosensors can be applied to only those targets against which an enzyme is
present. Still the unique property of enzymatic action allows these type of sensors

to be relevant and operate in a label-free manner.2326-28

Antibody-based biosensors: Antibody-based biosensors use antibodies as their
receptor molecules. Antibodies are the proteins produced by the immune system
of the host organism against any foreign molecules as the general host-defense
mechanism. These immunoproteins have a binding pocket which can be
modulated by the host cells using a process called V(D)] recombination to yield
antibodies with a target range of around 1010, By the development of Hybridoma
technique by Kohler and Milstein in 1975 provided the means for generation of

antibodies in adequate amounts without continuous requirement of a host
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iv.

Vi.

organism.2%3% This lead to the boom in antibody-based technologies including

development of immunosensors.31-34

Natural receptor-based biosensors: As the term, natural receptor-based sensors
use the receptor proteins that naturally occur in the host organisms. These type of
bioreceptors have the advantage of natural molecular selection, which has
mutated such receptors over generations to be a perfectly complimentary to their
targets. This property is beneficial in reducing the cross-reactivity of the sensing

platforms among closely related species.3>36

Peptide-based biosensors: Peptide-based biosensors utilize small peptides rather
than whole proteins. The peptides either are derived from the binding pockets of
their larger counterparts, or are generated by a process called phage-display. The
smaller sizes of peptides provide such biosensors with higher stabilities and

sensitivities compared to other whole protein-based sensors.37-40

Aptamer-based biosensors: Aptamer-based sensors or Aptasensors use nucleic
acid-based receptors called aptamers. An in vitro process called SELEX, which is
similar to antibody generation by B-cells, is used to generate the aptamers. The
process screens a wide library of receptor pool (average 1014 molecules) to find

the best fitting nucleic acid for the target molecule.41-44

Gene-based biosensors: These Genosensors have receptors based on nucleic acids
but these are not derived by SELEX and thus are different from aptamers. These
receptors are produced against genomic nucleic acids specifically, while aptamers
can be generated for a wider target range. These type of sensors usually rely on
the Watson-Crick complementary bonding between receptor nucleic acid and its
target genomic region. Although certain nucleic acid-based sensors have been
developed for the detection of small DNA/RNA fragments in biological samples,

these do not fall under the category of true genosensors.4>-48
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1.3.3.2. Classification based on the transducer

ii.

Depending on the transducing approach, the biointeraction between
receptor and target molecules generates an optical response, electronic signal or
a mass shift, using which a sensor is classified as Optical,

Electrical/Electrochemical or Mechanical broadly (Figure 1-4).

Optical sensors: Optical biosensors are the most common and highly established
approach, which relies on the changes occurring in the spectral properties of the
system due to the receptor-analyte interaction.#?50 Optical biosensors are further
classified in Colorimetric, Fluorescent, Surface Plasmon Resonance (SPR)-based,
Raman-based or chemiluminescence-based biosensors. Among these,
colorimetric, fluorescence- and chemiluminescence-based biosensors function in
the visible range of the spectrum. The transducing signal for colorimetric sensors
is the change in color or the shift in its intensity,51->¢ whereas for fluorescence-
and chemiluminescence-based sensors, the signal is interpreted as the intensity
shift in the fluorescence or luminescence respectively (Figure 1-4).57-62 Surface
plasmon resonance-based sensors rely in the changes in the surface plasmon of
metallic transducer materials,63-6> while the Raman-based sensors utilize the
characteristic Raman signatures of the analytes due to the Raman scattering.66-68
In recent times, with the advances in the field of materials technology, Raman-
based sensors have gained momentum due to a phenomenon called surface-
enhancement which as termed is a surface related phenomenon where the surface
topology of the substrates can create multifold enhancement in the Raman signal.
This surface-enhanced Raman scattering (SERS) is a method to measure the
faintest Raman signals to create a platform for the ultrasensitive detection of
analyte molecules. Among the optical sensors, colorimetric are the most common
due to their cost-effectiveness, ease of operation and easier signal interpretation

without the requirement of any instrumentation.>?

Electrochemical sensors: Electrochemical biosensors are the category of sensors
that use an electrode as the transducing element. As the electron transfer is

effective via the surface of the electrode, any changes occurring on the electrode
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Figure 1-4: Schematic representation of differences in the principles of various transducing approaches. The
biorecognition of free analyte by the bioreceptor is translated as the change in the spectroscopic properties
(UV, Visible, IR, Raman, SPR) in case of optical biosensors (a), as the change in the charge transfer properties
through electrode surface in case of electrochemical biosensors (b) and as the change in the properties of a
cantilever by its physical bending (c). Reproduced with permission from Ref. 105.

surface due to the biomolecular interaction change the charge-transfer properties
of the electrode, modulating it in either direction.®®-72 This change is correlated to
the analyte concentration under a linear working range (Figure 1-4). Depending
on the measured parameter, electrochemical sensors are categorized in
Amperometric, Potentiometric, Impedimetric and FET-based sensors.
Amperometric sensors measure current changes occurring as the effect of another
variable, time  (chronoamperometry) or potential (voltammetry).
Chronoamperometric biosensors measure the changes in current over time at a
fixed potential value,’3-7> whereas voltammetric biosensors measure the changes
in current over a variable potential range.”6-81 Potentiometric sensors, on the
other hand measure the potential between a working and reference electrode in
the absence of any current flow, and the potential difference between the
electrodes changes in response to the concentration of the analyte.8283 Apart from
these, Impedimetric sensors operate by measuring the impedance of the system
as a function of frequency under a small AC voltage, and monitor the shift
corresponding to the analyte concentration.84-86 The interaction and subsequent
binding of the analyte on the electrode surface creates a hindrance to the charge
transfer through the surface and is reflected as an increase in the impedance of
the system.87-90 Further Field-effect transistors (FET) are three-terminal systems
with the facility of conductivity modulation by the application of electric field to
the Gate terminal. As sensors, the charge properties of Gate are affected by the

binding of analyte molecules, which in turn affects the current flow through the
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1.4.

1.4.1.

transistor.?1-9¢ Owing to their label-free nature, impedimetric sensors and FET
sensors have gained much attention in recent years following the advances in the

generation of highly sensitive electroactive materials.?3-96

Mechanical sensors: Mechanical sensors are the most sensitive type of biosensors
where small changes in mass are measured.?” These type of sensors generally are
fabricated with a very fine cantilever made of silicon, silicon nitride or polymers,
which is modified with the receptor molecules. The interaction and binding of
analyte changes the mass of the whole system causing a bend in cantilever
proportional to the analyte concentration, and this gain in mass is used as the
measure of analyte quantity (Figure 1-4).9899 Another category of mechanical
biosensors is Quartz crystal microbalance, where the changes in the vibrational
modes of a quartz crystal are measured as a result of the biointeraction.100-102 [p
contrast, piezoelectric mechanical sensors operate by recording the change in the
electronic resistance of the cantilever with the analyte binding that is used to
quantify the amount of target analyte.103.104 Methods under mechanical biosensors
have the advantage of being highly sensitive and label-free but the techniques
require sophisticated instruments for measuring minute changes in mass of the
system and can be overwhelmed in the presence of high analyte

concentration.?7.105
Aptamers
Introduction

Aptamers [from aptus (Latin) for fit, and meros (Greek) for part] are single
stranded sequences of nucleic acids (DNA or RNA) that display unique geometries
as a function of their nucleotide sequence .19 The 3D structures possessed by the

nucleic acid strands generate binding pockets complementary to a wide spectrum

of target molecules.107
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Figure 1-5: Diagram showing general steps involved in a SELEX methodology.

Selection methods

Aptamers have an in vitroroute of generation termed Systematic Evolution
of Ligands by Exponential enrichment, abbreviated as SELEX.108 Since their
inception in 1990, several modifications of SELEX have been invented, however
all the methods rely on a simplified 4-step iterative cycle repeated over to create
a selection pressure to yield the strongest candidates for binding. SELEX begins
with the exposure of analyte to a vast library of single-stranded oligonucleotides
to initiate the selection. The nucleotides have different 3D structures as a function
of their sequences and the initial selection separates the binding sequences from
the non-binding population. This is proceeded by an amplification of the binders’
number via Polymerase Chain Reaction (PCR) and a last step to generate single
strands of oligomers from double-stranded PCR products. These are used to
expose the analyte again for second round of SELEX and the process is repeated
until the process hits a plateau, where all the sequences in the binding pool have

similar affinities and cannot be further differentiated via SELEX (Figure 1-5).
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Although being a cyclic process, SELEX shares its basic stages with the generation
of antibodies via immune system that involves an Exposure step (antigen
presented on antigen presenting cells to naive B-cells), a Selection step (through
secretion of chemical messengers), and an Amplification step (clonal expansion).

Several alternative methods of SELEX have been developed over the

decades with unique properties and advantages.109.110

Column-SELEX: Column-based SELEX is the more employed SELEX technique that
functions by trapping the target molecules onto beads of a column acting as the
stationary matrix. The DNA library is passed over the column and retention times
can be varied as desired. DNA molecules with no affinity pass through the column
and the binding populations are harvested by disrupting their interaction by
passing buffer of different pH or ionic strength (Figure 1-6). The binding
population is amplified and resulting solution is subjected to the column again
after generating single strands. Main advantages of column-SELEX are the control
over retention time, ability to trap a wide range of target molecules by employing

different interaction methods, and a larger surface area offered by different sized

beads.111.112
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Figure 1-6: lllustration showing the principle and various steps involved in
Column-SELEX. Reproduced with permission from Ref. 111.

18



ii.

in vivo-SELEX: This is a recent addition towards the development of aptamers
where the interaction between the oligonucleotides and the target analyte occurs
inside a biological entity. For this, a chemically-modified oligonucleotide library is
injected in the host organism, and allowed to distribute in the host system. The
organism is euthanized thereafter and the target cells are harvested to recover any
interacting oligonucleotides. These binders are amplified to inject in another host,
and the process is repeated until the progression saturates (Figure 1-7). This
method not only ensures the activity of final aptamers in the biological system but
also eliminates any sequences that might be too unstable and vulnerable to the

host defenses.113-115
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Figure 1-7 lllustration showing the principle and steps involved in in vivo SELEX.
Adapted with permission from Ref. 115.

iii. Capillary electrophoresis-SELEX: Capillary electrophoresis-SELEX is highly

sophisticated method of SELEX employing the differences in electro-mobility of
molecules during capillary electrophoresis. The DNA molecules bound to the
target molecules tend to have slower motilities under applied potential field due
to their gained mass. This result in the resolution of the binders from the non-
binding species that can be harvested in elutes (Figure 1-8). The most important
advantage of CE-SELEX is the ability to capture even the smallest amounts of the
binders as well as the benefit of using a mixture of targets differing in masses for

a single round multiple selection.116-118
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Figure 1-8& Illustration showing principle and steps involved in capillary
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iv. FACS-SELEX: Fluorescence assisted cell sorting or FACS is a technique used to
separate cells based on bound fluorescent label. This method has been applied in

SELEX by using a fluorophore modified oligonucleotide library. The sequences
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Figure 1-9: lllustration showing the principle of FACS-SELEX along
with its various steps. Reproduced with permission from Ref. 124.
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interacting with the cells act as a label and are separated from the rest using FACS
technique (Figure 1-9). Similar to capillary electrophoresis, usage of sophisticated
instrument allows a sensitive separation of sequences at even the smallest

quantities.119.120

Bead-SELEX: Bead-SELEX is similar to column-SELEX due to the application of
microbeads but unlike columns, in bead-SELEX, the beads are not packed in a
column and are kept suspended in the solution by constant agitation. While
possessing all the properties of column-SELEX, bead-SELEX offers an additional
advantage of improved mixing. The beads can be separated from the solution by
settling them using a centrifuge or under external separation forces like magnetic

field in case of magnetic beads.121.122

Cell-SELEX: Cell-SELEX is rather a pseudo-class of SELEX as it is named for the
target analyte rather than the method of generation. As named, Cell-SELEX is a
SELEX method used generally for whole cells; however, it can also include cellular
lysates in some cases. The type is separately classified due to the stark differences
in the properties of the cells from other molecules, mainly due to their huge sizes.
Cell-SELEX differs from normal SELEX methods as whole cells are hugely affected
by surface captures, tend to block columns, have a very large variety of surface
molecules and need treatments before application to avoid growth related

problems.123124

Advantages over conventional receptors

Conventional antibodies are restricted by the limitations of the host
immune system for their production. Hence, antibodies cannot be raised against
molecules which are either lethal to the host, or create substantial immunologic
pressure thus hampering the antibody production.125126 Further, antibodies
cannot be raised against whole organisms as they are either managed by the
innate system or can have masking mechanisms to avoid immune system, as seen
in some pathogens. Aptamers are relieved of this problem due to their in vitro

mode of generation and have been successfully generated against pathogens and
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Parameter Aptamer Antibody
Molecule type Nucleic acid Protein
Molecular size 10-30 kDa 150-180 kDa
Structural complexity High High
Route of selection In vitroor in vivo in vivo
Target diversity Very High Limited
Minimum target size Small (~60 Da) Larger (~600 Da)
Thermal stability High Medium
Route of production PCR Cell culture or animal models
Ease of chemical modification | High Limited
in vivo stability Sensitive to DNase action High
Immunogenicity Low High
Production cost Low High
Production time 30-60 minutes Days to months
Batch variation None Significant

Table 1-1: Table showing the comparison between several properties of aptamers compared with antibodies.
The parameter having a comparative advantage is shown in green.

toxins.125127 Further, the in vitro generation route is highly cost-effective
compared to antibody production that involves rearing and maintaining host
animals. While antibodies can be generated only via a host organism or by the
means of monoclonal immune cell mutants, aptamers have the ease of
amplification via Polymerase Chain Reaction. Furthermore, their structures can be
easily manipulated by controlling the ionic solutions, which allows their in silico
generation.107.128 [n contrast, the structures of complex proteins like antibodies
undergo a sequential route of protein folding involving several assisting proteins
and components, which makes the synthetic approach of antibody production
infeasible. Immunosensors loaded with antibodies require specific storage
conditions due to their temperature-sensitive nature. Antibodies, like other
proteins, lose their tertiary structure at higher temperatures and lack the facility
to recover thus rendering the sensors useless. Aptamers, in contrast, are more
capable in maintaining their structural conformity at a wider temperature ranges

and thus provide robustness to the aptasensors.107.128,129
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1.5.1.

1.5.2.

Nanomaterials

Introduction

Nanomaterials are substances that possess at least one structural
dimension within 1-100 nm range. The small structure modulates the behavior of
materials and its interactions with self and surroundings, producing properties

that are starkly distinct from their bulk siblings.130-132

Properties arising in nano-regime

There are two main reasons for the remarkable shift in the properties of
nanomaterials; change in surface area, and introduction of quantum effects.133-135
Materials in nano-ranges have very high surface area-to-volume ratio, meaning
they have more surface when compared to bulk materials for same unit of mass,
allowing nanomaterials to have more sites for interaction, a higher number of
surface electrons and higher surface energy. This enhances the surface-dependent
properties of materials like plasmons, hydrophobicity/hydrophilicity, charge
transfer or catalysis.136-141 Other more important feature of nanomaterials is the
enhancement in quantum effects in comparison to bulks, which become
prominent in defining the properties of nanomaterials. One such example is the
change in bandgaps of nanomaterials in comparison to their bulk counterparts.
The conversion of materials into their nanomaterials has shown to reduce band
gaps that turns the nanomaterials into electronically superior materials. Further,
is case of nanosheets that usually are generated by the delamination of naturally
laminated materials, there is a very beneficial advantage of controlling the number
of sheets by optimizing the reaction conditions. This in turn creates a control over
the band gap and conductivity of the material and can be utilized in the generation

of tunable semi-conductors.135140,142
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1.5.3.

Classification

1.5.3.1. Classification based on dimensionality

ii.

The most basic classification of nanomaterials is on the basis of the number
of dimensions occurring in the nanometer regime, and depending on this, these

are classified as 0D, 1D, 2D and 3D nanomaterials (Figure 1-10).143

0D nanomaterials: Materials having all spatial dimensions within nano-regime are
called 0D nanomaterials. These usually are particles with their longest axis
measuring less than 100 nm. The most popular example of such nanoparticles is
metallic nanospheres, which is the most common structure attained in an unaided
dynamic synthesis.144-146  (Colloidal solutions of gold nanoparticles were
synthesized by Michael Faraday in 1857 which was the earliest known example of
nanomaterial synthesis.13> Other 0D structures include nanocubes, nanoprisms,
nanotriangles, nanothorns etc that require strict reaction modulation to promote
the growth of nanoparticles at specifically defined faces.144147.148 (D
nanomaterials can also be obtained by extensive breaking of 2D and 1D
nanomaterials, or alternatively higher-dimension nanomaterials can be grown
using 0D materials as seeds.1#* Furthermore, another category of very small 0D
nanomaterials called Quantum dots (QDs) have been developed that have all
spatial dimensions within 5 nm and possess strange properties than larger 0D

nanoparticles due to the introduction of quantum confinement effect.149-153

1D nanomaterials: One-dimensional nanomaterials have a single structural
dimension scalable above the nano-range in comparison to their other spatial
dimensions. The usual structural features are nanorods, nanofibers or nanowires
that are generated by growing the material in a single lattice phase.154-157 The
most common example of such nanomaterials is carbon nanotubes that may
measure up to several meters in length while having a diameter of a few

nanometers.
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Figure 1-10: Electron micrographs showing different morphologies in nanomaterials; (A) CdSe quantum
dot, reprinted with permission from Ref. 153, (B) Spherical gold nanoparticles, reprinted with permission
from Ref. 146, (C) Mns[Co(CN)s]2 nanocubes reprinted with permission from Ref. 147, (D) Gold
nanoflowers reprinted with permission from Ref. 148, (E) Carbon nanotubes reprinted with permission
from Ref. 157, (F) NiO nanosheets reprinted with permission from Ref. 160, (G-H) 3D nanostructures
reprinted with permission from Ref. 173 & 174 respectively.

iii. 2D nanomaterials: These materials have a single dimension in nano-range and
resemble with sheets in their geometry. Such nanosheets usually have thickness
in nanometers and may span over microns. Graphene was the first 2D
nanomaterial generated by Geim in 2004 by mechanical stripping of graphite, and
since then several candidates have been added to this list.158-160 2D materials are
naturally more abundant compared to their siblings, and are found as stacks of
single nanosheets resembling a stack of papers.161-165 A process called Exfoliation
that uses physical forces to delaminate the stacks into individual nanosheets can

separate these naturally occurring bulk materials in their nanosheets.166-168

iv. 3D nanomaterials: 3D nanomaterials have all three dimensions above nano-range
but contain smaller domains with nanoscopic features thus giving them the

localized regions possessing properties of nanomaterials.169-174

1.5.3.2. Classification based on composition

Another route of classification of nanomaterials is based on the atomic

composition of the nanomaterials. Although composition based segregation of
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ii.

nanomaterials is comparatively much diverse due to the presence and possibility
of generation of nanomaterials using multiple highly complex atomic structures.
Yet, on the basis of the most applied and reported nanomaterials, these can be

differentiated in the following classes,

Carbon-based nanomaterials: Carbon-based nanomaterials are evidently those
nanomaterials that are composed solely of carbon or contain carbon as their major
atomic constituent by number or weight, and the diversity offered by carbon-
based nanomaterials in terms of morphology and dimensionality ensure their
classification as a distinct category. Carbon-based nanomaterials can be
synthesized to be 0D as fullerenes, 1D as carbon nanotubes, 2D as graphene and
its analogues and eventually as 3D nanostructures in the form of graphene
aerogels. Further, it was recently reported that the graphene nanosheets can be
broken down greatly to generate very small particles where the lateral sizes
measure below 10 nm. Such particles display the quantum confinement effects
resembling the properties of quantum dots and are evidently called graphene

quantum dots.

Transition metals-based nanomaterials: Metallic nanomaterials are clearly
materials composed solely or mainly of transition metals. Such nanomaterials
include monoelemental structure of metals like gold or silver, oxides of metals like
iron, manganese or titanium etc, and polyelemental structures possessing
components of different metals or their compounds. Such nanomaterials can be
generated by several routes including dynamic seed-growth method,
electrochemical or photochemical methods, sputter deposition, chemical
reduction methods, or even through biological routes of synthesis. Owing to the
wide range of synthesis approaches, the metallic nanomaterials demonstrate an
elaborate morphological diversity and can be synthesized as nanoparticles, core-
shell particles, prisms, rods, cubes, or in the form of nanoscale coatings of single
or multiple metals. Such nanostructures display tremendously high & tunable
optical, plasmonic, magnetic, electronic and thermal properties and can be

functionalized with a plethora of desired modifiers. Metallic nanomaterials have
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applications in fabrication of micro- and nano-electronics, biosensing, imaging
and therapeutics.

A separate category of transition metals-based nanomaterials is of
semiconductor quantum dots derived of metal chalcogens. The general examples
of these quantum dots are of CdSe, CdS, CdTe while among the non-transition
metal derived quantum dots, InS, PbS, PbSe etc are much researched and applied.
These nanomaterials possess very high optical and electronic properties rooted in
the quantum properties due to their very small sizes and thus have been applied
in biosensing, cellular imaging, optics, micro- & nano-electronics, and
therapeutics.

Another major category of metallic nanomaterials is of transition metal
chalcogenides. Among the several stoichiometric combinations, the
dichalcogenides are naturally lamellar and the individual sheets can be
delaminated using physical or chemical methods to generate planer nanosheets
with tunable layer number. MoS2 and WS: are currently the most studied &
applied examples of such transition metal dichalcogenides although recently
trends are shifting towards selenides and tellurides due to the improvement in the
electronic properties found in larger chalcogens. These planer nanomaterials have
superior semiconducting properties that has enabled their application in
photoenergy harvesting, fabrication of micro- or nano-electronics, biosensing and

even in therapeutics owing to their thermal properties.

Polymer based nanomaterials: Polymer-based nanomaterials are materials that
are derived of simpler monomer units through their polymerization or
agglomeration, or alternatively by dissolution of larger particles. The polymers
used for the synthesis of these particles can be natural, biosynthetic or synthetic;
however, the natural polymers are more sought-after due to the environmental-
friendly biodegradable properties and biocompatibility. The examples of natural
polymers is chitosan, starch, alginates etc, while the biosynthetic polymers used
for the synthesis of such nanomaterials is poly-B-hydroxybutyrate, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate), polyaminoacids etc. The examples of
synthetic materials used for preparing polymeric nanomaterials are polylactic

acid, polyglutamic acid, poly(lactic-glycolic acid), polyvinyl pyrrolidone etc. The
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polymer based nanomaterials generally are synthesized in the form of
nanoparticles due to the synthesis route restrictions and have found a major role
in the development of therapeutics due to their non-toxic & non-immunogenic

properties.

Lipid-based nanomaterials: Lipid based nanomaterials are evidently materials
derived from lipids units. These particularly spherical nanoparticles are generated
from phospholipids, fatty acids, sphingomyelins etc. by emulsification, ultra-
sonication, or physical homogenization in colloidal systems in the presence of
appropriate surfactants. The surfactants act as stabilizers for the nanoparticles
and prevent their conversion into mesoparticles due to aggregation. These
nanoparticles are generally optimized to be hollow where the core of the particles
can be used to load certain molecules, thus creating nanoscale carriers. These
lipid-based nanocarriers have demonstrated a profound application in the field of
therapeutics where, acting as drug carriers, these nanoparticles can be tuned to
disintegrate at specific sites under internal factors or external influence thus

enabling site-specific drug delivery.

Inorganic nanomaterials: This broad category includes nanomaterials that can not
be categorized under any of the specific categories on the basis of their elemental
composition. This category includes clay & ceramic-based nanomaterials,
monoelemental nanosheets of group 14 & 15 elements except carbon and
nitrogen. Phosphorene from group 15 is worth a special remark due to its
electronic properties comparable to that of graphene while maintaining its
semiconducting nature. Phosphorene is a monoelemental nanosheet made of
phosphorus atoms and is derived of a phosphorus allotrope called black
phosphorus. It was demonstrated in 2014 parallel by several research groups that
black phosphorus, a natural lamellar substance can be delaminated into its
nanosheets by physical or chemical routes and the nanosheet was given a name
phosphorene (phosphorus + -ene akin to graphene). The nanosheets demonstrate
heightened electronic properties that are highly dependent on the layer-number
and thus provide a route to modulate its properties. This nanomaterial has

applications in biosensing, electronics, photo-energy harvesting etc. Other similar
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Figure 1-11: Diagram showing routes of nanomaterial generation.

examples include monoelemental nanosheets of silicon (silicene), germanium
(germanene), tin (stanene), arsenic (arsenene), antimony (antimonene) and
bismuth (bismuthene) however although theoretically predicted, the facile routes
to synthesize stable nanosheets of these elements are still under development.
Besides above-mentioned major classifications, the nanomaterials can be
classified based on their generation routes, being natural nanomaterials or
anthropogenic; based on their morphologies; being nanospheres, nanotubes,

nanorods, nanosheets, nanohelices, nanoribbons etc

1.5.4. Generation routes

The synthesis routes for the generation of nanomaterials can be
generalized into two categories viz. Top-down, and Bottom-up (Figure 1-
11).175176 As termed, bottom-up approach builds the materials from simpler
starting materials using chemical routes in liquid or vapor phases.17>177 In
contrast, top-down approach begins with bulk materials measuring in micro- or
millimeters and breaks them down until the sizes reduce to nanoscales. Most
popular examples of bottom-up approach are chemical vapor deposition, sputter
deposition, electric arc deposition, hydrothermal syntheses, and nucleation &
growth methods.178-182 Most applied routes of top-down synthesis are high-
energy ball milling, micromechanical cleavage, and force-mediated liquid

exfoliation.183-187
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1.5.4.1. Top-down methods

ii.

jii.

High-energy ball milling: Ball milling is the simplest method of nanomaterial
production that generates metal and alloys in the form of nano-powders. The
method uses hardened steel or tungsten carbide balls of variable sizes which are
rotated along with the substrate in a container to break down bulk materials (<50
pum size) to their nano forms by physically grinding. The method have the
advantage of industrial level scale-up and tight control over size, however the balls
and container can act as contaminants in some cases. The friction between balls,
substrate and container wall due to the milling causes the temperatures to rise up
to 1000°C. The temperature is critical in this method as grinding at lower
temperature generates amorphous particles. However, this can also cause the
gases inside the container to react with the material to change its chemical
composition or add chemical functionalities, although it can be reduced by
maintaining the milling in inert gases or by using cooling devices to control the
temperature. The method is employed for metals like Chromium, Cobalt and
Tungsten, as well as for alloys as Nickel-Titanium, Aluminum-Iron and Silver-Iron

and can have yields up to few kilograms.

Micromechanical cleavage: Micromechanical cleavage is another classic example
of exfoliation achieved by application of external forces to bulk materials using
scotch tape. The method is best suited for the generation of 2D nanosheets, as
demonstrated by Geim for the generation of graphene nanosheets from graphite.
For the exfoliation, a scotch tape is repeatedly applied to the bulk material that
results in the cleavage of sheets due to adhesion. The freshly cleaved material
bound to tape is then applied to suitable flat substrate transferring the nanosheets
on to the substrate. The method can be used to generate high quality nanosheets
of up to single layer thickness. However the method can not be scaled up thus

limiting its applications.

Liquid phase exfoliation: Liquid phase exfoliation (LPE) is a top-down approach
for the mass scale production of various natural 2D nanomaterials. The method

was invented by Coleman and group in later years of 2000s and demonstrated its
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applicability on a variety of 2D materials.168 Natural lamellar materials occur as
bundles of singular nanosheets held together by van der Waals interactions, which
can easily be broken to strip single nanosheets. As demonstrated by Coleman, if
the material is immersed in suitable liquids and subjected to external forces, small
bubbles are naturally generated between the sheets. The bubbles may collapse
creating shockwaves, which helps separating the nanosheets. Besides force-
mediated exfoliation, methods relying on chemical reactions exist for 2D
nanosheets exfoliation, however all the methods broadly are based on increasing
the inter-sheet distances to generate single or few-layer nanomaterial.

Liquid phase exfoliation using external forces is among the simpler
methods of 2D nanomaterial generation in which the main parameter is the
selection of liquid phase used for exfoliation. The method relies on exploiting the
interactions between the solvent molecules and the bulk material. There are four
steps of solvent assisted LPE: immersion, insertion, exfoliation and stabilization,
where the best solvent should function in all the steps (Figure 1-12).188 Immersion
is the first step of exfoliation in which the materials interacts with the solvent,
“wetting” the material in the process. Immersion guides the exfoliation process
and depends on the surface energy of material as well as the hydrophilicity of the
solvent. The surface energy and hydrophilicity should be in a close range for a
solvent to be efficient in the exfoliation process. Insertion follows immersion and
depicts the insertion of solvent molecules in the interlayer spaces. The material is
subjected to external force by ultra-sonication that separates the nanosheets due
to inserted solvent and the shockwaves arising due to collapsing bubbles.
Stabilization refers to the ability of exfoliated samples to remain in their nano-
forms by avoiding aggregation and sedimentation. While a good exfoliating agent
provides the required stability to exfoliated sheets by decreasing their surface
energies, several stabilizing agents can be used to coat the freshly separated

sheets to prevent agglomeration. This method can be replicated at mass scales to
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Figure 1-12: Schematic representation of various steps involved in the liquid
phase exfoliation of nanosheets highlighting the role of solvent. Reprinted with
permission from Ref. 188.

produce large quantities of 2D nanosheets of graphene, TMCs, metal oxides etc.
Similar to previous method, Shear force assisted LPE uses high shear forces to
separate the bulk materials in nanosheets. However, application of shear force has
the advantage of higher yields and production rates thus affecting its industrial
application positively. For the shear force assisted exfoliation, bulk material and
respective solvent are added to industrial blenders and mixed at very high speeds
to generate the nanosheets. With only one process variable, the speed can be
modulated to control the extent of exfoliation and the size of exfoliated product.
On general, higher speeds generate individual layers of smaller lateral dimensions
and vice versa.

The other broad category of LPE utilizes chemical reactions to separate the
stacked layers of a material which later can be dispersed in solution using mild
forces. The method however is relatively limited and has more specific
applications as the involvement of crucial chemical reactions. There are multiple

sub-categories of chemical reaction mediated LPE differing in the type of reaction
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taking place with the exception of lon intercalation assisted LPE. lon intercalation
assisted LPE uses small ions like Lithium, which are inserted in the inter-layer
spacing due to their small sizes over prolonged incubation times. The inserted ions
act like fulcrums, separating the nanosheets as the incubated reaction solution is
subjected to mild sonication. This method replaces the force mediated LPE by
avoiding the usage of highly toxic solvents however suffers from lower batch size
and long reaction times. Other chemical routes of LPE are lon exchange assisted
LPE, Oxidation assisted LPE, and Selective etching assisted LPE where the bulk
materials are subjected to various chemical reactions to convert the atoms
residing in the middle layers of the lamellar materials. This replacement generates
ample spaces between the compounds for the solvent to immerse and separate

the material in its nanosheets.

Microemulsification: Microemulsification is a method to generate lipid or polymer
based nanoparticles. This method is a surfactant-mediated force-assisted
homogenization process where large droplets of reaction mixture are vigorously
agitated in suitable surfactants to generate small particles ranging between 10-
1000 nm in diameters. The method, although simple, is able to optimally generate
a homogenous sample of uniformly sized nanoparticles and have an unmatched
advantage of nano-carrier function where the solution of choice can be loaded
inside these hollow particles. The resulting nanoparticles can be used as prepared

solutions or can be evaporated to generate dried nanoparticles.

Bottom-up methods

Physical Vapor deposition: Physical vapor deposition (PVD) is used to synthesize
nanoclusters or nanoparticles by depositing evaporating targets on a suitable
substrate. The method uses a source to evaporate or sublime bulk material like
metals or metal oxides, which generates particles in few nanometers. The formed
particles interact with each other to grow in larger particles while travelling to a
cold substrate, where the particles condense and are harvested. The method
operates at vacuum or in presence of specific gases, and the particle formation can

be controlled by maintaining the pressure inside the vessel. This provides PVD
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with a high degree of protocol control, which can be tuned to synthesize particles
of desired size, shape and phase. PVD method can further be classified in
categories like ionized cluster beam deposition, laser pyrolysis or laser ablation
which differ in the modes chosen for vaporization like lasers or electron beams,
and deposition techniques. The variation allows their application for materials
with different properties. ICB deposition is usually used for deposition of thin
crystalline films over a substrate. The method uses an electron beam to ionize
vaporized material, which directs the material towards the substrate for
deposition. Laser ablation and laser pyrolysis use high power laser sources for
vapor generation, which are in turn deposited on cooled substrates. Laser ablation
have the ability to create phase changes in the material due to their interaction
with the contents of chamber in vapor phase and is the industrially used for the

mass production of carbon nanotubes (CNTs).

Sputter deposition: Sputter deposition is a technique used to generate thin layers
of metals, alloys, ceramics or compounds on suitable substrates. The main
advantage of this technique is the stoichiometric deposition of materials. The
sputtering operates in vacuum chambers where high pressure gas, usually Argon,
is used to knock the ions/atoms from the materials called “target”, which travel
along the chamber to the substrate where thin layers are formed. Among various
classes of sputter deposition, DC, RF and magnetron sputtering are more popular.
DC sputtering performs by placing the target and substrate at a potential
difference of 100-3000 V. Generally applied to conducting materials, the knocked
ions/atoms from target kept at negative potential travel to a positive substrate
under the influence of potential difference. Insulating materials are coated by
using RF sputtering which uses alternating radio frequency in a range of 5-30 MHz
to ionize and sputter the targets. Magnetron is an advancement of previous
methods where magnetic fields are added and the knocked ions are made to travel
in an electromagnetic field guided by Lorentz forces. This allows magnetron
sputtering to achieve higher levels of ionization and thus superior coatings.
Furthers by introducing reactive gases, controlled chemical reactions can be
induced to generate layers oxides, carbides, nitrides and other compounds of

targets in a magnetron sputter coater.
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Chemical Vapor Deposition: Chemical vapor deposition is a widely applied method
of bottom-up material synthesis used particularly for the synthesis of planner
nanomaterials. The method involves reaction precursors in gaseous phases that
react in the reaction chamber and the reaction products get deposited on the
surface of a substrate. The reaction vessel remains in a continuous flow to remove
the by-products produced in the reaction and can be modulated finely to control
the reaction products, their morphologies, chemical compositions etc. Chemical
vapor deposition is a widely accepted method for generating highly pristine
nanomaterials and is specifically used for the deposition of several nanoscale
coatings for microfabrication process. The method is commercially used for the
production of polysilicon, silicon dioxide, silicon nitride, graphene and several

metals like tungsten, niobium, aluminum in their pristine or oxide forms.

Electric arc deposition: As evident, this method uses an electric arc as the source
of vaporization for the generation of nanomaterials. In a liquid cooled chamber,
electrodes made from starting material are set up in vacuum and high voltage is
applied to generate an electric arc between the electrodes. The arc vaporizes the
electrode material, which in turn is deposited on the inner walls of the reaction
chamber. This method is most popular for the mass scale production of fullerenes

and carbon nanotubes by using electrodes made of graphite.

Nucleation & growth method: Nucleation & growth method of nanomaterial
production is essentially a thermodynamics-based method of synthesis applied
for the generation of a variety of nanomaterial morphologies. The method begins
with a nucleation process that is the introduction of small “seeds” in the reaction
solution via chemical reactions or through manual addition. The reactant species
then get deposited on the surface of the seeds following the principles of
thermodynamics, thus “growing” in size. This colloidal route of synthesis can be
controlled by manipulating the reaction conditions like temperature,
concentration of seeds, stoichiometric ratio of seeds respective to reactant
species, and with the presence of growth mediators. The method is universally

accepted route for the commercial generation of metallic nanoparticles of several

35



Vi.

vii.

noble metals due to the ease of operation, controllable & optimizable reaction
conditions. The method can also be used to produce several diverse morphologies
by manipulating the growth dynamics of the nanoparticles during the growth
phase by blocking the growth in particular crystal phases with generate shapes

like cubes, rods, prisms or even exotic morphologies like urchins & flowers.

Hydrothermal synthesis: Hydrothermal synthesis can be traced back to 1839 with
its application in the synthesis of crystals as shown by Robert Bunsen. The
technique involves reactions of dissolved precursors at high temperature (up to
300 °C) and high pressure (100 bars). The method is especially suitable for
materials having low RT reactivity, dissolution, or unstable intermediates at
normal conditions. The reaction takes place in reinforced sealed containers called
autoclaves, which are fitted with temperature and pressure controllers to
maintain the reaction conditions. The method has the advantage of high
production rates, control over synthesis and production of novel nanomaterial

shapes and phases.

Micro-reactor based on Lab-on-a-chip: Lab-on-a-chip based micro-reactors use the
principles of microfluidics and is a recent development in the field of nanomaterial
synthesis. The method relies on the use of small microfluidics chips into which the
reactants are flowed in a continuous or discontinuous flow, are mixed, react and
generate nanomaterials following the process of nucleation -&-growth. However
the microfluidics-based method heavily varies from the colloidal route of
synthesis by presenting a higher degree of control over the reaction parameters
like reactant concentration ratio, kinetics, incubation times while also having
highly controlled levels of diffusion, thermal uniformity & mixing owing to the
advantages offered by miniaturization. The micro-reactor based nanomaterial
synthesis shows very small batch variation with high degree of homogenization
and can be used to manipulate the nanoparticle morphology however the method
currently lacks in the scale-up required for the commercial level production of
nanomaterials though this may prove beneficial in future following the advances

in the field of microfabrication.
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biological materials as the reaction vessels. This biosynthesis route utilizes
biological entities like bacterial cells, yeast, fungi, cellular lysates or plant extracts
etc. that possess the ability to convert metallic ions into their respective
nanoparticles due to their inherent catalytic properties and reducing potentials.
Till now several independent biological routes of nanomaterial synthesis have
been found among which generation of gold nanoparticles by Rhodococcussp. and
leaf extract of Pelargonium graveolens, generation of silver nanoparticles by
Penicillium diversum, and generation of CdS crystallites by Candida glabrata and
Schizosaccharomyces pombe are note-worthy for their widely accepted

applicability.

Microfluidics-based biosensors

Introduction

Microfluidics based devices are defined as microscopic systems that deal
with the study, manipulation and control of minute quantities of fluids, generally

in microliters or nanoliters.

Advantages of microfluidics-based devices

Microfluidics based devices display a wide variety of advantages over their
bulk scale counterparts due to the two properties named Miniaturization and
Integration. Miniaturization provides the benefits by increasing the surface-to-
volume, which directly affects the physical properties of the fluids in the micro-
compartments. Microfluidics-based devices allow rapid diffusion due to small
volumes, which provides superior mixing of the contents. High surface-to-volume
also improves heat transfer, which in turn can be used to manipulate the required
temperatures for the reactions, and ensure efficient dissipation of heat along the
channels, preventing formation of temperature gradients. Another clear
advantage of miniaturization is the small size of devices, which helps in reducing

the cost of fabrication, and demands lesser functioning sample volumes as

37



1.6.3.

microfluidics-based devices require very small operational sample volumes.
Integration of the microfluidics chips with multiple inlets, mixers, valves etc
creates systems that can harbor multiple steps of a biochemical assay. Further, the
microfluidics systems can be equipped with electronics & actuators to generate
automated standalone devices called /ab-on-a-chip or pPTAS (Micro Total
Analytical System). Such devices benefit from ease of usage, high throughput,
rapid analysis, and portability.

Further, microfluidics based devices can be used to develop compartments
that facilitate cellular culturing. Such devices, sometimes termed organ-on-a-chip
are systems where the physiological microenvironment can be replicated at a
cellular or tissue level to mimic the 7n vivo conditions.189-191 Such systems can be
used as alternatives to animal models to visualize and understand the
physiological mechanisms and pathways. Further, the organ-on-a-chip can
expanded into a disease-on-a-chip where a diseased condition is induced in a
cellular microenvironment for the development of novel therapeutics, and to
understand the dynamics of the clinical therapeutic intervention at tissue or
cellular levels. These advantages have huge potential in research based on animal
models by reducing the number of utilized animals and by introducing a much

ethical alternative for conduction of such experiments.

Role of nanomaterials in microfluidics based biosensors

Microfluidics systems especially microfluidics-based biosensors is a field
that has tremendously benefited from the advances in the field of materials and
nanotechnology. Nanomaterials, owing to their superior optical & electronic
properties and huge surface-volume ratio act as tools to further complementing
and enhancing the benefits of the microfluidics-based devices.192-194 In such
micro-analytical devices, nanomaterials are used for the purpose of analyte
capturing, signal amplification and transduction. Nanomaterials like CNT,
nanoparticles with diverse morphologies ranging from simple spheres to exotic
structures like nano-urchins derived from metals like gold, silver, titanium,
platinum etc, magnetic nanoparticles, and quantum dots have been successfully

applied for the detection of a wide variety of analytes. Due to their small sizes,
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nanomaterials do not pose much resistance to the fluid dynamics and can be used
in continuous flow. These nanomaterials can be easily functionalized with
receptors like antibodies or aptamers to generate tracer molecules for optical and
electrochemiluminescent sensors.195-200 Among the nanomaterials used, the most
prominent examples include gold nanoparticles for the generation of colorimetric
or LSPR based optical sensors, and metallic quantum dots for the development of
fluorescent biosensors in dynamic modes.1%® Further, nanomaterials can be
immobilized to decorate the electrode materials or to generate FETs for the
development of electrochemical biosensors.196:201-203 Besides this, magnetic
nanoparticles derived from oxides of iron facilitate the separation of the analyte
to bring about enrichment of analyte concentration to improve signal-to-noise
ratio.195201,204 This property is much sought-after in the detection of early stage

disease analytes that are expressed at very small amounts in biological samples.

Problem definition

Need of cardiovascular diagnosis

Cardiovascular diseases are the leaders in global mortality, a position these
have held since the last decade of 20th century.346.205 Possessing a huge annual
death toll of ~18 million, cardiovascular issues account for one out of every three
deaths worldwide. Among the studies initiated to understand the mechanism and
causatives of highly lethal cardiovascular diseases, Framingham heart study is the
longest running project spanning over 7 decades.2% Since its inception in 1948,
Framingham heart study revealed several cardiac risk factors, including the
recognition of hypertension as the indicator for CHD (1957)207 & stroke (1965)208,
association of diabetes (1974)209-213 & physiological lipid profile with incidence of
heart diseases (1977)214215 and the role of smoking and hormonal imbalances in
increasing frequency of heart diseases (1985)206. The Framingham study shifted
the global trend from treatment to prevention in the second half of 20th
century.2% Although the boom in cardiac problems was correlated with the
industrial revolution and dramatic shift in urban lifestyle, with its associated risk

factors identified and mitigated, there have been no significant decrease in the
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mortalities due to cardiac problems in most parts of the world. According to the
studies by Feigin et a/ & Roth et al performed by accumulating worldwide data
including population groups from diverse cultures, races and ethnic groups, the
cardiovascular diseases have not shown any decline in either the total number of
cases or the number of new cases generated annually.*#> During 1990-2010, the
mortality associated with cardiac diseases have increased by 33%, and between
2006 & 2016, the annual death count among all ages increased further by 14.5%
(Figure 1-13).36 The severity of these diseases is further exaggerated in high-age
groups, as seen by the 53.7% increase in mortality in >70 years age group. Along
with the mortality, cardiac ailments are the leading cause of morbidity, a position
these have held since 1990.3 The cardiovascular diseases have the highest
combined years of life lost (YLL), and ischemic heart disease have been the leading
causative of morbidity in high & high-middle income countries since 1990.
Similarly, in the middle & middle-low income countries, ischemic heart disease

surpassed the communicable disease to become the leader of morbidity in the last
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Figure 1-13: Graphical representation of the change in mortality from 1990 to 2016, segregated for
different age groups. Reprinted with permission from Ref. 3.
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3 decades. Further, even in the lowest income countries, ischemic heart disease is
the non-communicable disease causing highest total YLL, and is positioned eighth
among top causatives of morbidity as of 2016. This rampant expansion directly
reveals the inability of conventional risk scoring in accurately recognizing the

possibility of the onset of cardiovascular diseases.216.217

Role of cardiac biomarkers in cardiovascular diseases

Although disease risk assessment scoring have been efficient in generating
a broader view about the onset of cardiac diseases, its inability in precisely
predicting the individual events shifted the attention towards the metabolic and
biochemical investigations.17.206 Therefore, biochemical cardiac biomarkers were
included as the critical indicators of a myocardial infarction by the Joint European
society of cardiology/ American college of cardiology committee in 2000.17 Along
with their inclusion, the role of multiple cardiac biomarker estimation as a tool to
avoid false positives arising from non-specific expression or varying expression
periods was also conceptualized.l” The events of myocardial infarction and
myocyte necrosis are completely dependent on the ability of biochemical assays
in detecting the presence of such events. Similarly, the lack of cardiovascular
health monitoring devices with simpler operation have created an essential
window where the serum build-up of cardiac biomarkers is not monitored. Due to
these technological gaps, many events of myocardial infarctions are left
unaccounted until the clinical endpoints are expressed only after the disease has
developed out of its initial stages, thus posing a pressing need for sensitive and

simpler assays for the quantification of cardiac biomarkers.

Selected cardiac biomarkers

To address the problem of false negatives, we worked for the development
of a sensitive multiplex device with abilities to monitor even faint fluctuations in
the serum levels of cardiac biomarkers. As the target proteins, Myoglobin and
cardiac Troponin I were selected owing to their diverse expression profile and

retention times. Myoglobin is a 17 kDa heme-containing protein that functions in
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oxygen transport in the muscle tissues. It has a physiological threshold of 20-80
ng/mL, which further is higher in case of males than females.1* The correlation
between elevated serum levels of myoglobin and the myocardial infarction was
found in 1975 and since then it has been used as a gold standard for the early
phase detection of such infarcts.218 Myoglobin is among the first cardiac markers
released after an infarction, a feature that is rooted in its high cytosolic
concentration in the myocytes, and the serum levels start elevating around 2
hours from the onset of physical symptoms.1421° The elevation peaks around 6-9
hours before returning to the physiological threshold in 24 hours, a period in
which myoglobin is the best indicator of a cardiac infarction (Figure 1-
14).1418,220.221 Myoglobin diagnosis presents a 77-97% sensitivity and 90-98%
specificity as a predictor of negative myocardial events during the early phases.
The major limitation of myoglobin as a cardiac marker is its lack of specificity to
the cardiac tissues, which may create a non-cardiac associated elevation in serum
levels of myoglobin and generate false positives.18222 Although this can be avoided
by careful sample collection and monitoring the patient’s history, diagnostic
specificity of myoglobin can be increased by combining it with clinical end points
or with other more specific cardiac markers.1* Among the proteins with greater
cardiac specificities, cardiac troponins and creatine kinases are the best
understood and established cardiac biomarkers.1416.18 However, the application
of Creatine kinase as the indicator of myocardial events in the multiplex format
was ruled out due to its non-specific serum elevations.1416.223 Creatine kinases are
widely present in the body and may have an increased expression profile due to a
variety of non-cardiac reasons including skeletal injuries, muscle diseases,
neurological conditions, or usage of alcohol or drugs. In contrast, cardiac
troponins are more specific to the cardiac myocytes and possess a similar mid-to-
late serum expression profile after the onset of physical symptoms. Troponins
exist as a heterotrimeric complex of three proteins viz. TnT, TnC and Tnl in the
muscle tissues, where they act as the regulators of the ionic concentration of
calcium and thus act as the regulator of muscle activity.224 Among the subunits,
troponin [ has the least sequential homology between cardiac and skeletal
versions due to the presence of a specific 31 amino acid chain at its N-terminal in

cardiac Tnl, and is not expressed in non-cardiac muscles at any stage, thus being
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Figure 1-14. Expression profile of cardiac biomarkers over days
following an event of acute myocardial infarction. Reprinted with
permission from Ref. 219.

the most-specific protein to the cardiac myocytes.14225226 The troponins have a
delayed expression, with their serum elevation beginning around 6 hours and
peaking during 12-24 hours after the onset of physical symptoms (Figure 1-14).
Although the protein itself has a half-life of ~2 hours, the serum levels may remain
elevated up to 3-7 days following a cardiac infarction due to continuous release of
troponins from the injured cardiac myocytes.22” The pathological serum range of
cardiac troponin I is >0.4 ng/mL, while under normal physiological conditions
this is not significantly expressed in the blood of an individual.# As a result,
troponin I has proved to be the most specific and sensitive cardiac marker for the
detection of cardiac infarctions.l” The combination of myoglobin and troponin I
presents an analytical tool having the widest diagnostic window, with myoglobin
expressing at the early stage while troponin I acting as delayed stage marker of
cardiac infarction.l” This provides a facility to predict the presence of AMI
precisely in support of the rise of clinical symptoms. Furthermore, incorporation
of myoglobin to an already established troponin diagnosis allows ability to detect
the occurrence of early re-infarctions, which cannot be recognized by troponins
due to their very long expression profile.1” The detection of multiple markers
simultaneously provides a method to accurately verify the event of an infarction
and benefit the clinicians in the triage of patients for choosing benefitting

treatments.228
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Myoglobin BNP Troponin I
84
' ‘...\‘QV“JLB
Structure m’w‘
g

Molecular weight 17.18 kDa 3.46 kDa 24 kDa
Chain length 154 aa 32 aa 210 aa
Isoelectric point 7.14 10.95 9.87
Phy51glog1cal 0, Carrier Natriuretic Contractile protein
Function hormone
Physiological range 20-80 ng/mL <0.1 ng/mL <0.4 ng/mL
Physiological half-life 2-3 hours 20 minutes 2 hours

Table 1-2: Table showing the structure and various parameters of the selected cardiac biomarkers.

Besides the diagnostic cardiac markers expressing after a cardiac infarct,
certain molecules also have proven to have a correlation with the development of
these maladies. Their serum concentrations show a gradual rise in response to the
increasing severity of the disease and can be used as prognostic markers for
predicting the onset of cardiac diseases.?29-231 Among the recognized markers, B-
type natriuretic peptide and inflammatory markers have established as the
predictors of cardiac events.!8 However, inflammation-related markers including
C-reactive protein, IL-6, myeloperoxidase, matrix metalloproteinases, soluble CD-
40L etc have an indirect relation with the cardiovascular system and thus do not
have a strict expression profile relative to the cardiac events. Their serum levels
may elevate under inflammatory stimulus, and alternatively may be unaffected in
several cases of cardiovascular diseases. These markers thus have a lower
credulity and lower analytical specificity for cardiac diagnosis. In contrast, B-type
natriuretic peptide is a direct product of the cardiovascular system and thus
possesses high degree of specificity.232 Under the hemodynamic loading, BNP is
produced as pre-proBNP, an inactive form that further is cleaved into BNP & N-
terminal proBNP during secretion.233 Among the pair, BNP is an active hormone

that stimulates natriuresis, and decreases the overall volume of blood to relieve

44




1.7.4.

the hemodynamic overloading. Although being regulators of hemodynamic stress,
BNP & NT-proBNP have established role in the prediction of heart failures, and are
also released by the ventricular tissues in the absence of myocardial
necrosis.1618234 The efficacy of BNP diagnosis as the predictor of cardiac-
associated mortality is doubled when applied in combination with cardiac
troponin I, thus making it a suitable candidate for cardiac prognosis & therapy
monitoring. A BNP serum level of <100 pg/mL is considered as the physiological
threshold and a serum concentration above 500 pg/mL have proven to be a
powerful predictor of heart failure.235236 Considering its efficacy, BNP was chosen
as the prognostic marker for predicting any looming heart failures in association

with myoglobin and troponin L.

Experimental layout and research objectives

As the biorecognition moieties, DNA-based aptamers were explored as
alternatives to conventional protein-based bioreceptors. These aptamers are
screened from vast library of sequences through a cyclic process called SELEX. A
number of SELEX variants were reported, however those lacked in either the
convenience of operation or its efficacy. Our intention was to develop a SELEX
methodology requiring less cycles to reduce the cost involved in the generation of
aptamers while avoiding any compromise in the quality of generated receptors.
For the purpose, we developed a plate-based SELEX procedure using a multi-well
microtitre plate as the stationary matrix. The microtitre wells allow various
surface chemistries for high levels of target analyte binding and allow complete
control over the molecular biointeraction. The developed Plate-SELEX method
was used for generation of specific aptamers against the cardiac biomarker,
myoglobin. To improve the selection procedure further, a single-reaction SELEX
procedure was developed based on bio-layer interferometry. The method was
applied for the generation of aptamers against B-type natriuretic peptide and
troponin I. While the method had the ability of aptamer generation in a single
reaction setup, it also possessed the facility to separate the screened aptamers

based on their affinities towards the target analyte.
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Figure 1-15: Schematic representation of the research plan depicting different stages of multiplex biosensor

development for cardiovascular diseases.

As the transducing elements, various nanomaterials were investigated for

the development of the diagnostic platforms for cardiac markers. Nanomaterials

with distinct physical properties were synthesized to generate fluorescence,

electrochemical and Raman-based diagnostic assays. The transducers were

utilized towards the detection of myoglobin using its specific aptamers to

elucidate the role of different transducers in defining the dynamic range and

sensitivity of an assay. As optical transducers, fluorescent Quantum dots were

utilized and the role of different starting materials was investigated. Further, the

possibilities of developing a Point-of-Care setup from the developed assay were

also explored. Another optical transducer in the form of Raman-active AuNP@WS:

hybrid was generated to examine the benefits of label-free SERS-based

transducers in shaping the dynamic range of analytical assays. Electrochemical

transducers were developed from an rGO/CNT nanohybrid & few-layered

phosphorene nanosheets, and different strategies for aptamer modification were

investigated (Figure 1-15).

For the development of a multiplex detection platform, a system operating

on microfluidics was selected. Microfluidics is the technology dealing with the

flow properties and manipulation of fluids in microscopic channels. Microfluidics

have played an essential role in the development of independent analytical

systems due to the advantages of miniaturization and integration. Miniaturization

provides the benefits by increasing the surface-to-volume, which directly affects

the physical properties of the fluids like diffusion, heat transfer and mass
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transport in the micro-compartments. Another clear advantage of miniaturization
is the small size of devices, which helps in reducing the cost of fabrication, and
demands lesser functioning sample volumes. As microfluidics-based devices
require very small sample volumes to operate, their application in biological
analysis gives an edge over conventional methods requiring larger sample
volumes. The effect is further exaggerated if multiple markers are quantified as
microfluidics-based devices can be designed to test multiple parameters from the
same sample volume. /ntegration of the microfluidics chips with multiple inlets,
mixers, valves etc. creates systems that can harbor multiple steps of a biochemical
assay. Further, the microfluidics systems can be equipped with electronics &
actuators to generate automated standalone devices called Lab-on-a-Chip or uTAS
(Micro Total Analytical System). Such devices benefit from ease of usage, high
throughput, rapid analysis, and portability. Furthermore, the devices can be
processed in parallel to perform multiple assays from a single sample under
identical experimental conditions, thus highly improving the reproducibility and

precision of the assays.

The objectives for this thesis were:

Objective 1: Generation of aptamers against selected cardiac biomarkers

Objective 2: Generation of nanomaterials with superior transducing properties

Objective 3: Generation of nanomaterials-based aptamer functionalized

diagnostic platforms for cardiac biomarkers

Objective 4: Development of microfluidics-based multiplex device for multiple

marker diagnosis.
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SELEX methods for the generation of DNA aptamers against

cardiac biomarkers

Aptamers are single-stranded molecules of nucleic acids, possessing
unique geometries as a function of their nucleobase sequences, allowing aptamers
to bind to their specific targets.106 These aptamers are screened from a vast library
of sequences through a process called SELEX, short for Systematic Evolution of
Ligands by Exponential enrichment.108 SELEX is a cyclic process involving
introduction of target molecules with nucleic acid library and the separation of
binding populations from the non-binders. To facilitate the separation process,
SELEX is performed over a fixed matrix, which hosts the target molecules via
covalent or non-covalent interactions. This allows the separation of the sequences
able to interact with the target molecules from the remaining library following the
principles of chromatography. Several different components have been applied as
stationary matrices in SELEX process, thus creating multiple variations of the
process itself. Besides these, some dynamic SELEX methods are also developed
that function on the gain in mass resulting from the biomolecular interaction
acting as the resolving force. However, the methods have very limited application
window as these can only work where both nucleic acid sequences and target
molecules have high molecular masses to generate an effective dragging force for
a high degree of resolution. On the other hand, more sensitive detection methods
like capillary electrophoresis can be utilized to recognize pairs with low levels of
resolution, albeit this method is costly and requires high skill levels to operate,
thus limiting its application.

Our intention was to develop a SELEX methodology requiring less cycles to
reduce the cost involved in the generation of aptamers while avoiding any
compromise in the quality of generated receptors. For the purpose, we developed
a plate-based SELEX procedure using a multi-well microtitre plate as the
stationary matrix. The microtitre wells facilitate various surface chemistries for
high levels of target analyte binding and also allow complete control over the
molecular biointeraction. The developed Plate-SELEX method was used for

generation of specific aptamers against a cardiac biomarker, myoglobin. To
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2.1.

2.1.1.

improve the selection procedure further, a single-reaction SELEX procedure was
developed based on bio-layer interferometry. While the method had the ability of
aptamer generation in a single reaction setup, it also possessed the facility to
separate the screened aptamers based on their affinities towards the target
analyte. The method was applied for the generation of aptamers against B-type
natriuretic peptide and troponin I. The generated aptamers were characterized by
various methods to confirm their affinities towards selected cardiac biomarkers,
and used for the development of sensitive detection platforms for the respective

biomarkers.

Objectives:

e Generation of DNA aptamers against cardiac biomarker Myoglobin by
using microtitre plate-SELEX method

e Development of alternative methodology for SELEX process by using
biolayer interferometry

e Investigation of the ability of affinity-based segregation using the
developed SELEX method

e Generation of DNA aptamers against cardiac biomarkers B-type natriuretic

peptide and Troponin I

DNA combinatorial library

Design of DNA library

The DNA combinatorial library was synthesized following the literature
report of Sefah et al123 The library contained a central random region of 45
nucleotides, flanked on each side with primer docking sites spanning 18
nucleotides each. The central random region imparted the library with the ability
to generate 1.2 X 1027 unique sequences, while fixed primer-docking sites aided
in the amplification of the library through polymerase chain reaction. The reverse

primer was modified with biotin at its 5’ end to facilitate the separation of strands.
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2.1.2.

2.1.3.

Forward primer was either modified at its 5’ end with a fluorophore, a thiol linker

or kept unmodified to modulate end modification of the aptamer itself.

Library: 5’-ATCCAGAGTGACGCAGCA-(N x45)-TGGACACGGTGGCTTAGT-3’
Forward primer: 5’-Modifier-ATCCAGAGTGACGCAGCA-3’
Reverse primer: 5’-Biotin-ACTAAGCCACCGTGTCCA-3’

Preparation of DNA library for SELEX

A combinatorial DNA library stock was diluted from a 100 uM stock to a
working concentration of 10 uM by adding 10 pL of stock in 90 pL binding buffer
(10 mM Tris-HCl buffer containing 150 mM NaCl & 5 mM MgClz, pH 7.4). The
diluted library contained 1014 sequences theoretically. The diluted solution was
heated to 95°C to ensure complete disruption of any inter-strand linkages. The
library was immediately transferred to ice, and held for 15 minutes to prevent any
renaturation. This denatured library was incubated at room temperature for at
least 6 hours to allow the strands to fold in the presence of the ionic medium. This

folded library was used for the “Library exposure” step in all the SELEX protocols.

Cloning and sequencing of aptamers

The sequences of binding pool of aptamers were deduced by cloning the
DNA strands in a host cell and sequencing the plasmids through Sanger chain
termination method. For preparing competent cells of £ coli strain ]M107, the
lyophilized pure culture (MTCC no. 1669) was procured from microbial-type cell
culture repository (MTCC, India), and revived by plating on autoclaved sterile
nutrient agar. The plate was incubated at 37°C until the well-grown colonies
appeared on the surface of the medium. From this master culture, a single colony
was picked and sub-cultured in fresh Luria Bertani growth medium and grown
overnight at 37°C with shaking at 180 rpm. Competent cells from this culture were
prepared using insTAclone PCR cloning kit (Thermo scientific, USA). From the
overnight culture, 150 pL was transferred into warm C-medium and incubated for

20 minutes at 37°C with shaking at 120 rpm. The culture was centrifuged at 2500
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Xg for 5 minutes, and pellet was re-suspended in 300 pL of T-solution (fresh
equivolume mixture of T-solution A & T-solution B). The suspension was
incubated on ice for 5 minutes and then centrifuged at 2500 Xg for 5 minutes, and
pellet was re-suspended in 120 pL of T-solution followed with a 5 minutes’
incubation on ice. The cell suspension was immediately utilized for plasmid
transformation after the completion of incubation

For cloning, aptamers were amplified by a polymerase chain reaction using

the following protocol,

Reagent Quantity
Forward primer (10 pM) 1.25 pL
Reverse primer (10 pM) 1.25 pL

Template 1ng

DMSO 2 uL

PCR master mix (2X) 25 L
DNase-free water to make up 50 pL

The primers used for the cloning amplification were not labeled with any
linker or modifier. The reaction mixture was prepared onto ice and immediately
transferred to a thermocycler pre-heated to 95°C. The reaction mixture was

amplified using the following protocol,

Step No. Step Temperature | Duration
1 Hot Start 95°C 5 minutes
2 Denaturation 95°C 30 seconds
3 Annealing 56.3°C 30 seconds
4 Extension 72°C 30 seconds

Repeat Step 2-4 X 15 times

U

Final extension 72°C 20 minutes

6 Hold 12°C -infinite-

The amplified dsDNA was purified via a PCR purification kit to separate

the primers and reaction ingredients from the amplified aptamers. The purified
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aptamer was quantified using a micro-volume spectrophotometer and 0.52 pmol
of this was added into 0.17 pmol of pTZ57R/T vector (Vector map in Figure 2-1).
The vector was a linear dsDNA possessing Thymine overhangs on each end that
bind to the PCR products containing extra Adenines added due to a limitation of
Taq polymerase. The linear vector and purified DNA were mixed according to the

following recipe,

Reagent Quantity
pTZ57R/T vector 3uL
Insert DNA 28 ng
Ligation buffer (5%) 6 pL
T4 Ligase 1 uL
DNase-free water | to make up 20 pL

The ligation mixture was gently vortexed, and incubated at 4°C overnight
to establish efficient ligation. On the subsequent day, 5 pL of the overnight ligation
mixture was transferred into a chilled microcentrifuge tube, and 50 pL of fresh
competent cells were added. The mixture was incubated for 5 minutes on ice and
cultured on warm Luria Bertani agar plates containing ampicillin (100 pg per mL
of media), 40 uL of 0.1 M IPTG (isopropyl-p-D-thiogalactopyranoside), and 40 pL
of 20 mg/mL of X-gal (5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside). The
plates were incubated at 37°C overnight for the colonies to develop. On the
subsequent day, white colonies were picked, inoculated in 10 mL sterile LB
medium containing 100 pg/mL ampicillin and grown for 6 hours. The samples
showing turbidity due to growth were centrifuged at 2500 Xg to harvest the cells
and plasmid were extracted from the cells using commercial plasmid isolation kit
(QIAprep spin miniprep kit, Qiagen). The plasmids were sequenced via Sanger
chain termination sequencing method using universal M13 sequencing primers

(Figure 2-1).
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Figure 2-1: (A) Map of pTZ57R /T showing different regions of the vector, (B) DNA sequence of multiple cloning
site of the vector along with the primer binding sites for the M13 sequencing primers.

2.2.  Microtitre Plate-SELEX method for the generation of aptamers

Myoglobin-specific aptamers were screened from the oligonucleotide
library by Plate-SELEX. The method utilized multi-well microtitre plate as the
stationary matrix onto which myoglobin molecules were fixed. For the purpose of
fixation, myoglobin protein was diluted to a concentration of 5 pg/mL in
carbonate buffer (10 mM, pH 9.6), and 100 pL of this dilution was added in a single
well of a 96-well polystyrene microtitre plate (Nunc F96 Maxisorp immunoplates,
#437111). The plate containing myoglobin was incubated at 4°C overnight to
allow binding of protein on the well surface through hydrophobic interactions. On
the following day the plate was drained and washed twice with phosphate
buffered saline (10 mM, pH 7.4), and the empty sites were blocked by adding 10%
skim milk solution prepared in phosphate buffered saline followed by incubation
at 37°C for 1 hour. After the incubation, well was washed with phosphate buffered
saline twice to remove unbound blocking agent. Onto this well containing bound
myoglobin, 100 pL of pre-folded library, prepared as in section 2.1.2, was added
and the plate was incubated at 37°C for 1 hour. Following the incubation, the
unbound DNA was discarded and the plate was washed with binding buffer twice
to remove any loosely bound DNA molecules. The bound DNA were eluted by
adding 50 pL of Elution buffer (0.1 M Glycine-HCI buffer, pH 2.5) followed by
neutralization with 100 pL of Neutralization buffer (0.1 M Tris base, pH 11). The

neutralized sample containing DNA population was passed through a desalting
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column equilibrated with Binding buffer (10 mM Tris-HCI buffer containing 150
mM NaCl & 5 mM MgClz, pH 7.4) to obtain the binder DNA population from cycle
1. The DNA was quantified using a micro-volume spectrophotometer (NanoVue

plus, GE life sciences), and prepared for PCR reaction using the following reaction

mixture,

Reagent Quantity
Forward primer (10 uM) 1.25 pL
Reverse primer (10 pM) 1.25 pL

Template 1ng

DMSO 2 uL

PCR master mix (2X) 25 uL

DNase-free water To make up 50 pL

The reaction mixture was transferred onto the preheated heating block of

thermocycler and amplified using the following protocol.

Step No. Step Temperature | Duration
1 Hot Start 95°C 5 minutes
2 Denaturation 95°C 30 seconds
3 Annealing 56.3°C 30 seconds
4 Extension 72°C 3 minutes
(Repeat step 2-4) x 15
5 Hold 12°C -infinite-

Double stranded reaction product obtained by amplification of DNA from
cycle 1 was converted to single strands by using a streptavidin-gold nanoparticle
probe.237.238 For this, the amplified PCR product was heated at 95°C for 15 minutes
and was immediately transferred onto ice after the completion of the incubation.
Chilled streptavidin-AuNP probe was added to this heated sample at a final ratio
of 1:10 and incubated for 30 minutes. The mixture was centrifuged at 12000 xXg
for 30 minutes, and supernatant containing ssDNA was collected. For cycle 2 of
SELEX process, two microtitre wells were coated with myoglobin as described

earlier, and ssDNA obtained after separation of amplified product was added to
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the coated wells at a final concentration of 100 pg/mL. DNA molecules binding to
myoglobin were harvested from cycle 2 by following the procedure used for cycle
1. The DNA was quantified, amplified and converted to single strands using
streptavidin-AuNP probe. The process was repeated up to 5 cycles by doubling the
number of myoglobin coated wells in each cycle. The DNA binders harvested at
each step showed a characteristic incremental pattern reflecting an enrichment of
DNA binders after each cycle (Figure 2-2). DNA population obtained in the 5th
round was analyzed by various means to ascertain its binding characteristics
corresponding to myoglobin.

The affinity and subsequent binding of myoglobin with screened aptamers
was assessed via colorimetric and chromatographic routes. For validating the
binding between the biomolecular pair, a colorimetric assay was designed. The
assay was based on the peroxidase-like activity of myoglobin239-241 that was
utilized as the colorimetric label to generate a colored product after reacting with
TMB/H202 chromophore with an intensity directly related to the concentration of
myoglobin present. For this, myoglobin-specific aptamers were coated onto a
clear 96-well microtitre plate by using a DNA coating solution (Reacti-bind DNA
coating solution, Thermo scientific, USA). Aptamer solution having a
concentration of 250 pug/mL was diluted to 2 pg/mL in DNA coating solution and
200 pL of this mixture was added to each well of the microtitre plate. One
microtitre well was prepared as a positive control by coating 100uL of myoglobin
(50 pg/mL prepared in 10 mM carbonate buffer, pH 9.6). The plate was incubated

at 37°C overnight to allow aptamer binding. On the subsequent day, the plate was

2 3 4

SELEX round

Figure 2-2: SELEX progression showing increase in the
DNA harvested at subsequent SELEX rounds.
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drained and washed twice with binding buffer to remove any unbound/loosely
bound aptamers from the wells. To the aptamer-coated wells, different
concentrations of myoglobin ranging from 0.1 pg/mL to 100 pg/mL prepared in
phosphate buffer were added and incubated at 37°C for 1 hour. The plate was
drained and washed with phosphate buffer to remove unbound myoglobin
solution. To quantify the amount of myoglobin bound to the wells, 100 pL of
TMB/H:202 solution was added and incubated for 2 hours. The generation of color
was measured using a BioTek Synergy H1 multimode microplate reader. The
assay showed minimal generation of colored product initially due to the slow
enzymatic action of the cardiac protein. However, a colored product was
generated with an intensity proportional to the added concentration of myoglobin
after incubating for 2 hours in both the positive control and the aptamer bound
test wells. The concentration-dependent colorimetric signal confirmed specific
interaction between the plate-bound aptamers and myoglobin protein (Figure 2-
3).

For the chromatographic analysis of the pair, biomolecules were analyzed
for their chromatographic movement by flowing on a BioRad biologic duoflow fast
protein liquid chromatography system. For the analysis, a size exclusion column
(BioRad SEC70) was prepped by running 2 M NaCl solution and 1 M NaOH
sequentially. For this, 1 mL of 2 M NaCl was injected to the column and 1 column
volume of ultrapure water (0.2 um membrane filtered, degassed) was flowed at a

flow rate of 0.5 mL/minute. After completion of 1 column volume, 1 mL of 2 M
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Figure 2-3: Colorimetric assay for the validation of
myoglobin-Aptamer biointeraction showing an
increase in the averaged absorbance relative to
myoglobin concentration (n=3).
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Figure 2-4: Chromatographic analysis of myoglobin:aptamer interaction. (A), (B) & (C) show the
absorbance at 280 nm, 260 nm and 409 nm respectively. (D) shows combined absorbance pattern of
the chromatogram.

NaCl solution was injected followed by passing 1 column volume of ultrapure
water. After this, 1 mL of 1 M NaOH was passed, followed with 2 column volumes
of ultrapure water, and this step was repeated again by injecting 1 mL of 1 M NaOH
followed with 2 column volumes of ultrapure water. The column was washed with
water until the pH returned to neutral and then equilibrated with binding buffer
until the pH value stabilized to 7.2. A 1 mL binding buffer containing 200 pg
myoglobin, 500 pg bovine serum albumin and 400 pg myoglobin-specific aptamer
was injected to the column in continuous flow and binding buffer was flowed at a
flow rate of 0.5 mL/minute for 5 column volumes. The movement of biomolecules
and their elution profile was monitored by continuous absorbance measurements
at 260 nm, 280 nm and 409 nm. The chromatogram showed a weight shift in the
sample containing mixture of myoglobin and its aptamer from 16.7 kDa of
myoglobin to ~41 kDa suggesting an interaction between the pair. While the peak
showed a characteristic Soret absorption confirming the presence of myoglobin,
the OD260/0Dz2so ratio showed a higher value (0.83) compared to normal ratio of

0.64 thus confirming the presence of DNA in the elute (Figure 2-4).
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To deduce the sequences of the binding population, it was cloned and
subsequently sequenced using automated Sanger termination method. For this,
DNA pool from the 5t round was amplified using unlabeled primers, purified and
cloned in pTZ57R/T cloning vector using InsTAclone cloning kit (Thermo
Scientific, USA). The vector was transformed in £. co/i JM107 cloning host using
manufacturer’s protocol, and plated on an ampicillin-containing LB agar plate. The
recombinants were selected by classic blue-white selection method and individual
colonies were picked to grow in LB broth mediums unto an OD of 1. The grown
cultures were used to extract plasmids that were sequences were deduced by
Sanger sequencing method. The obtained sequences were used to predict their
possible secondary structures using mFold webserver.242 The best sequences was
selected using their thermodynamic parameters (Tm above 50°C) and GC content
(above 50%) which ensures high stability and binding capabilities in wide
microenvironment ranges. The Table 2-1 shows calculated thermodynamic
parameters of different possible secondary structures of the deduced sequence.
The possible G-quadruplex forming region in the sequence of myoglobin-specific
aptamer was mapped using QGRS mapper,243 which revealed a possible 29 bases
long region between 44th and 72nd base. The mapped G-quadruplex region aligned
with structure 3 formed considering the Guanine bases found in the loops (Figure

2-5).

Struc.No. AG AH AS Twm
(kcal/mol) | (kcal/mol) | (cal/(K-mol))
1 -4.58 -76.10 -230.5 56.8°C
2 -4.35 -84.60 -258.7 53.8°C
3 4.13 92,70 -285.5 51.4°C
4 -4.08 -95.40 -294.4 50.8°C
S -3.83 -73.20 -223.6 54.1°C
6 -3.68 -83.40 -257 51.3°C

Table 2-1: Thermodynamic parameters of 2D structures of myoglobin-
specific aptamer calculated using mFold.
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Figure 2-5: Probable 2D structure of the Mb-specific
aptamer as deduced from mFold. Bottom table shows
probable G-quadruplex forming region in the
structure.

BLI-SELEX method for the generation of aptamers

Aptamers specific to B-type natriuretic peptide (BNP) were screened using
a one-pot reaction setup involving biolayer interferometry (BLI). The sensor
surface was used as stationary matrix to house BNP molecules. For this, BNP
molecules were biotinylated by incubating 100 pg of BNP with NHS-stabilized
active ester of biotin for 1 hour. The reaction was purified by spinning at 5000 xXg
in a centrifuge-based desalting column that separated the conjugate from
unreacted linker molecules. The resulting biotin-BNP conjugate was transferred
to a microtitre plate well and Super Streptavidin™ sensor (SSA sensor, Pall life
sciences) was dipped in the well for 5 minutes to transfer the conjugate onto the
sensor. The sensor achieved 1 nm binding threshold required for biomolecular
interactions after 80 seconds, and the step was terminated to prevent any
crowding on the sensor surface due to prolonged incubation. The sensor was then
washed to remove any loosely bound conjugate from the sensor by dipping itin a
well containing phosphate buffer (10 mM, pH 7.2). This BNP-loaded sensor was
then equilibrated in Binding buffer (10 mM Tris-HCI buffer containing 150 mM
NaCl, 5 mM MgClz, pH 7.2), and exposed with a pre-folded DNA library by dipping
the sensor in the well containing 100 pL of DNA library for 100 seconds. The

60



sensogram showed an increase in signal, which was an indicative of biomolecular
interactions between the sensor-bound peptide and probable aptamer candidates
present in the combinatorial DNA library. The binding population was harvested
by disrupting the interactions between the DNA molecules and sensor bound
peptide. For this, the sensor was dipped in wells containing NaCl solutions with
ionic strength ranging from 0.01 M to 1.0 M (Figure 2-6). The incremental
dissociation strength was supposed to release the aptamers based on their
binding strength, with the weakest detaching at lower ionic solution and stronger
binders releasing at higher ionic strengths. The hypothesis was confirmed as
shown in the dropping pattern in binding intensity as the sensor was dipped in
the dissociation solutions. While the drop revealed a release of DNA in the initial
step, the intensity was higher than the baseline suggesting that the sensor retained
some population of binders. The DNA were released in the later solutions and the
sensor returned to the baseline in 0.2 M salt solution suggesting a complete
removal of DNA binders from the sensor (Figure 2-7). The increase in the later
solutions was due to the change in refractive index of the high strength salt
solutions. The sensor was regenerated by dipping it in a 3.0 M NaCl solution. The
procedure was repeated for another 4 cycles of gathering the DNA binders from

library and releasing in the dissociation solutions. The step was performed to
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Figure 2-6: Schematic showing the steps of BLI-SELEX involved in the screening of BNP-specific
aptamers.
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ensure the enrichment of DNA species specific to BNP in the elutes. The signal
response measured in the /ibrary exposure step decreased in intensity with each
cycle due to depletion of binding candidates gathered from the source library with
each proceeding cycle (Figure 2-7C). From the sensogram, it was evident that the
strongest binders were released in the 0.2 M solution. Thus, the DNA population
present in the 0.2 M salt solution was selected for proceeding experiments. The
eluted DNA present in the dissociation solution was amplified via a polymerase
chain reaction, and single strands were generated from the double stranded PCR
product using the streptavidin-gold nanoparticle bioprobe.

BNP-specific aptamers were characterized using biolayer interferometry,
and a fluorescence-based microtitre plate assay. For the biolayer interferometry,
BNP peptide was loaded on the sensor surface and was allowed to interact with
different concentrations of amplified aptamer pool eluted in 0.2 M NaCl. For this,
five super streptavidin sensors were dipped parallel in 100 pg/mL biotinylated
BNP molecules taken in a microtitre well. The incubation was set on a threshold

value of 1 nm response units in the sensogram. After the incubation, the sensor
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Figure 2-7. (A) Biolayer interferometry showing the changes in bio-layer thickness during the progression
of one-pot BLI-SELEX. (B) Zoomed-in view of a single cycle to highlight different steps involved. (C)
Overlay of association response from consecutive cycles showing drop in binder populations. (D) Affinity
confirmation of final selected aptamers using biolayer interferometry.
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Figure 2-8: Fluorescent plate binding assay based validation of
biointeraction between BNP and its aptamer.

was dipped in phosphate buffer (10 mM, pH 7.2) to remove any unbound peptide
molecules and then equilibrated in binding buffer. The sensors were dipped in
aptamer concentrations (0 nM (Control), 50 nM, 100 nM, 200 nM, and 400 nM).
The response was recorded as change in thickness of the biolayer on the sensor
surface and analyzed using ForteBio Analysis 9.0 software. As the sensors were
dipped in the aptamer solutions, the recorded response showed an increasing
pattern respective to the aptamer concentrations (Figure 2-7D). However, when
the sensors were dipped in the binding buffer for dissociation, the response curve
showed insignificant change which can be attributed to high strength binding
between the biological pair.

For the microtitre plate-binding assay, BNP-specific aptamers were
amplified using forward primers modified at their 5 ends with a green
fluorophore TET (Tetrachlorofluorescein), and single strands were generated
using streptavidin-AuNPs bioprobe. A black 96-well microtitre plate was coated
with BNP molecules by adding 100 pL of 5 pg/mL BNP solution prepared in
carbonate buffer (10 mM, pH 9.6), and incubated at 4°C overnight. On the
subsequent day, the wells were washed with phosphate buffer (10 mM, pH 7.2)
twice to remove any loosely bound BNP molecules. Different aptamer
concentrations prepared in binding buffer were added to the wells as 0 pg/mL
(negative control), 6.25 pg/mL, 12.5 pg/mL, 25 pg/mL, 50 pg/mL, and 100 pg/mL.
The microtitre plate was incubated at 37°C for 6 hours to achieve binding between

free aptamers and BNP molecules bound onto the surface of the wells. After the
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incubation, the wells were washed with binding buffer twice, and 100 pL
phosphate buffer was added to the wells. The fluorescence of the wells was
recorded using a BioTek synergy H1 multimode microtitre plate reader. The
fluorescence signal showed an incremental pattern respective to the
concentrations of fluorophore-labelled aptamer confirming a specific interaction
between the peptide and its screened aptamer (Figure 2-8).

The aptamers were sequenced using a Sanger chain termination method to
elucidate the sequences and structural properties of the aptamers. The secondary
structures of the sequences were deduced by running the sequences through
mFold webserver.242 Further, the sequences were screened for the presence of G-
quadruplex forming regions by using QGRS online tool.243 The mapping tool
showed the presence of probable G-quadruplex forming regions in the aptamers
itself, which was used to generate the probable tertiary structure of the aptamer

shown in the Figure 2-9.

ATCCAGAGTEACGCAGCAGTETCGAGTGEGAAGAGETEEEGACGGCCEGTEEEEGTEGEETEETGEACACGGTGGCTTAGT

Position Length QGRS G-score
30 13 GGEAAGAGGTGEGGE 17
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Figure 2-9: Structure prediction of BNP-specific aptamer. Top table shows the QGRS mapping of the sequence.
Bottom left shows the predicted 2D structure. Right side shows the probable G-quadruplex forming region and
the thermodynamic parameters.
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For Troponin I aptamer, the stationary matrix for SELEX method is
prepared, a BLI sensor was modified with troponin I (Tnl) protein. For this, Tnl
molecules were covalently linked onto the surface of the AR2G sensor (Amine
Reacting 2nd Generation sensors, Pall life sciences, USA) through carbodiimide-
based conjugation method. Carbodiimide-based conjugation uses a carbodiimide
linker that specifically attacks protonated carboxyl groups to generate an
intermediate ester, which can react with a primary amine group to form an amide
bind. For this, fresh dried AR2G sensor were regenerated by dipping in 200 pL
water for 15 minutes. The sensor was dipped in a solution containing 400 mM
freshly prepared solution of EDC (prepared in 50 mM sodium acetate buffer, pH
5.2) and 100 mM NHS. The sensor was incubated for 200 seconds during which
EDC reacted with the carboxyl group present in the sensor surface. The sensogram
showed an increase in signal during the activation step, which reflects the increase
in mass due to the generation of intermediate species in the sensor surface. After
the incubation, the sensor was dipped in 100 pL water briefly to remove any
unbound molecules on its surface. The sensor was then moved to a well containing
troponin [ solution (2 pg/mL) and incubated for 10 minutes. The binding of
troponin molecules on the surface was indicated by an increase in the signal
response in the sensogram. After the binding, the sensor was dipped in 1M
ethanolamine for 300 seconds to quench any unreacted intermediates present on
the sensor surface. The prepped sensor was kept hydrated by dipping in a well
containing water to prevent any damage to the bound protein. For the SELEX
procedure, the Tnl-bound sensor was equilibrated by dipping in binding buffer for
120 seconds, and exposed to 100 pL of 10 uM pre-folded library. The sensor was
incubated with the library until the sensogram showed a stabilization of the signal
response, implying the stage where all the present binders were bound to the
sensor, or the sensor surface was saturated with the bound DNA molecules. The
sensor was dipped in binding buffer for 45 seconds to remove any non-specifically
bound molecules, and then proceeded with the incremental dissociation step. For
this, the sensor was incubated for 45 seconds in NaCl solutions with
concentrations ranging from 0.01 M to 2.0 M. The salt stripping step revealed a
gradual decrease in the intensity originating from the release of DNA molecules

bound on the sensor-bound Tnl molecules (Figure 2-10A). The sensor was dipped
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Figure 2-10: (A) Biolayer interferometry showing the change in signal response during the SELEX
progression. (B) Overlaid signal responses showing the decrease in response from cycle 1-10.

in binding buffer for equilibration, and exposed to the library by dipping the
sensor in the well containing folded library. However, the sensogram displayed no
significant change in the signal response suggesting that major binding population
was extracted in the first cycle. The process were repeated for 9 more cycles,
however the signal intensity in the binder selection step did not show a downward
shift in the subsequent SELEX rounds (Figure 2-10B). The DNA molecules present
in the salt solutions were recovered and quantified by using a micro-volume
spectrophotometer (NanoVue spectrophotometer, GE life sciences, USA). For the
selection of binders with best affinity towards Tnl, the binding population was
subjected to a thorough affinity investigation using BLI. For this, the DNA
recovered in 0.3 M, 0.4 M and 0.5 M dissociation solutions were amplified using a
polymerase chain reaction and ssDNA were generated using a streptavidin-AuNP
bioprobe. Troponin I molecules were loaded onto an AR2G sensor as described
previously. Amplified DNA from 0.3 M elute was diluted in a concentration range
of 5 pg/mL to 40 pg/mL, and Tnl-loaded sensor was dipped in the dilutions of DNA
for 240 seconds following with a dissociation step for 120 seconds. The process
was repeated for the DNA recovered from 0.4 M & 0.5 M, and response were
analyzed. The comparison of the binding revealed that the binders recovered in
0.4 M dissociation solution had the highest response for all the DNA

concentrations, followed by 0.3 M and 0.5 M dissociation solutions (Figure 2-11).
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Figure 2-11: Analysis of affinity of Tnl-binding DNA sequences collected from (A) 0.3
M, (B) 0.4 M, and (C) 0.5 M NaCl dissociation solutions. (D) shows the overlaid
sensogram for 40 pg/mL DNA solutions depicting the difference between bindings.

The trend was also repeated in the dissociation constants of the bio-interactions,
where DNA from 0.4 M had a Kd value of 0.3 uM whereas that of 0.3 M & 0.5 M was
found to be 0.6 uM & 1.7 uM. The DNA recovered in 0.4 M dissociation buffer was

labeled 7Tn/-specific aptamer, and used for further experiments. The sequence of

the Tnl-specific aptamer was resolved by cloning the aptamers in a pTZ57R/T

cloning plasmid and sequencing using Sanger chain termination method. The

deduced sequence was run through mFold online DNA folding tool to find the
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Figure 2-12: Selected probable aptamer secondary structures interpreted using mFold webserver.
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loops suggesting presence of several domain-rich regions in the aptamer (Figure
2-12). The structural complexity of the aptamer was also revealed in the QGRS
mapping for checking presence of G-quadruplex forming regions in the
sequence.?43 The mapping showed presence of six such possible regions mostly
having a high G-score (Table 2-2). Furthermore, the region between 46th and 73rd
base is noteworthy for having 4 possible G-quadruplex forming regions,
suggesting the presence of the binding pocket focused in or around this region of

the aptamer.

Position | Length QGRS G-Score
41 25 GGTTCGGTAACAGCCTGGCATGTGG 15

46 26 GGTAACAGCCTGGCATGTGGACACGG 16

46 29 GGTAACAGCCTGGCATGTGGACACGGTGG (17

46 29 GGTAACAGCCTGGCATGTGGACACGGTGG (11

46 29 GGTAACAGCCTGGCATGTGGACACGGTGG |6

57 18 GGCATGTGGACACGGTGG 17

Table 2-2: Table showing the QGRS mapping of the aptamer sequence to locate possible G-
quadruplex forming regions.

Conclusion

The SELEX methods for the generation of aptamers were improved by the
introduction of different stationary matrices. The introduction of polystyrene
surface in form of a microtitre plate provided a route of efficient control over the
reaction parameters, as reflected in the reduction in cycle number. The method
was employed for the generation of specific aptamers against cardiac biomarker
myoglobin. Further, by utilizing Biolayer interferometry, the SELEX process was
drastically changed to generate a method able to screen specific aptamers in a
single cycle. The process enabled control over the separation of screened binders
based on their inherent binding strengths. The method was utilized in the

generation of specific aptamers against cardiac markers troponin [ and BNP.
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Quantum dots based point-of-care platform for myoglobin

quantification

Among the different transducing approaches, optical transducers possess
the unmatched ability to be converted in the simplest point-of-care devices.
Further, colorimetric, fluorescence and chemiluminescence-based sensors are
sought-after, as the signal in these transducers is the change in the intensity of
light in the visible range. This property supports the production of devices that
can be used with the naked eyes without requiring any sophisticated
instrumentation. This ability of optical sensors was first realized in 1950s with the
development of paper-based optical sensor for detecting glucose in urine
samples.244245 Recently, the incorporation and further improvement in the
cameras available in smartphones have opened up an avenue for the development
of handheld sensors where the smartphone acts as the detector as well as
analyzer.245246 For the development of an optical detection platform for the
diagnosis of myoglobin, fluorescent quantum dots were synthesized. Among the
optical transducers, fluorescence-based platforms are sensitive enough to be
perturbed by small changes in the analyte concentrations, while still possessing
the ease of usage due to the presence of a visual signal. As fluorescent probes,
carbon-based quantum dots selected owing to a plethora of benefits like their high
photoluminescence alike semiconductor quantum dots, biocompatibility, relative
ease of synthesis and surface modification, higher aqueous solubility and chemical
& photo-stability.247-249 Carbon quantum dots were synthesized from different
starting materials as to assess the role of chemical composition of source material
on the fluorescent properties of the nanomaterial. Finally, the designed
fluorescent platform was developed into a handheld Point-of-Care device by
amalgamation of the fluorescence-based system with the portability of a

smartphone.

Objectives

e Synthesis of carbon-based quantum dots as fluorescent probes
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3.1.1.

3.1.2.

e Investigation of the role of elemental composition on the fluorescence
properties of the quantum dots

e Development of fluorescence based assays for the detection of cardiac
biomarker

e Development and validation of the developed fluorescence assay on a

smartphone based readout module

Carbon quantum dots as fluorescent probes for myoglobin estimation

Synthesis of carbon quantum dots

Quantum dots were synthesized via thermal carbonization, which is a
method of bottom-up synthesis through carbonization of relatively simpler
organic sources into carbon dots at temperatures around/above 200°C.250-253 We
synthesized carbon quantum dots from L-glutamic acid used as the starting
material and carbon source. For this, 0.75 g of L-glutamic acid taken in 10 mL of
45% glycerol containing 5 M HNO3 was heated at 300°C for 6 hours. Heat
treatment of the organic substance changed the color of the solution from clear to
dark brown, which suggested successful carbonization of the starting material
into carbon quantum dots. After the completion of reaction, the vessel was cooled
and 10 mL of ultrapure water was added to the reaction mixture, followed by
stirring for 30 minutes. After the stirring, the material was centrifuged at 40000
X g for 1 hour and the resulting pellet was re-suspended in 10 mL water to obtain

an aqueous suspension of the carbon quantum dots.

Characterization of carbon quantum dots

The quantum dots showed a bright blue fluorescence under UV light,
suggesting the emission band of quantum dots to be lying in 400-500 nm range
with a possible excitation maximum in near-UV range. The prepared carbon
quantum dots were analyzed for their fluorescent profile on a BioTek Synergy H1
multimode microplate reader. A 10% aqueous dilution of prepared quantum dots

was measured by exciting at 350 nm and recording the emission spectrum, which
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generated a strong emission in the blue range with the peak maximum at 424 nm.
Lower dilutions of the quantum dots generated peak intensities beyond the
detection range of plate reader and thus 10% or higher dilutions were used for the
experiments involving measurements with the multimode plate reader. The
emission peak recorded at 424 nm was used to find the excitation maximum of the
QDs by measuring the quantum dots under excitation mode. The excitation
wavelength of the nanomaterial was found to be 346 nm and was used for all the
following experiments involving fluorescence measurements. Transmission
electron microscopy of the quantum dots was performed by drop-casting a highly
diluted sample of the quantum dots (1%) on a 200-mesh Cu TEM grid to avoid
aggregation on the grid, and visualizing under a JEOL 2100 Transmission electron
microscope operating at 200 kV. The selected area diffraction (SAED) pattern and
energy-dispersive X-ray (EDX) spectroscopy of the mounted sample was recorded
to analyze its crystal structure and elemental composition. The size of carbon
quantum dots was measured from the transmission electron micrographs, which
showed particles with an average size of 3 + 0.6 nm diametrically. SAED pattern
showed several diffraction rings suggesting the quantum dots to possess a

polycrystalline character.

Development of fluorescence-based assay

Fluorescence-based diagnostic assay for the detection of myoglobin was
developed to generate a platform with ability to quantify the concentration of a
cardiac biomarker, myoglobin in solutions. Carbon quantum dots prepared from
glutamic acid as carbon source were conjugated with myoglobin protein to
generate a fluorescent nanoprobe. For this, prepared carbon quantum dots were
centrifuged at 40000 Xg for 1 hour and the supernatant was discarded. The pellet
containing quantum dots was re-suspended in 10 mL of 5 wt% solution of nafion,
and incubated overnight at 4°C to allow surface functionalization of quantum dots
with nafion. The specific concentration of nafion was chosen following the study
of Wang et al reporting highest wettability and solubility of carbonaceous
materials in 5 wt% nafion solution.z>* Nafion presented a non-selective method of

linkage to further bind myoglobin molecules onto carbon quantum dots in a
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Figure 3-1: Graphic schematic showing the stepwise working of the designed fluorescent assay (Above). (A)
Absorbance and fluorescence spectrum of the carbon quantum dots. (B) Comparative absorbance spectra of
CQDs before and after the modification of myoglobin. (C) Linear fitting of the peak intensities of carbon
quantum dots in response to added myoglobin concentration.

controlled manner. The coating of nafion on the quantum dots was confirmed from
the presence of elemental signature of fluorine in the EDX spectrum of the nafion-
coated carbon quantum dots. The resulting solution containing CQDs coated with
nafion was further used to conjugate with myoglobin by incubating 1 mL of nafion-
CQD conjugate with 1 mL of myoglobin solution (4 mg/mL, prepared in 100 mM
phosphate buffer, pH 7.2) for 2 hours. The concentration of myoglobin was taken
in excess to ensure sufficient amount for binding with nafion-coated quantum
dots. After the incubation, the mixture was added in a dialysis bag (3.5 kDa cut-
off), and dialyzed against ultrapure water at 4°C for 24 hours. The conjugate was
characterized by optical absorption spectroscopy, and fluorescence spectroscopy
(Figure 3-1A). The binding of myoglobin molecules onto the carbon quantum dots
was confirmed from the presence of characteristic absorptions at 230 nm and 280
nm originating from peptide bond & aromatic amino acids respectively.
Furthermore, the conjugated was checked for the presence of Soret peak, a
characteristic absorption of heme containing proteins around 400 nm due to the

m-t* electronic transitions in the porphyrin ring.255256 The presence of an
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absorption peak at 409 nm corresponding to the Soret peak in the absorbance
spectrum of the Mb-CQD conjugate specifically validated the presence of
myoglobin in the conjugate (Figure 3-1B).

For developing the assay, anti-myoglobin aptamer was diluted in DNA
binding solution (Reactibind DNA coating solution, Thermo Fisher Scientific) to a
concentration of 2 ug/mL and was used to functionalize a 96-well black microtitre
plate using the manufacturer’s protocol for DNA binding.2>7 The aptamer solution
was added to the microtitre plate (200 pL/well), and incubated overnight at 4°C
to achieve uniform coating of aptamers on the well surface. The microtitre plate
was washed with ultrapure water twice to remove unbound/loosely bound
aptamer molecules. The Mb-CQD nanoprobe generated above was added to the
aptamer-coated microtitre wells in a concentration range of 1 ng/mL to 100
pg/mL estimated in respect to myoglobin. The plate was incubated at 25°C for 2
hours, and rinsed twice with ultrapure water to remove unbound moieties. 100
puL of ultrapure water was added to each well of microtitre plate and the
fluorescence spectrum was recorded on a Biotek synergy H1 multimode
microtitre plate reader in the range of 380 - 450 nm. The fluorescence spectra
showed a linear increase in the fluorescence at 424 nm respective to the
concentration of myoglobin-CQD conjugate with a lower limit of detection of 1
ng/mL. The fitting of emission maximum of CQDs showed a linear relation with
the concentration of myoglobin added with regression of 0.997 and presents an

efficient method of myoglobin estimation optically (Figure 3-1C).

Nitrogen, sulfur co-doped carbon quantum dots based direct quenching assay

Synthesis of NS-co-doped carbon quantum dots

Nanomaterials are often doped by incorporating different elements in their
structure to enhance their properties. Synthesis of doped nanomaterials is usually
done by performing the synthesis process in presence of defined concentrations
of particular dopant. For the synthesis of doped carbon quantum dots, a protein
source was chosen as the starting material as their elemental composition leads

to incorporation of mainly nitrogen as dopant in the final structure of quantum
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dots. To create carbon quantum dots with both nitrogen and sulfur as dopants, a
sulfur-rich protein, Keratin was used. Nails and chicken feathers were used as
different sources of Keratin containing starting material differing in the keratin
amounts (80-90% in nails versus >90% in feathers) and the type of keratin (a-
keratin in nails versus [-keratin in feathers).258-260 The keratin sources were
carbonized in the presence of a strong acid along with vigorous stirring to
maintain high level of homogenization and to prevent generation of large
particles. For the synthesis, 50 mg of nails were washed with acetone and ethanol
respectively, and air-dried. These were then added to 25 mL of H2SO4 and heated
at 180°C for 2 hours with vigorous stirring. After the completion of reaction, the
solution was cooled to room temperature and used for further characterizations.
Alternatively, chicken feathers were used as the starting material for the synthesis
of NS-co-doped carbon quantum dots due to their higher sulfur content than nails.
Chicken feathers were collected from the local market and barb was removed from
the rachis of feathers. The barb of feathers was soaked in absolute ethanol for 1
hour to decontaminate the feathers and dried at 40°C in an oven for 30 minutes.
100 mg of barb was added in 50 mL H2S04, and heated at 180°C for 4 hours along
with vigorous stirring. After the incubation, the reaction was cooled to room
temperature, followed with various characterizations to assess the synthesis of
quantum dots. The color of the reaction changed from pale to dark brown

suggesting the completion of carbonization and formation of quantum dots.

3.2.2. Characterization of NS-co-doped carbon quantum dots

i. Fluorescence spectroscopic analysis

To check the fluorescence properties of the nanomaterial, an Excitation-
Emission matrix was generated (Figure 3-2). The matrix is a 3D plot involving
extensive profiling of a fluorophore in which the material is excited at a range of
wavelengths and emission is monitored. For this, 100 pL of 10% aqueous dilution
of the quantum dots was added to a 96-well microtitre plate and its fluorescence
spectra was read by exciting the material at different wavelengths ranging from

290 nm to 470 nm at a pitch of 10 nm. The fluorescence intensity at each excitation
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Figure 3-2: (A) Excitation-dependent fluorescence emission spectra of the quantum dots. (B) Excitation-
Emission matrix (EEM) showing the centralized region with highest fluorescent intensity.

wavelength was plotted as the z-axis while taking excitation and emission
wavelengths at xy-axes. The EEM of these quantum dots showed a fluorescence
patch focused between 440 - 450 nm for NS-CQDs generated from nails. The EEM
of quantum dots generated from feathers showed a comparatively compact profile
suggesting a relatively better conversion of raw material into homogenous
quantum dots. This directly reflected in the fluorescence of the quantum dots
where the QDs generated from feathers showed higher fluorescence intensity than
those generated from nails. Absorption spectrum of the quantum dots was
recorded using Shimadzu UV2600 spectrophotometer between a range of 280 nm
to 650 nm. Optical absorption spectrum of the carbon dots proved less informative
as it showed a typical scattering pattern characteristic of quantum dots (Figure 3-
3A).

ii. Elemental analysis

For the elemental analysis of the quantum dots, the 5 mL of quantum dots
solution was diluted in water and dehydrated in a rotary vacuum concentrator
(CVE-3000, Eyela). The resulting solid sample was collected and its elemental
constituents were estimated using a Thermo scientific FLASH2000 CHNS
elemental analyzer, which revealed presence of both nitrogen and sulfur in the

quantum dots (Figure 3-3B).
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iii. Raman spectroscopic analysis

For the Raman analysis, quantum dots solution was dropped onto a clean

Si substrate and dried at 60°C in a hot-air oven. The sample was analyzed under a

Witec alpha300R spectrometer operating with a 532 nm laser and showed

presence of Raman signatures at 1385 cm! and 1570 cm! referring to D and G

bands of the carbonaceous material respectively (Figure 3-3C). The bands

represent the structural disorder and the extent of graphitic nature of the

nanomaterial respectively.

iv. Electron microscopic analysis

Transmission electron microscope was used to quantify the size of the

quantum dots by dropping a 1% aqueous dilution of the nanomaterial onto a Cu

TEM grid to avoid aggregation, and visualizing under a JEOL JSM2100
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Figure 3-3: Characterization of NS-CQDs via (A) optical spectroscopy, (B) CHNS elemental
mapping, (C) Raman spectroscopy, and (D) Transmission electron microscopy.
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transmission electron microscope after drying under vacuum. The micrograph

showed quantum dots having an average diameter of 3.55 nm (Figure 3-3D).

NS-CQDs based direct quenching assay

To develop a fluorescence-based assay using carbon quantum dots doped
with nitrogen and sulfur, the effect of various objects on the fluorescence profile
of CQDs was assessed. To visualize the effect of various metal ions, the quantum
dots were incubated with several different metal ions (Ca2+, K+, Mg2+, Nat, Zn2t,
Fe2+, Mn2t) in a concentration range of 3.125 pM to 200 pM. The CQDs were
diluted to 5% aqueous dilutions for the experiments to prevent the possibility of
material leeching from the microtitre plate surface due to very low pH of as-
prepared dispersion. For this, 90 pL of metal ion solution was added to 10 uL of
50% aqueous dilution of CQDs in a black 96-well microtitre plate well. The mixture
was incubated for 5 minutes with double orbital shaking at 110 rpm and
fluorescence was measured between 405 nm to 700 nm using an excitation
wavelength of 375 nm. The peak maxima found at 452 nm was plotted for different
concentrations and patterns were scrutinized. The NS-CQDs showed no or
insignificant changes in its fluorescence in response to the metal ions suggesting
no interaction and influence of metal ions on the quantum dots.

To analyze the effect of myoglobin on the fluorescence of quantum dots, co-
incubation followed with fluorescence measurements was performed. Myoglobin
solution were prepared at different concentrations (ranging from 2.5 uM to 160
uM) in phosphate buffer (10 mM, pH 7.2), and 90 pL of each solution was added
into a microtitre well of 96-well black microtitre plate. To the wells, 10 pL of 50%
aqueous solution of CQDs was added to create a 5% final dilution, and the mixture
was incubated for 5 minutes with stirring to ensure complete mixing of the
components and to ensure completion of the reaction to avoid any drift during
measurements. After the completion of incubation, the fluorescence was
measured in a range of 405-700 nm with excitation wavelength of 375 nm. The
fluorescence of the quantum dots was compromised linearly in response to the
added concentration of myoglobin from 2.5 pM to 160 uM (Figure 3-4). The effect

of myoglobin on the fluorescence of quantum dots was attributed to the Soret
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absorption of myoglobin that overlaps with the emission of the quantum dots. As
the Soret absorption is a property of heme-containing proteins, it was expected
that the similar quenching effect could be seen with hemoglobin. The effect of
hemoglobin on fluorescence of quantum dots was analyzed by following the same
protocol by using hemoglobin solutions of 2.5 pM to 160 puM. The fluorescence of
quantum dots decreased with increase in the concentration of hemoglobin in the
solution thus confirming the basis of fluorescence quenching. To validate the
phenomenon further, aqueous solutions of hemin were used to recreate the
quenching effect, as the Soret absorption originates from the heme component of
such proteins. Fluorescence quenching by hemin was tested by incubating
aqueous solutions of hemin (2.5 uM to 160 pM) with quantum dots. A mixture of
90 pL of each hemin concentration and 10 pL of 50% aqueous solution of quantum
dots taken in a black 96-well microtitre plate was incubated for 5 minutes in a
plate shaker and fluorescence spectra were recorded between 405 nm to 700 nm.
The presence of hemin brought a similar reduction in the fluorescence of the
quantum dots in a strong concentration-dependent manner, thus validating the

hypothesis (Figure 3-4).
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Figure 3-4. Effect of various proteins on the fluorescence of the NS-CQDs
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To analyze the effect of serum albumin on quantum dots, several
concentrations of bovine serum albumin (BSA) ranging from 10 uM to 160 pM
were prepared in phosphate buffer (10 mM, pH 7.2). Into 90 pL of each
concentration, taken in a microtitre well, 10 pL of 50% aqueous dilution of
quantum dots was added, and incubated for 5 minutes before taking fluorescence
measurements. In the presence of BSA, the fluorescence of the quantum dots
showed insignificant change up to 40 uM of BSA. However, BSA at concentrations
beyond 40 uM created a stabilizing effect in the solution, which was shown as an
increase in the fluorescence of the quantum dots. For recording the effect of
myoglobin in presence of serum albumin, myoglobin concentrations ranging from
1.25 uM to 80 pM were prepared in 0.6 mM solution of BSA (prepared in 10 mM
phosphate buffer, pH 7.2). The concentration of BSA was chosen to recreate the
amount of albumin present in the serum in physiological conditions. The effect of
these myoglobin concentrations on the CQDs was tested by using the protocol
followed for myoglobin earlier. As BSA showed a stabilizing effect in the earlier
experiments, its presence curbed the quenching effect of myoglobin up to 10 uM
of myoglobin. In solutions containing myoglobin concentration above 10 pM, the
stabilizing effect of BSA was overcome by the increased concentration of
myoglobin and the fluorescence of the quantum dots was accordingly reduced in
a concentration-dependent manner (Figure 3-5A).

To tackle the problem of compromised detection range towards lower
concentrations of myoglobin caused due to albumin, a method to isolate
myoglobin from the albumin was devised. To separate myoglobin from serum
albumin, selective protein precipitation was done utilizing the effect of salting out.
Saturated solution of ammonium sulfate (pH set at 9) was used for selective
precipitation of a mixture of myoglobin & BSA at final concentrations of 100
pg/mL and 10 mg/mL respectively. To this mixture, saturated ammonium sulfate
was added while stirring to increase its weight component from an initial
concentration of 20% to 80% gradually with a rise of 5% at each step. The mixture
was stirred for 15 minutes at each step and any precipitate was removed by
centrifuging the solution at 12000 Xg. After achieving 80% ammonium sulfate
concentration, the solution was stirred for 6 hours for complete precipitation. The

pellets removed were pooled, re-suspended in 1 mL phosphate buffer (10 mM, pH
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Figure 3-5: (A) Fluorescence of the quantum dots in presence of various concentrations of myoglobin in BSA.
(B) Polyacrylamide gel showing separation of myoglobin from BSA. L1 & L7: protein ladders; L2-3: BSA; L4:
Mb; L5-6: Precipitate. (C) Fluorescence of quantum dots in the presence of various concentrations of myoglobin
separated from BSA via selective precipitation.

7.2) and the extent of selective precipitation was monitored by examining the
pellet through 15% SDS-PAGE. The pellet showed absence of any band
corresponding to myoglobin in the pellet whereas presence of a band around
17kDa confirmed complete separation of albumin from myoglobin (Figure 3-5B).
The harvested myoglobin was diluted in 80% ammonium sulfate in a
concentration range of 1 ng/mL to 100 pg/mL, and its effect on the fluorescence
of the quantum dots was tested. The plot showed a concentration dependent
decline in the fluorescence of the quantum dots in presence of myoglobin between
0.01 pg/mLto 100 pg/mL thus providing a dynamic range required for the clinical
applicability of the developed assay (Figure 3-5C).

3.3. Smartphone-based PoC device for myoglobin detection

A Point-of-Care device is any equipment that can be used at places like the
patients’ bedside, or clinical emergencies, unlike conventional time-consuming
laboratory setups.261-265 Besides the portability, the other essential feature of such
devices is the ease of usage, which allows any untrained person to understand and
utilize such devices. In diagnostics, such devices allow convenient quantifications
of biomarkers and help in the regular screening of diseases without the
requirement of professionals thus creating long-term routine monitoring feasible.
In recent times, the rise of smartphones have breached every sector of our lives
and the field of diagnostics falls in the category that have benefitted from this
feature positively.266-270 While the smartphone’s camera can be used as the

detector for quantification signals, the signal can also be processed and converted
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Figure 3-6: Diagram showing the physical dimensions of the Outer Shell of device
and its cross sections. “A” denotes the space for inserting the cuvette holder, “B”
denotes the aperture for visualization, “C” denotes opening for inserting

potentiometer.
in graspable figures, record and save trends over extended periods, and may relay
the trends to the clinicians or related personnel in case of any deviations away
from the threshold.

The fluorescence-based method developed for the quantification of
myoglobin was developed into a smartphone-based Point-of-Care (PoC) device
considering its advantages. A Motorola G3 smartphone was selected for the initial
prototype and the device was designed in accordance to the physical dimensions

of the selected smartphone (142.1 mm X 72.4 mm X 11.6 mm). The device was
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Figure 3-7: Diagram showing the physical dimensions of the Cuvette Holder of device and
its cross sections. “D” denotes the shaft for inserting the cuvette, “E” denotes the aperture
for visualization, “F” denotes opening for inserting LED source.
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designed to cradle the smartphone inside, to provide a stable platform for optical
measurements. The device was fabricated from a thermoplastic polymer by 3D
printing the designs. The smartphone housing contained an aperture that was
aligned with the camera of the smartphone. A cuvette holder was aligned directly
beneath the aperture that possessed a shaft for inserting the sample cuvette. The
sample in the cuvette was illuminated by a UV-emitting LED source inserted
perpendicular to the optics of the smartphone camera to avoid the need of
inserting optical band filters in the device. The UV source was powered with a 9V
battery fixed inside the housing. A potentiometer was connected in series to the
circuit, to control the intensity of the UV source. For the measurements, a quartz
cuvette containing mixture of sample & QDs was inserted in the cuvette holder,
and illuminated with the UV source (Figure 3-8A). The fluorescence originating
from the QDs was recorded by the smartphone’s camera, and processed using an
android application (Color Grab, Loomatix, Israel
https://play.google.com/store/apps/details?id=com.loomatix.colorgrab)  that
provided the RGB content of the signal from the selected region (Figure 3-8B). The
RGB component of the optical signal were plotted individually for the changes in
the fluorescence of the QDs from myoglobin in the sample. It was observed that
the green component of the quantum dots reacted more linearly to the alterations
in the fluorescence, than red or blue components, although blue component was
supposed to prove critical in the measurements owing to the blue fluorescence of
the quantum dots.

(Aa)‘_-.-r '———'y : O . (B) Cyan Baby Blue

-

Figure 3-8 (A) Actual photographs of the working of device showing fluorescence signal from Quantum dots.
(B) Close-up image of the smartphone application showing the RGB content of the fluorescence from the
selected area. The RGB values are marked with a yellow dashed rectangle.
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Figure 3-9: (A) Cross-section of Cuvette holder of Prototype 2 showing the inner optics and individual parts.
(B) Diagram showing the physical dimensions of the cuvette holder. (C) Complete design of the cuvette holder
and the clip-on connector

The initial prototype was limited to function on a single type of smartphone
due to the constraint put by the physical dimensions of the smartphone and the
position of its camera. The alignment of camera with the camera aperture was the
paramount requirement of the device for its functioning. To improve on this, a
second prototype was designed containing a single fully enclosed cuvette holder
(Figure 3-9). The cuvette holder could attach to any device through a c/ip-on
allowing complete spatial freedom to the device. Further, the enclosed nature of
the device prevented any interference by ambient light. The device was fabricated
by 3D printing the designs and was successfully tested on a smartphone to
investigate its functioning (Figure 3-10A-B). The working of the device was
assessed by adding different concentrations of myoglobin in 5% NS-co-doped
CQDs and visualizing through the device. The RGB intensity was recorded for each
concentration under constant parameters of the device, and green component of

the signal was plotted (Figure 3-10C). The plot showed a concentration-
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Figure 3-10: (A) Photographs of the individual parts of the fabricated prototype. (B) Photograph showing the
device mounted on a smartphone. (C) Normalized fluorescence of the quantum dots in the presence of different
concentrations of myoglobin as captured with the device.
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3.4.

dependent decrease in the fluorescence of the Quantum dots thus establishing the

applicability of the device in a PoC scenario.

Conclusion

Carbon-based quantum dots were synthesized from various starting
materials to assess the role of composition on the fluorescence and functional
properties of the nanomaterial. It was revealed that incorporation of sulfur and
nitrogen in the skeleton of the nanomaterial improves the fluorescent properties
of the quantum dots. The synthesized quantum dots were utilized in the
development of optical assays for the quantification of a cardiac biomarker
myoglobin. Further, the developed assay was applied on a smartphone-based
handheld point-of-care system to harvest the potential of these optical assays for

generating a field-applicable device.
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Electrochemical platforms for ultra-sensitive quantification of

myoglobin

Electrochemical biosensors are the class of biosensors that use an
electrode as the transducer and measure the voltage/current changes in the
chemical reactions occurring on the electrode surface.®%271 The electrodes in the
biosensor are generally fabricated from conductive materials like carbon or
metals like gold, silver or platinum. The signal generated in the sensors is directly
affected by the electrode materials and can be manipulated by changing the
electrode material. Nanomaterials like graphene, transition metal chalcogenides,
metallic nanoparticles etc. with exceptional electronic properties compared to
conventional electrode materials are hence employed for the development of
sensitive sensing platforms.165272273 While a characteristic of nanomaterials is the
increase in the surface area that leads to augmented electron transfer through the
surface of electrodes thus leading to a higher signal, hybrid composites can be
generated to further modulate the surface area and the resulting electron
transfer.”1.274275 For our study, we synthesized a reduced graphene oxide based
2D nanomaterial onto which 1D carbon nanotubes were decorated to prepare a
1D@2D nanohybrid, and a 2D material prepared out of few-layered phosphorene.
The nanomaterial was tested against its parent entities to understand the changes
in the electronic properties resulting from the modifications in topology. Further,
the role of specific aptamer binding in improving the analyte quantification was
assessed. The developed nanomaterials were used as electroactive modifiers to
generate electrochemical platform for myoglobin using myoglobin-specific

aptamers.

Objectives:

e Synthesis of carbon nanotubes & reduced graphene oxide based
electronically active nanohybrid
e Development of electrochemical aptasensor for the detection of cardiac

biomarker myoglobin using synthesized nanohybrid
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4.1.

4.1.1

e Investigation of the role of poly-L-lysine as immobilization agent for the
binding of aptamers
e Development of few-layered phosphorene nanosheets based

electrochemical platform for the detection of cardiac biomarker myoglobin

rGO/CNT nanohybrid for myoglobin quantification

Van der Waals heterostructures are the most common kind of
heterostructures that rely on the van der Waals interactions between two or more
different constituents to create a structure having superior enhanced properties
owing to the synergism between the components.276-279 Such nanomaterials are
highly sought-after in applications like electrochemical diagnosis, which requires
high surface areas for interactions and subsequent transfer of signal in a readable
manner. A van der Waals heterostructure composed of one-dimensional carbon
nanotubes and two-dimensional reduced graphene oxide (rGO) was synthesized
by the method of co-incubation. The developed rGO/CNT nanocomposite was a
1D@2D heterostructure that displayed decoration of linear nanotubes onto flat
two-dimensional surface thereby increasing the surface area, and contributing

towards multifold enhancement in the electrochemical response.

Synthesis of rGO/CNT nanohybrid

For this, first graphene oxide was synthesized from graphite powder by
using a modification of Hummer’s method developed by Marcano et a/28° For this,
1.5 g graphite powder and 9 g KMnO4 was added to 200 mL solution of H2SO4 and
H3PO4 taken in 9:1 volumetric ratio (H2S04:H3P0O4 180 mL:20 mL v/v). The
mixture was heated to 50°C and stirred for 12 hours. After the completion, the
reaction was cooled by adding ice made from 200 mL DI water. To the reaction,
1.5 mL of 30% H202 was added to quench the reaction by reacting with free KMnO4
and the resulting mixture was centrifuged at 7000 Xg to separate the synthesized
nanomaterial from the solvent. The pellet was re-suspended in ultrapure water

and the process was repeated thrice with water, once with 30% HCl and twice with
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4.1.2

absolute ethanol. The suspended nanomaterial was coagulated in diethyl ether by
incubating overnight, filtered and vacuum dried. The resulting graphene oxide (10
mg) was suspended in 10 mL solution of water:DMF (v/v 9:1) to achieve a
concentration of 1 mg/mL, and sonicated for 30 minutes to disperse
completely.281-285 To the resulting suspension, 10 mg of multi-walled carbon
nanotubes (MWCNT) were added to create a mixture of rGO:CNT with 1:1 w/w
ratio, and mixture was sonicated for 1 hour to obtain GO/CNT nanohybrid.28¢ To
reduce the prepared GO/CNT nanocomposite to rGO/CNT, 2 mL of 0.1 M ascorbic
acid solution was added and the concoction was stirred vigorously for 4 hours
while heating at 90°C.287-289 [ncubating the reaction for a longer period while
heating ensured complete utilization of ascorbic acid and thus allowed omitting
the addition of H202 for quenching of reaction. The resulting reduced nanomaterial
was washed with ethanol thrice and dried in a vacuum oven to obtain rGO/CNT

nanocomposite.

Characterization of rGO/CNT nanohybrid

Electron microscopic analysis

The decoration of nanotubes onto rGO surface was validated by directly
visualizing the nanocomposite under electron microscopes. For scanning
microscopy, a dilute aqueous suspension of the nanocomposite (2.5 pg/mL) was
drop-casted on a clean Si wafer and visualized under a JEOL-1T300 scanning
electron microscope. For transmission electron microscopy, aqueous suspension
of the nanocomposite was put on a carbon-coated 200-mesh Cu TEM grid, and
dried under vacuum before visualizing under a JEOL JSM2100 transmission
electron microscope operating at 200 kV. Bundles of carbon nanotubes latching
onto the surface of nanosheets were revealed in scanning electron micrographs as
well as under high-resolution transmission electron microscope, thus confirming

the successful generation of the nanohybrid (Figure 4-1A-B).
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Figure 4-1: Characterization of rGO/CNT hybrid using (A) Scanning electron microscopy,
(B) Transmission electron microscopy, (C) Conductive AFM, and (D) Raman spectroscopy.

Conductive-AFM studies

Conductive atomic force microscopy was carried out on a 0.1 pg/mL
sample drop-casted onto a fresh Si wafer by applying a bias voltage between
sample and the cantilever. The enhancement in the electrical properties was
observed in conductive-AFM where the nanocomposite outperformed its
constituents tested individually. The nanocomposite showed a steeply rising
current value even at a lower potential, higher than individual rGO and nanotubes

(Figure 4-1C).
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iv.

4.1.3

Raman spectroscopic analysis

Raman spectroscopic analysis of the sample drop-casted on a Si wafer was
done on a Witec alpha300R Raman spectroscope using a 532 nm laser. The
rGO/CNT nanocomposite showed Raman peaks at 1340 cm'! and 1576 cm
corresponding to D (structural disorder) and G (degree of graphitization)
signature bands depicting A1g and E2g vibrational modes respectively (Figure 4-
1D). The vibrational modes produced the signature bands in both rGO and CNT as
shown in their individual spectrum as 1580 cm'1 (CNT) & 1595 cm (rGO)
showing G band, and as 1345 cm™! (CNT & rGO) showing D band. The 2D signature
band corresponding to material stresses was shown at ~2685 cm-1 in CNT and in
rGO/CNT composite only, suggesting the incorporation of the nanotubes with rGO

nanosheets in composite state.286.290

BET surface area analysis

Surface area analysis of the composite via BET showed contradictory
observations in the surface areas of the materials. The calculated surface area of
rGO (266.7 m?/g) and CNT (18.9 m2/g) showed a decrease in their nanocomposite
form (81.3 m?/g). However, the observations can be due to the masking of rGO

caused by the overlapping of CNT bundles onto the nanosheets.291

Electrochemical characterization of rGO/CNT nanohybrid

The electrochemical properties of the nanocomposite were checked by
comparing the nanocomposite against its parent components. The nanomaterials
were individually bath-sonicated in ultrapure water at a moderate concentration
of 1 mg/mL for 1 hour. The resulting dispersions were checked for presence of
any visible aggregates and the resulting stable dispersions were further bath-

sonicated for 5 minutes before drop-casting for electrode modification. For the
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Figure 4-2: (A) Cyclic voltammograms showing the superior electroactivity of rGO/CNT hybrid. (B) Scan-
rate dependent cyclic voltammetry showing linear relative increase in the current response.

electrochemical measurements, a screen-printed electrode (TE100, Zensor USA)
comprising of 3-electrode system was used. The commercial electrode system
consisted of carbon-based working and reference electrodes, and a silver-based
reference electrode. The background current response of the electrode was
measured by adding 50 pL of phosphate buffered saline (100 mM, pH 7.2) and
recording the current response via cyclic voltammetry. The nanomaterials were
drop-casted on the working electrode of the system by adding 2.5 pL drop of the
nanomaterial and baking at 60°C for 5 minutes.28¢ The electroactivity of the
electrodes was measured by recording the cyclic voltammograms for each
nanomaterial. In comparison to the bare current response from the unmodified
electrode, the electrodes modified with nanomaterials showed a heightened
response. Further, the nanocomposite of rGO/CNT showed a superior current
response than its parent entities (Figure 4-2A). This increment in the
electrochemical response can be attributed to the synergism between the
nanomaterials that created a novel and better topological properties in the
composite. The rGO/CNT nanocomposite modified electrode was further analyzed
for the properties of the composite via various electrochemical examinations. For
the rGO/CNT modified screen-printed electrode, repeated scans (25 repetitions)
were performed to analyze the stability of the electrode. The current response
showed insignificant changes among the scans, and the observation suggested
that there was no leeching of nanomaterial from the electrode during the scans.
Scan-rate dependent cyclic voltammograms were recorded by changing the scan

rate from 0.01 V/second to 0.09 V/second, and recording the CV responses for
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each scan rate. The current response in scan-rate dependent scans is indicative of
the electron diffusion properties of the system, and showed a direct correlation

between scan-rate and current response with very high linearity (Figure 4-2B).

414 Assay development

For the development of a sensitive quantification method for the
estimation of myoglobin, an electrochemical platform was developed by
employing a conducting nanocomposite of reduced graphene oxide and carbon
nanotubes (rGO/CNT). To generate a platform for the detection of myoglobin, the
rGO/CNT modified electrode was further decorated with myoglobin-specific
aptamers. The concentration of aptamers required for optimum coverage of the
electrode surface was calculated by visualizing different concentrations of
aptamer on the working electrode. For this, FITC-labelled aptamer was dropped
onto the working electrodes of SPE at 0.1 pg, 0.5 pg, 1 ug & 1.5 pg, and incubated
for 30 minutes at room temperature. The electrodes were then washed and
visualized under a fluorescent microscope (BX-53F, Olympus Corp.) using a green

filter with an exposure time of 5 seconds. The fluorescence images revealed that

Counts (x10°)

50

Intensity

Figure 4-3: Optimization of aptamer concentration (a: 0 pg, b: 0.1 pg, c¢: 0.5 pg, d: 1 pg e: 1.5 pg) for
immobilization on working electrode through fluorescence microscopic analysis of FITC-modified aptamer. f
shows fluorescence intensity plot derived from Image] image analysis software.
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the electrode surface showed a gradual increase in the fluorescence arising from
the aptamer binding as the dropped amount of aptamers was increased, and
showed a near complete coverage at 1 ug (Figure 4-3). Although 1.5 pg showed a
higher fluorescence intensity, a lower amount was chosen to avoid layering of
aptamers that may lead to highly insulating behavior and may cause leeching of
material during measurements.

For developing the assay, 5 uL of the aptamer stock (230 ug/mL) was drop-
casted onto the surface of nanocomposite modified working electrode to achieve
an effective aptamer amount of 1.15 pg. The electrode was incubated at room
temperature for 30 minutes to allow binding of the aptamers. The electrode was
washed with ultrapure water once to remove unbound aptamer molecules, and
cyclic voltammetry was used to check the binding of the aptamer on the surface of
electrode. The binding was confirmed from the slight decrease in the current
response in the voltammogram, which is due to the disruption of electron
diffusion originating from the DNA binding on the surface of electrode. The
aptamer-enabled rGO/CNT-based electrode system was exposed with linearly
increasing concentrations of myoglobin, prepared in binding buffer, ranging from
1 ng/mL to 4 pg/mL. For this, a 10 uL drop of myoglobin concentration was added
on the surface of working electrode and incubated for 15 minutes to allow the
aptamers to capture the protein molecules. After the incubation, the electrode
surface was washed with binding buffer, and the CV response was measured in 50
uL of phosphate buffered saline. The current response in the voltammograms
showed a gradual increase in its response respective to the concentration of
myoglobin added (Figure 4-4A). The basis of this increase in current lies in the
phenomenon of direct electron transfer (DET) of redox-active myoglobin, which
gives a direct upsurge in the current of the system due to the redox switching of
iron in the metalloprotein. The process was repeated thrice with the myoglobin
concentrations to analyze the reproducibility of the system. The developed system
showed a high linearity in the current signal relative to myoglobin concentration
in the solution displaying very high reproducibility (Figure 4-4B). The specificity
of the developed platform was tested against hemoglobin (Hb) and serum albumin

(bovine) by analyzing the current response of 64 ng/mL concentrations of each
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Figure 4-4: (A) Cyclic voltammograms showing increase in the current response corresponding to increasing
Mb concentrations. (B) Peak current responses showing a highly concentration-dependent relation. Inset
shows the specificity analysis of the platform.

protein on an aptamer-modified rGO/CNT electrode system. The system showed
superior specificity towards myoglobin as demonstrated by the absence of any
significant change in the current of the system in presence of albumin or

hemoglobin in comparison to myoglobin at same concentration.

4.2. Few-layered Phosphorene for myoglobin quantification

Phosphorene is a term given to two-dimensional nanosheet made of
phosphorus.292.293 The nanosheet is derived from black phosphorus, the most
stable allotrope of phosphorus. The orthorhombic single sheets, which are held by
weak van der Waals forces can be stripped in the form of phosphorene nanosheets
by mechanical stripping or through liquid phase exfoliation in suitable solvent
mediums.292294 Unlike graphene, phosphorene is not truly planer and has a
puckered structure that generates its superior mechanical properties including
high tensile strength and high flexibility.293 Phosphorene is also a direct band gap
nanomaterial (~0.3 eV as bulk, ~2 eV as single sheet) which is highly tunable in
response to number of layers and applied strain and electric field.292295-297 This
tunable semiconductor behavior makes phosphorene a more suitable
nanomaterial for diverse applications. Phosphorene also possess very high
electron mobility (1000 cm?/Vs) and has remarkable optical and thermal
properties that are highly dependent on the number of phosphorene layers and
externally applied parameters.296:298299 Keeping all the mentioned facts in

purview, Phosphorene nanosheets have emerged as a candidate with all the pros
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of the wonder material graphene while lacking its cons. Due to these properties,
phosphorene is highly sought-after in fields like energy, solar cells, nano-
electronics, FETs, photo-catalysis, biosensors, optoelectronics, therapeutics etc
Exfoliated 2D nanosheets of phosphorene with the coating of poly-L-lysine
were explored as alternative to rGO/CNT nanocomposite in the development of
electrochemical detection platform for the quantification of myoglobin.
Phosphorene nanosheets coated with poly-L-lysine were received from Dr. David
J. Lewis, University of Manchester, UK. Poly-L-lysine (PLL) is a member of cationic
polymer family that also includes poly(ethyleneimine), poly[2-N,N-
dimethylamino)ethyl methacrylate and chitosan among others. PLL is a homo-
polypeptide made of a basic amino acid, L-lysine containing two amino groups and
one carboxylic group. Either of the amino group can participate in the
polymerization process which may result in the formation of a-polylysine or e-
polylysine (Figure 4-5). Due to the presence of additional amine groups that
remains free in its polymer form, poly-L-lysine has a net positive charge at above
pH 5. PLL is a natural polymer and due to its biocompatibility it is used as food
preservative, as binding agent to promote cellular adherence in cultures and as
coating agent in therapeutics. In our study, this cationic polymer was used to
facilitate the electrostatic interaction between negatively charged aptamers and

positive polymer coated nanosheets.
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Figure 4-5: Structure of a-polylysine (left) and e-polylysine (right).
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ii.

Characterization of PLL-modified phosphorene nanosheets

Raman spectroscopic analysis

Raman spectroscopy was used to analyze the characteristic Raman
signature of Phosphorene sheets and the changes arising in the signatures due to
the modifications were monitored. For the measurement, 5 pL of each sample was
dropped on a fresh Si substrate and dried at 50°C for 5 minutes. The samples were
mounted on a Witec Raman spectrophotometer and scanned using a 532 nm green
laser. From the Raman spectra, it was observed that the Raman signature at ~370
cm! corresponding to Alg phonon mode remain unchanged, whereas the
signature peaks at 440 cm'! and 470 cm! corresponding to B2g and A%; modes
respectively showed a slight decrease in their intensities with modification with

PLL and subsequently with aptamer (Figure 4-6).
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Figure 4-6: (A) Raman analysis of the Phosphorene nanosheets at different levels
of modifications showing shifts in AZ; and Bzg bands (B-C)

Zeta potential analysis

The interaction was confirmed by measuring the zeta potential of the
nanosheets before PLL modification and after interaction with the aptamers. The
zeta potential of the polymer-coated nanosheets showed a sharp shift in its zeta

potential from -23.4 mV to +13.5 mV. The interaction with aptamers shifted the
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zeta potential to -12.1 mV due to partial neutralization of ammonium groups of
PLL upon binding with aptamers (Figure 4-7A). The effect of solvent pH on the
aptamer modification over PLL-modified nanosheets was observed to find the
optimum conditions. For this, the PLL-modified Phosphorene nanosheets and
aptamers were incubated in buffers differing in their pH being 3.4, 7.4 and 9.5. The
nanosheets were then recovered, re-suspended and their zeta potential were
measured. The zeta potential values for the pH was found to be -4.57, -12.1 and -
11.7 respectively, suggesting the highest binding at pH 7.4 (Figure 4-7B). The
lower extent of aptamer binding at pH 9.5 is attributed to the deprotonation of the
amine groups on PLL whereas that at pH 3.4 is due to the instability of single-

stranded aptamer in acidic medium.
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Figure 4-7: (A) Zeta potential measurements of Phosphorene nanosheets at different levels of modifications.
(B) Zeta potential measurements of phosphorene nanosheets after aptamer binding at different pH.

iii. Contact angle studies

To validate the immobilization of the nanomaterial and aptamers on the surface
of electrode, contact angle measurements were carried out to reveal the
hydrophilicity of the surface. The measurements were carried out using the sessile
drop method (DSA 100, DSA/V 1.9, Kruss GmbH, Hamburg) where a 1 pL drop of
water was dropped onto the surface of the electrode at various degrees of
modifications and its contact angles were measured. It was observed that the

mean contact angle decreased from 117.55° in bare electrode to 88.60° for
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Modification Contact angle (Left) Contact angle (Right) Contact angle (Mean)
(A) Bare electrode 118.4° 116.7° 117.55°
(B) Phosphorene 88.5° 88.7° 88.6°

(C) Aptamer 84.1° 84.2° 84.15°

Figure 4-8: Contact angle measurements at various levels of modifications.

4.2.2

phosphorene-modified electrode, which indicates efficient surface modification of
SPE (Figure 4-8). The modification with aptamer further decreased the mean
contact angle further to 84.15° validating its binding onto the surface of electrode

and suggesting the development of an effective bio-interface.

Electrochemical characterization

The electroactivity of the nanomaterial was validated by modifying the
working electrode of a screen-printed electrode and comparing the current
response against an unmodified electrode system. For this, 50 L of ferricyanide-
ferrocyanide electrolyte (5 mM equimolar solution, prepared in 100 mM
phosphate buffered saline, pH 7.2) was dropped onto a fresh screen-printed
electrode and current response was measured by recording cyclic
voltammograms between -1.0 V to +1.0 V at a scan rate of 0.1 V/second. The
electrode was washed with ultrapure water and dried. Onto the working electrode
of dried SPE, 3 pL of PLL-coated phosphorene nanosheets were dropped, and the
electrode was dried at 50°C for 2 hours in an Argon environment. The current
response of the electrode was measured after the incubation by recording the
cyclic voltammogram at a sweeping potential between -1.0 V to +1.0 V. The
current response showed significant enhancement upon the modification of the
working electrode with phosphorene nanosheets (0.64 pA in bare versus 1.3 mA
in phosphorene modified), owing to their superior electronic properties (Figure

4-9A). The electron transfer abilities of the system were tested by recording
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current responses between a potential range of -1.0 V to +1.0 V at different scan
rates varying between 25 mV/second to 300 mV/second (Figure 4-9B). Scan rate
dependent CV measurements showed linear increase in the current signal in
response to the changing scan rates, which can be due to the rapid diffusion
controlled electron transfer at the electrode surface. The CV measurements were
validated via scan rate dependent electrochemical impedance spectroscopy by
measuring impedance of the system at scan rates varying between 25 mV/second
to 300 mV/second in ferricyanide-ferrocyanide electrolyte solution (10 mM
equimolar solution). The impedance of the system decreased as the scan rate was
changed from 25 mV/second to 300 mV/second, validating the voltammetric
measurements. The stability of the generated nanomaterial modified electrode
system was evaluated by recording multiple cyclic voltammetric scans (100
repetitions) in 50 pL of ferricyanide-ferrocyanide electrolyte. Repeated scans
showed insignificant change in the current response, suggesting generation of a

stable nanomaterial-modified electrode system (Figure 4-9C).
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Figure 4-9: (A) CV showing the electrochemical response of screen-printed electrode after
phosphorene and aptamer modification. (B) Scan-rate dependent CV response of the
phosphorene-modified electrode. (C) Electrode stability studies using multi-scan CV
measurements. (D) Effect of pH on aptamer binding on the PLL-modified phosphorene
nanosheets decorated electrode.
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4.2.3 Assay development

Aptamers screened for myoglobin were used to decorate the
nanomaterial-modified electrodes to prepare a detection platform specific
towards myoglobin. For this, anti-myoglobin aptamer from a 200 pg/mL stock
prepared in binding buffer (10 mM Tris buffer with 150 mM NaCl, 5 mM MgClz, pH
7.2) was drop-casted on the working electrode to achieve a final amount of 1 pg
per electrode. The electrode was incubated at room temperature for 30 minutes
to create enough coating of aptamer and the binding was confirmed by cyclic
voltammetry. The current response showed a decrease in value after incubating
with myoglobin-specific aptamer, confirming successful binding of aptamers on
the nanostructured electrode surface (Figure 4-9A). To calculate the optimum
conditions for aptamer modification, anti-myoglobin aptamer was diluted at
different pH (3.4, 7.4 and 9.5) and dropped on the nanosheets -modified electrode
and CV measurements were taken. It was observed that the highest level of
current reduction was observed at pH 7.4 (Figure 4-9D), which also validates the
zeta potential studies. Based on this, pH 7.4 was chosen for decorating the anti-
myoglobin aptamers on the sensor surface. Myoglobin was exposed on the
prepared electrode between a concentration range of 1 pg/mL to 16 ug/mL by
adding 10 pL of each concentration on the modified working electrode and

incubating at room temperature for 30 minutes. The electrode was washed with
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Figure 4-10: (A) CV measurements showing the increase in the current response respective to the increase in
myoglobin concentration. (B) Peak currents showing a linear relation between current response and
concentration. Inset shows the cross-reactivity studies using hemoglobin and serum albumin.
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Figure 4-11: (A) CV showing the validation of the analytical ability of developed Phosphorene-modified
platform for detection of myoglobin concentrations spiked in serum samples. (B) Fitting of peak currents
showing linear concentration dependent increment in the current values.

ultrapure water to remove unbound protein and binding was confirmed by
measuring the current response in cyclic voltammetry at a sweeping potential in
a range of -1.0 V to +1.0 V at a scan rate of 0.1 V/second. The current response
showed a linear elevation in the signal in a highly concentration-dependent
manner (Figure 4-10A). Specificity of the developed platform was assessed by
comparing the current responses of the system in presence of 1 ug/mL of serum
albumin (bovine) and hemoglobin. The current response showed insignificant
variation in the presence of cross-reactive proteins, thus establishing the
specificity of the developed platform towards myoglobin (Figure 4-10B). This
specificity was further validated by scrutinizing the developed myoglobin-specific
detection platform for myoglobin concentrations spiked in serum. For this,
myoglobin was added into the serum to a final concentration ranging from 1
pg/mL to 16 ug/mL and the electrochemical response was measured via cyclic
voltammetry. The developed platform demonstrated concentration-dependent
increase in the current values as the concentration of myoglobin was increased
(Figure 4-11). The dynamic range of the sensor remained uncompromised
although a slight decrease in sensitivity was recorded (51 pA/(pg/mL)-cm? for
myoglobin in buffer versus 36 pA/(pg/mL)-cm? for myoglobin in serum). The
stability of the developed platform was analyzed by performing the CV
measurements at different intervals over time. This was done by preparing six
electrodes under similar conditions and recording the change in current response

in presence of 256 pg/mL myoglobin at 0th, 1st, 3rd, 7th 14th and 21st day. The loss

102



of peak current was within 5% of the initial value during the period, suggesting a

very stable platform for the detection of myoglobin(Figure 4-12).
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Figure 4-12: Stability studies of the developed phosphorene based aptasensor showing the change in peak
current over various days’ intervals in response to 256 pg/mL myoglobin in buffer (A), & serum (B) samples.

4.3. Conclusion
In this chapter, the role of electronically advanced nanostructures was
investigated for the generation of electrochemical platforms for myoglobin
quantification. The electrochemical platform developed using a nanocomposite
prepared from two-dimensional rGO and one-dimensional CNTs possessed the
ability to measure the presence of myoglobin in a range of 1 ng/mL to 4 ug/mL.
The developed platform was improved by replacing the nanomaterial with few-
layer phosphorene and by introducing a stringent binding strategy for aptamer
immobilization. This improved platform showed a multifold enhancement in the
dynamic range of the assay and was able to quantify the presence of myoglobin in
both buffer and serum samples in the range of 1 pg/mL to 16 pg/mL. The
developed platforms showed superior potential as sensitive detection modules for

the estimation of myoglobin.
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CHAPTER 5
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Gold nanoparticle decorated WSz nanosheets based Raman-
active platform for SERS-based quantification of cardiac

marker

Raman spectroscopy is the technique that measures inelastic scattering of
incident light showing a spectroscopic shift due to the Raman effect. This
spectroscopic shift originates from the vibrational modes specific to the structure
of a molecule and thus functions as characteristic Raman signatures of the
respective molecule. The Raman signatures allow implementation of Raman
spectroscopy as a powerful label-free analytical tool.300-304 Although Raman
spectroscopy is a sensitive technique that can be used for solid, liquid or gas
samples, its sensitivity can further be enhanced by generating stronger signals.
This Raman enhancement is a surface phenomenon and was firstly observed by
Fleischmann in 1974 for the detection of pyridine over roughened surface of silver
metal.305-307 The enhancement is featured mostly due to metallic surface
roughness or more recently due to nanoscopic metallic features like junctions,
crevices or edges etc, and thereafter the technique is termed Surface-enhanced
Raman spectroscopy or SERS. The increase in the Raman signals is critically due
to the generation of p/asmonic hotspots, either originating from the morphology
of the plasmonic materials, as the plasmon is stronger at features like tips, edges,
boundaries etc, or due to the interaction of closely lying plasmonic features.306-311
Being a topology-dependent feature, SERS-based enhancement can be
manipulated by organizing the nanoscopic features on a material. Several methods
of nanomaterial arrangement have been reported which involve 0D core-shell
nanohybrids312313, 1D structures like nanorods, nanotubes with surface
decoration of metallic nanoparticles314315; 1D or 0D plasmonic nanostructures on
2D planner sheets like GO, rGO, MoS:2 etc316-318; or 3D structures involving 2D
nanohybrids of different nanosheets or 2D nanosheets separated with other non-
planner nanostructures.319-321 Among the reported methods of generation,

spontaneous in situ assembly of such plasmonic nano-features has several
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5.1.

advantages over others, including the ease of synthesis, control over reaction

parameters, rapid and cost-effective synthesis etc

Objectives:

e Generation of WS2 nanosheets using liquid phase exfoliation method

e Investigation of the reducing ability of WS2 nanosheets for the in situ
synthesis and decoration of gold nanoparticles on the nanosheet surface

e Investigation of the SERS abilities of the generated AuNP@WS:
heterostructure using a Raman-active label molecule rhodamine 6G (R6G)

e Development of a Raman-based aptasensor for the specific detection of

cardiac biomarker myoglobin

Generation of WS2 nanosheets via LPE

A Raman-active nanocomposite was generated through in situ decoration
of gold nanoparticles over the nanosheets of tungsten disulfide (WS2). The
nanosheets of transition metal chalcogenides have shown to possess reducing
abilities centered around their edges and surface defects. This reducing ability can
be utilized for the conversion of metals into their nanoparticles, which in turn are
deposited over the nanosheets to create active plasmonic centers. Nanosheets of
WSz were generated by force-assisted liquid phase exfoliation as this route
generates nanosheets with several surface defects and morphological
anomalies.167 For this, 10 mg bulk WSz powder was soaked in 10 mL solution of
N-methyl-2-pyrrolidone (NMP) and isopropyl alcohol (IPA) taken at a volumetric
ratio of 3:1. This solution was sonicated using a horn-type probe sonicator
operating at 30% amplitude for 2 hours with a pulse cycle of 5 seconds. The
resulting solution was centrifuged at 10000 Xg for 30 minutes and supernatant
was separated. The exfoliation of bulk WSz converted the solution from black to
green suggesting the conversion of WSz from bulk into nanosheets. The exfoliated
WSz suspension was characterized using various techniques to assess the

presence of exfoliated nanomaterial.
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5.2

ii.

Characterization of WS2 nanosheets

Morphological analysis

Morphological analysis of the nanosheets was done by directly visualizing
the material under electron microscopes. Scanning electron micrographs were
recorded by visualizing the nanomaterial drop-casted on Si substrate under a JEOL
JSM-1T300 scanning electron microscope. Transmission electron microscopy of
the sample dropped on a carbon-coated Cu TEM grid was performed on a JEOL
JSM-2100 transmission electron microscope attached to an energy-disruptive X-

ray spectrometer. The exfoliated material showed presence of nanosheets of few-

layer status under both scanning and transmission electron microscope (Figure 5-

Fjgure 5-1: Morphological analysis of exfoliated WSz nanosheets through (A) Transmission
electron microscopy, (B) Scanning electron microscopy.

XRD analysis

The crystal structure of the nanomaterial was determined by analyzing the
exfoliated nanomaterial against its bulk counterpart using a Bruker powder X-ray

diffractometer. The X-ray diffraction pattern of the bulk WSz showed the presence
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Figure 5-2:X-ray diffraction spectra of bulk and exfoliated
samples of WS>

of peaks at 14.364°, 28.959°, 32.769°, 44.055°, 57.495° and 60.010°, referring
respectively to [002], [004], [100], [006], [110], and [008] phases of various lattice
planes present in multi-layered WS: (Figure 5-2). The exfoliated sample of WSz
showed absence or weakening of most phases except [002] phase at 14.2°
referring to the planner nature of the material. The loss of major lattice phases
suggested the stripping of multi-layered material into its few-layer form during

the exfoliation process.

Spectroscopic analysis

Spectrometric analysis of the exfoliated WS2 was done by recording the
absorbance spectrum of the suspension on a Shimadzu UV2600
spectrophotometer for a range of 300 - 750 nm. The baseline was corrected for
the solvent by measuring 1 mL of NMP:IPA (3:1) mixture before recording
absorbance of the nanomaterial. Absorbance spectrum of the nanosheets showed
the presence of its signature peak around 628 nm that depicts the absorption
arising from the excitonic transition of electronic bands (Figure 5-3A).322

Raman spectra of the nanosheets was recorded by drop-casting the
exfoliated sample of WSz on a clean Si substrate, drying in a hot-air oven and
analyzing under a WITEC alpha300R Raman spectrometer using a 532 nm laser.

The Raman spectrum showed characteristic signature modes of WS2 nanosheets
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located at 352 cm-! and 417 cm-1. The modes correspond to Elz2g and Aig phonon
modes for 352 cm! and 417 cm respectively, which represent in-plane and out-

of-plane vibrations (Figure 5-3B).323
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Figure 5-3. (A) Spectra showing visible-range absorbance of WS: nanosheets and AuUNP@WS:
nanohybrid. (B) Raman spectra of WSz nanosheets and AuUNP@WS: nanohybrid showing the Raman
enhancement.

Generation of gold nanoparticle decorated WSz nanosheets

The characterized nanosheets of WS2 were used as reducing agents for
generation of plasmonic nanocomposite by incubating in the presence of gold ions.
To optimize the concentration of HAuCls, different concentrations ranging from
0.8 mM to 4 mM were added to the WSz suspension utilizing the reducing ability
of the nanosheets in creating plasmonic nanocomposite. The concentration of gold
ions in the solution act as a regulatory mechanism for controlling the size and
inter-particle spacing of the gold nanoparticles, where high concentration tends
to make multiple closely placed seeds in the beginning of the reaction that
ultimately lead to creation of plasmonic hotspots. However, a very high
concentration may cause aggregation of the particles that negatively affects the
enhancement factor, which can occur only with the interaction of surface
plasmons of particles. For the decoration of gold nanoparticles on these
nanosheets, multiple reaction vials containing 1 mL of WSz nanosheets were

heated at 80°C with vigorous stirring. To the stirring suspensions, 0.5 mg of
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5.4

carboxy-methylcellulose was added as a stabilizing agent for the reaction.
Different concentrations of HAuCls-3 H20 (0.8 mM to 4 mM) were added in the
reaction mixtures, and stirred for 30 minutes. The color of the reactions changed
from greenish to red indicating the generation of nanocomposite (Figure 5-4). The
mixture was removed from the stirrer, cooled and used without any further

processing.

Figure 5-4:1mages of different ratio of WS2:HAuCls before (above) and after (below) the completion of reaction.

Characterization of AUNP@WS:z nanocomposite

Spectroscopic analysis

The as-prepared samples of different reactions were analyzed on a
Shimadzu UV2600 spectrophotometer by recording their absorbance spectra in a
range of 300 - 750 nm. Absorption spectra of the nanocomposite showed
characteristic absorption signature of WSz along with a new absorption band
arising due to the plasmon of the nanoparticles (Figure 5-3A).324

Raman spectra of the nanocomposite and WSz nanosheets were recorded

on a Witec alpha300R Raman spectrometer using a 532 nm laser source. For this,

110



100nm IISERM 26-Jul-16
S WD 8.0mm 11:21:548

Figure 5-5: Morphological characterization of AuNP@WS: nanohybrid using (A) Transmission electron
microscopy, and (B) FE-Scanning electron microscopy.

5 uL sample was drop-casted on a clean Si wafer, dried by heating at 60°C and
observed under the spectrometer. The Raman spectra showed enhancement in
the signature modes of WSz in case of the nanocomposite compared with the
Raman spectrum of WSz nanosheets alone, creating an impression of the

generated Raman enhancement by the nanocomposite (Figure 5-3B).

ii. Morphological analysis

Morphological characterization of the nanocomposite was done by
electron microscopy. For transmission electron microscopy, 5 pL of 10% aqueous
dilution of sample was dropped on a carbon-coated 200-mesh Cu TEM grid and
dried under vacuum. The prepared sample was visualized under a JEOL JSM-2100
transmission electron microscope operating at 120 kV along with its elemental
mapping and energy-disruptive X-ray spectrometry. The micrographs showed
presence of metallic nanoparticles in the surface of WSz nanosheets, and its
elemental mapping showed uniform signal of gold from the surface of nanosheets,
suggesting an optimum coverage of the nanosheets surface with gold
nanoparticles (Figure 5-5A). Field-emission scanning electron microscopy was
done for 5 pL sample drop-casted on a fresh Si wafer using JEOL JSM-7600F FE-
scanning electron microscope. The morphological analysis of the nanocomposite

using FE-scanning electron microscope showed clusters of gold nanoparticles
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5.5.

lying on linear sheets of WSz (Figure 5-5B). The size of gold nanoparticles was
measured using Image] image analyzing software, and an average size of 29 nm
was obtained from 50 different points, and the inter-particle distance of closest
gold nanoparticles was measured to be ~10 nm from the micrographs (Figure 5-

6).
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Figure 5-6: Particle distribution data, calculated from the FE-scanning electron micrograph, based on: (A)
Particle size, and (B) inter-particle distance.

Characterization of the Raman enhancement

The SERS effect generated by the plasmonic arrays is highly dependent on
the spatial arrangement of the nanoparticles on the substrate’s surface. However,
in SERS platforms using isotropic metallic nanostructures, the generation of
plasmonic hotspots majorly depends on the inter-particle distance than their
orientation. The inter-particle distance of the plasmonic domains present in the
array requires an optimum distance for the individual plasmons to interact and
create an enhancement effect. The particles separated by large distances are
unable to generate surface enhancement as their individual plasmons are not able
to interact, however if the particles are arranged too close, they act as single unit
and generate a single merged plasmon rather than creating an enhancement.
Thus, there is an optimum distance range that is required for the arrangement of
nanoparticles to generate an efficient enhancement effect and be utilized as

substrates for SERS.
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To understand the effect of distances on the surface enhancement by the
gold nanoparticles, a theoretical model was generated by manipulating the inter-
particle distances of the nanoparticles. To optimize the range under which the
AuNP@WS: nanohybrid efficiently produces the hotspots, the plasmon of Gold
nanoparticles separated by varying distances on WSz nanosheets was predicted
using CST microwave studio (CST studio suite, Student edition). The optical
constants for Gold nanoparticles and few layer thick WS2 nanosheets were taken
as € = 6.9; u= 0.467+2.415i; and € = 6.86; p= 2.62 respectively.325326 WS; sheet
(500 nm x 500 nm X 10 nm) was modeled with longer axes on the x-y plane,
having gold nanoparticles (30 nm) lying on top and a 532 nm light propagating
along the z-axis from top (Figure 5-7 Right-top). The inter-particle distance was
varied from 1 nm to 30 nm and the generated electric field was calculated along
the longer axis for AuNP@WS: hybrid. As observed, the predicted electric field
was highest when AuNPs were lying closest to the neighboring particle (~1 nm),
which decreased subsequently with increase in the inter-particle distance up to
~15 nm (Figure 5-7 Left). As control, the simulations were repeated for AuNPs
alone to assess the role of WS2 on the plasmonic effect generated in AUNP@WS:
hybrid (Figure 5-7 Right-bottom). In contrast to nanohybrid, the field for AuNPs

was calculated to be 73%, and decreased sharply to 23% as the distance increased
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Figure 5-7: 2D representation of theoretical calculations showing the effect of inter-particle distance on the
interaction of individual plasmons (Left). Right-top shows the model used for the calculations. Right-bottom
shows comparison in the field strengths of AuNPs and AuNPs placed on a WSz nanosheet.
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5.6.

beyond 2.5 nm. This established the role of WS:2 in generating 4-folds
enhancement in the field strength, while also creating a stabilizing effect for the
plasmon.

Furthermore, a cluster of closely lying plasmonic nanoparticles generate a
localized electric field in their inter-particle space that is a function of their
distance.327.328 The generated electric field was calculated from a form of Poynting

vector while omitting the generated magnetic field.

Eloc = Eo (D+d)/d ....[1]

Where Eioc is the localized electric field generated in the inter-particle
space of closely lying particles, Eo is the applied electric field, D is the particle

diameter and d is the inter-particle distance.

Also from Poynting Vector, Electric field, E2 = Pav X 27 .....[2]

Where Pav is Laser power per unit area and 7 is characteristic impedance
of air (376.73 (1). For a Laser operating at a power of 45 mW at the fiber end with
a waist of 354 nm after focusing through a 60X objective lens, the value of Eioc is

calculated to be 39146.66 V/m for 30 nm AuNPs separated by a distance of 10 nm.

Validation of SERS effect of nanocomposite

The plasmonic nanocomposites generated spontaneously by chemical
reactions are highly susceptible to the substrate ratios for generating an optimum
effect. To optimize the substrate ratio for synthesizing AuNP@WS:
nanocomposite, different concentrations of gold ions were added to a fixed
concentration of WSz nanosheets. The reactions were processed simultaneously
under identical conditions and the generated enhancement in the Raman signal
was experimentally investigated for the composites. The different reactions were
tested for their ability to enhance the signal of Rhodamine 6G. Rhodamine 6G is a

member of xanthene based Rhodamine family of fluorophores (Figure 5-8) having
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a strong resonance Raman absorption in the visible region. Due to the established,
well-characterized and highly sensitive Raman signature of R6G upon excitation
with a 532 nm green laser, it is generally used as a Raman-active label molecule
for Raman measurements involving surface enhancements.329-332 For the
measurements, 10-> M of R6G was added on different AuNP@WS:2 nanostructured
substrates, and the signal intensity of the signature peaks of R6G at 1136 cm-1,
1175 cml, 1311 cm’l, 1343 cml, 1362 cml, 1589 cm?! and 1644 cm! was
measured under constant parameters over the different synthesized
nanocomposites.333 The intensity of these signature peaks of R6G increased up to
WS2-Au24 (composite generated by adding 2.4 mM HAuCl4) after which it declined
(Figure 5-9). The found pattern aligned with the hypothesis that aggregation
caused at high concentrations of gold acts as a self-limiting factor in the reaction.
Further, significant enhancement in Raman signal for R6G was observed within
concentration range of 104 M to 5 X 10-8 M over WS2-Au?#4 nanocomposite with a
highly linear concentration-to-signal relation (Figure 5-10). In contrast, AuNPs
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Figure 5-9: (A) Raman spectra of R6G molecules collected on different AuUNP@WS;, where a-f represents
concentration of HAuCl4 from 0.8 mM to 4 mM (B) Histograms showing Raman intensity of 1175 cm!
signature peak.
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Figure 5-10: (A) Raman spectra of R6G molecules from 104 Mto 5 x 10-8 M collected over AUNP@WS2-modified
substrate. (B) Fitted Raman intensity of 1175 cm! signature peak of R6G showing linear concentration-
dependent increase.

alone displayed a weaker Raman signal for R6G than that of the multifold
enhanced signals on nanohybrid SERS platform.

The Raman enhancement factor (EF) of developed WS2-Au?4 SERS-active
platform for R6G was measured experimentally by a direct comparison of Raman
intensity of 1135 cm-! vibrational band in the presence and the absence of WS2-

Au?4 nanohybrid using following equation334-339;

EF = Isers/Ibulk X Nbulk/NSERSs .....[3]

Where Isers is the intensity of 1135 cm-! vibrational mode in the presence
WS2-Auz4 nanohybrid and Ibuik is the intensity of the 1135 cm-! vibrational mode
in the bulk Raman spectrum from only R6G. Nbuk is the number of R6G molecules
used in the bulk, and Nsers is the number of R6G molecules used for the SERS
experiment using WS2-Au?# nanohybrid surface. Further, N is calculated by the

following equation,

N=AXDXCXAv...[4]

Where A is the area of laser falling on the substrate, D is the depth achieved
by the laser, C is concentration of the analyte used and Av is Avogadro’s number.
However, for measurements having identical experimental conditions, the

equation can be rewritten as,
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Nbulk/Nsgrs = Cbulk/CsERs .....[5]

Using equation [5] and incorporating the effect of different laser power,

Equation [3] can be rewritten as,

EF = Isers/ Ibuik X Cbuik/CsErs X Pbuik/PsERs .....[6]
From the experimental data, the enhancement factor was estimated to be

approximately ~6.78 X 106 in the case of WS2-Au?4 nanohybrid.

SERS-based quantification of myoglobin

To develop a SERS-based aptasensor for detection of myoglobin,
AuNP@WS: SERS platform was functionalized with anti-myoglobin aptamer and
different myoglobin concentrations were exposed onto the sensor. For SERS
measurements, 50 pL of prepared AuNP@WS2 nanohybrid was drop-casted on a
clean Si substrate and dried in ambient conditions. The dried sample was washed
with ultrapure water to remove any residual nanomaterial and Raman
measurements were recorded to confirm nanohybrid coating. Thiol-labelled
single-stranded DNA (ssDNA) aptamer diluted in Binding buffer (Tris-HCI 10 mM,
NaCl 150 mM, MgCl2 5 mM, pH 7.2) was immobilized on the AUNP@WS2 modified
Si substrate by drop-casting 10 pg DNA per 50 pL nanohybrid. The resulting
sample was incubated in ambient conditions for 60 minutes, and washed with
binding buffer to remove unbound DNA molecules. For this, 10 pL of each
myoglobin concentration, ranging from 0.1 fg/mL to 10 ug/mL, were incubated on
aptasensor surface for 15 min, washed with binding buffer and used for Raman
measurements. A significant concentration-dependent enhancement in Raman
signal was noticed within a concentration range of 10 fg/mL to 0.1 pg/mL (Figure
5-11A). The characteristic vibrational bands for myoglobin, positioned at 1126
cm! (due to C-N stretching), 1373 cm-! (oxidation marker of heme, Fe) and 1560
cm1 (C-C vibrations) were observed in Raman spectra.340.341 Other bands in SERS

spectra of myoglobin at 760, 1011, 1365 and 1554 cm! arise due to numerous
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Figure 5-11: (A) Raman spectra of myoglobin molecules bound on the SERS-active platform showing an
increase in the signature peaks. (B) Cross reactivity studies showing high selectivity of the developed platform
towards myoglobin (Mb) in comparison to BSA and hemoglobin (Hb).

vibrational modes of tryptophan residues and some less intense bands at 1005
cml and 1034 cm were also observed due to phenylalanine residues of
myoglobin respectively.341

The detection limit (LOD) of the developed SERS aptasensor was found to
be 10-2 pg/mL, which is significantly low for the efficient quantification of Mb in
clinical diagnosis. The formula used for the calculation is, LOD = 30/m, where o is
the standard deviation of the blank and m is the slope of the curve. To check the
specificity of the developed aptasensor, a comparative study was done for the
enhancement of signal in the presence of other serum proteins, Hemoglobin (Hb)
and Bovine Serum Albumin (BSA). The signals produced in the presence of these
protein molecules were negligible, which can be attributed to the use of screened

aptamers specific to myoglobin (Figure 5-11B).

5.8. Conclusion

A SERS-active nanohybrid was generated by in situ growth of gold
nanoparticles on the defected nanosheets of WS: utilizing their inherent reducing
properties. The reaction was optimized to achieve an efficient enhancement in
the signal of R6G, a Raman-active molecule. The morphological characteristics of
the nanohybrid were validated through theoretical modelling, and the role of
inter-particle distance as the decisive factor for the generation of a SERS-active

substrate was established. The developed platform was successfully employed
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for the ultra-sensitive quantification of myoglobin by using myoglobin-specific

DNA aptamers.
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WSe: nanosheets-based impedimetric sensing platform

Among the electrochemical methods, Impedimetry is the technique that
can be employed in a true label-free manner.849596342 The basis of the technique
is the obstruction to the current flow through electrode surface, as a function of
applied frequency under a small AC voltage.8* The impedance of the system
fluctuates as a variable dependent on the binding of moieties over the electrode
surface. The application of bioreceptors imparts the impedimetric sensors their
required specificity, however the modification of sensor surface with high
molecular weight bioreceptors generates high base impedance, thereof
decreasing the sensitivity of the sensor towards the binding of analytes. The
application of small weight bioreceptors like aptamers or peptide as an alternative
to large bioreceptors have proved to be of higher potential in case of impedimetric
biosensors.343 Furthermore, the exploitation of highly electroactive nanomaterials
as electrode materials provides a way to increase the sensitivity of the
impedimetric biosensors towards the changes occurring on their interface
respective to the analyte binding.344.345

As the electrode material, 2D nanosheets of tungsten diselenide (WSe2)
were generated by force-mediated solvent-assisted liquid phase exfoliation. The
method utilizes physical forces to delaminate stacked nanosheets in naturally
lamellar materials to single or few-layered state by vigorously shaking in presence
of a solvent.166167.346 The use of an appropriate solvent is much sought-after in
such procedures as the solvent assists in the delamination by seeping between the
layers and weakening the inter-layer non-covalent bonds. The solvent further may
act as a stabilizing agent for the freshly exfoliated nanosheets by preventing their
interaction and subsequent restacking.

For the generation of WSe2 nanosheets, a variety of solvents were
evaluated to obtain a favorable exfoliation medium able to produce a stable
nanomaterial. The nanosheets were thoroughly characterized, and implemented
as electrode material for the development of an impedimetric biosensor for the

detection of B-type natriuretic peptide (BNP), a cardiac biomarker.
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6.1.

Objectives:
e Optimization of solvents for the liquid phase exfoliation of WSe2
e Investigation of the ability of poly-L-lysine as exfoliating agent
¢ Development of an impedance based platform for the detection of B-type

natriuretic peptide

Generation of WSez nanosheets v7a LPE

To find the best solvent for the liquid phase exfoliation of tungsten
diselenide (WSez), exfoliating ability of different solvents wviz. acetone,
cyclohexanone, dimethyl formamide, dimethyl sulfoxide, water, isopropanol,
methanol, N-methyl-2-pyrrolidone, and N-vinylpyrrolidone were tested. For this,
10 mg of bulk WSe2 powder was soaked in the 5 mL of each solvent and sonicated
for 1 hour with a horn-type probe sonicator operating at 30% amplitude in pulses
of 5 seconds. The resulting solution was centrifuged at 1500 Xg, and the
supernatant was collected for further characterizations. The extent of exfoliation
was quantified by measuring the absorbance spectrum for each solvent and
comparing the intensity of absorbance signature of WSe2 nanosheets at 759 nm.
The signature absorbance of WSez occurs due to the A1 and B1 direct excitonic
transitions existing due to the energy splitting of the valance band of WSez, and its
spin orbital coupling.347 For this, 1 mL of each exfoliated solution was measured
for its absorption between a range of 200 - 900 nm on a Shimadzu UV2600
spectrophotometer after correcting the baseline for individual solvents. The
solvent-corrected spectra showed the highest signature intensity for nanosheets
of WSe: exfoliated in cyclohexanone, followed with isopropanol. Alternatively, an
aqueous solution of poly-L-lysine (PLL) was used to exploit DNA binding owing to
its ability to provide a cationic charge onto the exfoliated nanosheets following
our previous studies on the application of PLL as an ionic mediator for the binding
of DNA (Chapter 4, Section 4.2).7¢ For exfoliation, WSe2 was sonicated in aqueous
solution of poly-L-lysine (0.1% w/v) using the parameters set for other solvents
previously. The solution containing the nanomaterial was centrifuged at 10000 xXg
and the pellet was washed twice with water to remove any free PLL, and finally

suspended in water. The aqueous PLL solution was found to be the best medium
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Figure 6-1: Comparative spectra showing normalized visible-range
absorbance of WSez nanosheets exfoliated in different solvents.

for exfoliating WSez into nanosheets, as displayed by its signature absorbance that
measured higher than WSe2 nanosheets exfoliated in cyclohexanone, suggesting
an efficient suspension with higher concentration of nanosheets (Figure 6-1). This
finding was expected from the ability of PLL in creating a charged layer around the
nanosheets, which in turn prevents the restacking of the nanosheets due to

electrostatic repulsions.
Characterization of WSe2 nanosheets
Zeta potential measurements

To confirm presence of cationic PLL on prepared nanosheets, zeta potential
of the nanomaterial was measured using a Malvern Zetasizer. The nanosheets’
suspension showed a net positive charge of +26.8 mV in the zeta potential
measurements, which was attributed to the surface modification of nanosheets
with PLL (Figure 6-2). To confirm the role of PLL as the origin of positive charge,
WSe2 nanosheets exfoliated in isopropanol were taken as a control for zeta charge
analysis. The isopropanol-exfoliated nanosheets displayed a near neutral charge

of +1.26 mV, thus validating the hypothesis.
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Figure 6-2: Zeta potential measurements of WSez nanosheets exfoliated
in PLL showing net positive charge.

Raman Spectroscopy

Raman spectroscopy of the WSez exfoliated in PLL (WSe2PLL) was
performed using a Witec alpha300R Raman spectrometer. The sample was
prepared by dropping a 5 pL drop of prepared exfoliated material over a clean Si

wafer and drying in hot-air oven at 60°C. The drop-casted material was located
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Figure 6-3 Raman spectrum of WSe2P' showing the

characteristic signature absorption the nanosheets. Inset shows

a 3D Raman mapping image depicting the Raman intensity from

the selected area.
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iii.

using the visible microscope assembly of the spectrometer and Raman signal was
recorded at designated spots using a 532 nm green laser. The Raman mapping of
the same spot was done fora 12 pm X 12 um area by scanning the area for Raman
signal and intensity was plotted as z-axis over the xy-image of the spot. Raman
spectroscopic analysis showed a single degenerate band at 250 cm-! depicting two
signature phonon modes of El2g (248 cm1) and A1¢ (250 cm-1), which appear as a

merged band in case of WSe2 nanosheets (Figure 6-3).348349
Morphological characterization

To understand the morphological characteristics of the exfoliated material,
several microscopic techniques were utilized. For scanning electron microscopic
analysis of the sample, 10 pL of as-prepared sample was drop-casted over a clean
Si wafer, and visualized under a JEOL JSM-1T300 scanning electron microscope.
The micrograph of the sample revealed nanosheets measuring around 300 nm at
their longer axis having a characteristic signals of tungsten and selenium in EDX
spectrum (Figure 6-4). For the transmission electron microscopy, 5 pL drop of
5% aqueous dilution of the sample was dropped on a carbon-coated 200-mesh Cu
grid and dried under vacuum. The sample-containing grid was visualized under a
JEOL JSM-2100 transmission electron microscope operating at 200 kV. The high-
resolution transmission electron micrographs revealed small nanosheets
measuring <100 nm at their longest axis (Figure 6-5A). The thickness of the

nanosheets was investigated using an atomic force microscope operating in

(B‘Z-( s/e

B
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Figure 6-4: (A) Scanning electron micrograph showing exfoliated nanosheets of WSe:. (B) EDX

spectrum showing characteristic elemental emissions from Tungsten and Selenium.
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6.3.

Figure 6-5: (A) Transmission electron micrograph showing the morphology of the exfoliated nanosheets.
(B) Atomic force micrograph showing the height of the nanosheets.

tapping mode. The sample was prepared by dropping a 5% aqueous dilution of
exfoliated sample on a fresh Si wafer, and washed with ultrapure water after
incubating for 5 minutes. The thickness were found to be around 6 nm
corresponding to nanosheets comprising of around 5-7 layers, considering the

thickness added by the polymer coating onto the nanosheets (Figure 6-5B).349

Development of impedimetric platform for BNP quantification

To generate a diagnostic platform for the detection of B-type natriuretic
peptide, an electrochemical impedimetric system was developed. 2D nanosheets
of tungsten diselenide (WSez) were utilized as the electroactive material for
modifying the electrode surface. The optimum amount of WSez nanosheets
required for electrode modification was calculated via sequential loading of the
electrode surface while monitoring the change in current response by recording
cyclic voltammograms in a potential range of +1.0 V to -1.0 V. For this, PLL-
exfoliated WSez nanosheets were drop-casted onto the surface of working
electrode of a screen-printed electrode in increments of 4.5 pg. Each increment
was followed with baking at 60°C for 5 minutes to fix the material onto the surface
and CV response was measured by adding 50 pL of ferricyanide-ferrocyanide
electrolyte system. The current response in the voltammograms increased
gradually with the addition of nanomaterial on the working electrode until 22.5

pg of the material was added (Figure 6-6). Addition of any nanomaterial beyond
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Figure 6-6: Cyclic voltammograms showing the increase in current
response respective to the nanomaterial concentration on the
electrode surface.

22.5 pg decreased the current response, which can be due to the overloading of
the material on the electrode creating masking effects. The loading of
nanomaterial was repeated thrice more and had similar results regarding the
amount of nanomaterial added versus current response. For all further
experiments, 22.5 pg of nanomaterial was added for the modification of the
electrode in stepwise increment of 4.5 pg. Scan-rate dependent voltammograms
were recorded between a fixed potential range by increasing the scan-rate from
0.01V/sto 0.1 V/s. The response showed linear correlation with increasing scan-
rate suggesting good electron diffusion properties of the developed system

(Figure 6-7A). Stability of the modified electrode was tested by performing
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Figure 6-7: Characterization of nanomaterial-modified electrode through (A) variable scan-rate
cyclic voltammetry, and (B) multi-scan cyclic voltammetry.
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Figure 6-8: Validation of aptamer binding over nanomaterial-modified electrode surface via: (A) decrease
in current response in cyclic voltammetry, and (B) increase in impedance in electrochemical impedance
spectroscopy.

repeated scans (25 times) over the potential range of +1.0 V to -1.0 V at a scan
rate of 0.1 V/s. The nanomaterial-modified electrode showed insignificant change
in the current response suggesting formation of a stable layer on the electrode
with no leeching of the material during voltammetric measurements (Figure 6-
7B). The impedance of generated system was measured via electrochemical
impedance spectroscopy for a frequency range of 1 Hz to 100 kHz using an
alternative voltage with amplitude of 5 mV. The comparison of impedance of the
nanomaterial-modified electrode showed very high reduction in the comparison
to the unmodified electrode system, thus validating the findings from CV
measurements (Figure 6-8B).

To generate a BNP-specific platform, WSe2 modified electrode was further
decorated with anti-BNP aptamer. After the coating of nanomaterial, the SPE was
dried and 5 pL of aptamer stock (230 pg/mL) was added on the working electrode
following the protocol for aptamer immobilization from previous studies (Chapter
4, Section 4.1), and incubated at room temperature for 15 minutes. Following the
incubation, the electrode was washed with ultrapure water and binding was
confirmed through electrochemical measurements in 50 pL of electrolyte. The
current response in the cyclic voltammetry showed a decrease in current due to
the binding of insulating aptamers on the electrode surface (Figure 6-8A). The
observation was further validated by electrochemical impedance spectroscopy
that showed an increase in impedance after aptamer modification (Figure 6-8B),

which is consistent with our previous studies where successful modification with
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Figure 6-9: (A) Fitted Nyquist plots showing increase in impedance signal as a function of increasing
analyte binding on the developed aptasensor. Inset shows the circuit diagram used for signal fitting.

(B) Linear increase in the charge-transfer resistance (Rct) as obtained from the Nyquist plots.

aptamers is seen to hinder the charge transfer by occupying some portion of the
active surface (Chapter 4, Section 4.2).343350,351 The extension in the incubation
time beyond 15 minutes did not yield any drift further and thus 15 minutes’
incubation was maintained for the subsequent experiments. For the detection of
B-type natriuretic peptide, different concentrations of the peptide were prepared
by diluting the peptide stock (10 mg/mL) in binding buffer. 20 pL of each peptide
concentration was added on the modified electrode to cover the entire electrode
surface on the screen printed electrode. The chosen sample volume was limited
by the physical dimensions of the electrode as the electrode area could hold only
up to 25 pL of aqueous samples and volumes above 25 pL tend to spill over thus
not contributing to the biointeraction process. The sample containing electrode
was incubated at room temperature for 15 minutes. The electrode was washed
with binding buffer once to remove unbound peptide molecules from the surface,
and the amount of bound peptide was estimated by measuring impedance using
electrochemical impedance spectroscopy. The impedance curves was fitted using
Randles Sevick circuit to generate the Nyquist plots, which were overlaid to
visualize the changes in response. The impedance of the system showed linear
increase in its value with subsequent addition of the peptide concentrations
(Figure 6-9A). Resistance to charge-transfer (Rct) was calculated from the Randles
Sevick circuit, and plotted against the concentration of the peptide added, which

showed high linearity in the concentration range of 0.1 ng/mL to 10 pg/mL
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(Figure 6-9B). The assay was repeated thrice and Rct values were subsequently
plotted showing less than 5% deviation thus establishing the reproducibility of
the developed platform. The specificity of the developed platform was assessed by
performing the impedance spectroscopy in the presence of 100 ng/mL of bovine
serum albumin, hemoglobin and myoglobin. The reacting proteins brought
insignificant changes in the impedance of the system in contrast to the B-type
natriuretic peptide that created a surge in impedance (Figure 6-10). This
observation confirmed the selectivity of the developed impedimetric platform

towards BNP owing to the application of specific aptamers.
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Figure 6-10: Cross reactivity validation of the developed
platform in presence of different blood proteins.

Conclusion

A comparative analysis of the role of a solvent in the exfoliation of WSe2
into its nanosheets was carried out, which showed the superior ability of polymers
as the exfoliation agents. The exfoliated nanosheets were utilized as electroactive
materials for the development of a specific impedimetric platform for B-type
natriuretic peptide. The developed platform is sensitive towards the interfacial
changes brought due to the presence of BNP in a concentration range of 0.1 ng/mL

to 10 pg/mL with high degree of specificity.
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Microfluidics-based device for multiple cardiac biomarker

diagnosis

A diagnostic device operating on whole or diluted blood requires a means
of separating plasma from the cellular contents.352-355 The separation step is
essential to reduce to the interference by the cellular components with the
analytical system. The conventional methods of plasma separation are either
gravity-driven sedimentation of the blood cells, or centrifuge-based separation.
While the former method is archaic, insufficient in complete removal, and highly
time-consuming, the latter method requires special instrumentation, involving
multiple steps and care for efficient separation. Therefore, the trend has shifted to
in-chip plasma separations in a Lab-on-a-Chip assembly. In general, the in-chip
separation strategies are either Passive flow dynamics-based, or Active methods
using acoustics, electrophoresis or magnetic separation assemblies.353:354356 The
active modes of separation require special equipment to achieve the separation,
which although being efficient, decreases the applicability of the device by
increasing the complexity of the system.

Among the passive flow-based separation methods, the most basic cellular
separation is achieved by Filtration through a physical membrane with a pore size
smaller than the erythrocytes.357-361 The blood samples are passed through the
membrane that retains the cells and only strained cell-free plasma is processed
further. However, the method is restricted by the efficiency of membranes that
affects the overall device performance. As the cellular content is not actively
removed from the membranes during the operation, these can easily be clogged
by the cellular overload, limiting the volume capacity of the device. Further, the
membranes are prone to physical damages, desiccation and are not reusable.
Alternatively, micro-sized beads or porous gels have also been employed as
physical filtration units in place of filtration membranes, however these methods
also have the same limitations as paper membrane-based filtration.362-365 The
advancement over cellular straining by a physical membrane is the application of

microfluidics-based plasma separation by the incorporation of a microscopic
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strainer in the microfluidics channels itself.366-372 This type of separation uses
channels or structures that are designed to be smaller than the physical
dimensions of the blood cells. Upon the sample injection, only solution passes
through the channels, separating them from the cells. However, this method is also
prone to choking by the components of biological samples, which either affects the
yield or can render the device inoperable. Further, several complex modes of
microfluidics-based cellular separation have been devised employing cellular
dynamics. Certain microfluidics devices involve a large blood channel (> 300 um
width) and based on the Fahraeus-Lindqvist effect, the cellular content tends to
move towards the center of the channel thus creating cell-free zones near the walls
to separate cell-free plasma.373374 This effect is further explored in devices
involving the bifurcation of microfluidics channels containing blood into channels
having different flow rates due of their design and construction. In such devices
the cellular content of the blood, flowing through the central region of the channel
due to Fahraeus-Lindqvist effect, tends to move through the wider channel having
high flow rate based on the phenomenon of Zweifach Fung effect and cell-free
plasma can be harvested from the narrower channel having slower flow
rate.355375-377 Another type of plasma separation method called Pinch-&-Expand
method is an advancement of the bifurcation method. Pinch-&-Expand method
consists of a narrow channel through which the blood samples are passed at high
flow rate.354378-380 The channel is immediately increased in width, creating a pinch
junction where the blood sample experiences a rapid expansion. Owing to the
differences in the dynamics of cell from plasma, cellular content tends to move out
quicker, thus generating cell-free voids at the edges of the pinch junction from
where plasma can be harvested by adding drain channels. Other separation
methods use spiral channels through which the cells can separate via either
centrifugal forces or the inertial forces. Inertial force mediated separation is a
sophisticated method of cell sorting that allows the segregation of various type of
cells according of the differences in their movement dynamics based on the acting
inertial forces.381-383 Whereas devices using centrifugal forces are only able to
remove cells from the plasma without offering any cell sorting abilities.384-387 Such
devices are usually circular disc shaped systems that can be spun at their axis. The

blood sample is introduced at the center of the disc and upon spinning the disc,
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the blood sample experiences centrifugal forces. The movement of blood sample
under the centrifugal forces causes separation of cellular content from the
medium (plasma) due to the weight and dynamics differences. The discs can just
be used for the purpose of plasma separation or may contain the analytical system
integrated into them to create a Lab-on-a-Disc assembly.

While the cell straining method clearly has the limitation of cellular
clogging, channel bifurcation and Pinch-&-Expand modules suffer from a narrow
range of flow rate due to their dependency on high flow speeds to achieve
separation. At slower flow rates, the cells do not experience enough forces or
expansion to move in separate channels, causing cellular leakage in the plasma
channels and affecting separation yields. Whereas the centrifugal devices based
on spinning discs have less control over the dynamics, may cause cellular damage
if large forces are applied thus contaminating the plasma, and are essentially not
true microfluidic devices.

To overcome this limitation, we tried a hybrid system functioning on both
microfluidic centrifugation and pinch-&-expand methods. For this, we fabricated
an outward spiral channel that ultimately opened in a wider channel in a pinch-&-
expand manner. The device intended to utilize the benefits of both methods to
create a pre-separation based on centrifugal forces before entering the pinch
module to generate a higher separation ability preventing any cellular leakage.
The hybrid system allowed a wider range of operational flow rate and is found to

be apt for plasma separation from diluted as well as whole blood.

Objectives:
e Photolithography based generation of microfluidics device for plasma
separation
¢ Investigation of the improvement in cellular separation from whole and
diluted blood by employing dual separation approach
e Development of a microfluidics based device with facility of multiplex
diagnosis

e Generation of MoSe2 nanosheets based electrochemical platform
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e Development of microfluidics based multiplex detection device for the

dual detection of cardiac biomarkers myoglobin and troponin I

7.1.  Photolithographic microfabrication

7.1.1. Design of microfluidics device

The device was designed to have a central inlet (A) that wound out in circular
channels for 9 turns (Figure 7-1). In contrast to the reported devices, this design
allowed the control over the centrifugal force experienced by the contents of blood
by varying the flow rate. The channel width in the centrifugal zone (B) was
designed to be 100 pm, 200 um & 300 pum to explore the effect of channel width
on the plasma yield & separation efficiency. The channel from the centrifugal zone
opened up in a wide channel (460 pm wide) and a plasma channel (100 um wide)
to generate a Pinch-&-Expand module (C). While the centrifugal zone was
designed to put enough outwards pressure on the heavier cellular content during
movement, the Pinch-&-Expand module was added to ensure the movement of
only cell-free plasma in the plasma channel. Further, by incorporating two
different dynamic separation strategies, the device was expected to function
efficiently without necessitating very high flow rates. The plasma channel opened

into a plasma reservoir (D, 4 mm diameter) that further lead through a 200 pm

Figure 7-1: Diagram of the microfluidics pattern as designed in AutoCAD showing the location and
dimensions of various features.
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7.1.2.

wide channel into the detection zones (E, 4 mm diameter), and finally exited

through the final outlets.

Photolithography mask generation

The microfluidics pattern was designed in AutoCAD (Autodesk Inc., USA)
keeping a minimum of 5 mm distances between different microscopic features of
the designs. The designs were transferred to CleWin layout editing software
(CleWin 4.0, WieWeb software), and used to create a photolithography maskon a
chrome-coated glass via direct writing using Heidelberg pPG-501 mask writer.
The mask itself was a square piece of soda-lime glass having a uniform coating of
chromium on top. The chromium coating was etched using a laser beam to
recreate the design onto the glass. The generated mask was a negative imprint of
the design whereas the areas containing design features were etched off to create
a transparent patterning on the chrome glass (Figure 7-2). The mask was cleaned
by treating the mask in acetone & isopropanol for 8 minutes each and finally in a
fresh piranha solution for 10 seconds. The mask was rinsed in DI water to clean

the acid and blow dried using N2 gas.

BT

Figure 7-2: Photograph of the photolithography mask showing microfluidics patterns
etched on the chrome-coated glass.
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7.1.3. Microfluidics Master generation

The designed microfluidics patterns were replicated on a Si substrate to
generate a microfluidics Masterusing a negative photolithography method.388-390
The method uses a negative photoresist coated on a Si substrate, which is
illuminated with UV light source through the photolithography mask. The region
containing the designs on the mask are transparent and allow the UV light to pass
and react with the photoresist underneath. The photoresist hardens in the
presence of UV light and the structures are revealed upon subsequent washings.
For this, a fresh p-type Si substrate was cleaned using acetone and isopropanol for
8 minutes each, and 10 seconds in a piranha solution. The substrate was
dehydrated by heating for 10 minutes on a hot plate set at 250°C. This dehydration
bake step removes any absorbed surface moisture that can hinder the binding of
photoresist. A SU-8 2035 resist was spin-coated on the cooled Si substrate using a
spin coater (Laurell spin processor Model: WS-650-MZ-23NPP) operating at 3000
rpm for 30 seconds to achieve a uniform thickness of 50 um. The photoresist-
coated substrate was heated for 1 minute on a hot plate set at 110°C to bind the

photoresist on the substrate. This coated substrate was then exposed with UV light

Figure 7-3: (Top) Diagram of the microfluidics pattern as designed in AutoCAD showing the
dimensions of various features. (Bottom) Photograph of the master showing the microfluidics pattern
embossed over Si substrate.
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for pattern generation using EVG620, a semi-automatic contact photolithographic
alignment and exposure tool. EVG620 was docked with the photolithography
mask, photoresist coated Si substrate, and exposed in top-exposure manner with
a 365 nm UV source operating at a strength of 180 m]/cm?2. The exposed substrate
was developed for 18-20 seconds using a SU-8 developer to fix the exposed areas,
and undeveloped areas were removed by washing with isopropanol until the
designs revealed. The developed Master was analyzed under a microscope to
visualize complete removal of unexposed photoresist from the microfluidic
patterns, and finally the substrate was hard-baked by heating at 150°C for 10
minutes to further strengthen the developed microfluidics patterns (Figure 7-3).
The morphology of the generated patterns was analyzed by measuring the step
height using a non-contact optical profiler (TalySurf CCI, Taylor Hobson, UK). The
profiler showed a height of 50 pm across the Master confirming generation of a

consistent pattern (Figure 7-4).

(A) 0 0.4 08 1.2 16mm M7 (B) M

Figure 7-4: (A) Optical profiling of the microfluidics pattern showing the thickness of the photoresist. (B)
Optical profiling of the microfluidics pattern showing the 3D view of separation module depicting the blood
and plasma outlet channels.

7.1.4. Microfluidics device generation

Microfluidics devices were replicated from the generated microfluidics
Master plate using a silicon-based elastomeric substrate, PDMS (poly(dimethyl
siloxane)). PDMS has the ability to harden irreversibly in the presence of its curing

agent, thus creating the impressions of microfluidics patterns embossed on the
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7.1.5.

Master plate. For this, PDMS elastomer and its curing agent (Sylgard 184) were
taken in a ratio of 10:1 (w/w), and a homogenous mixture was generated by
mixing vigorously following the manufacturer’s protocol.3°1 The PDMS mixture
was poured on the microfluidics Master in a clean environment and kept under
vacuum for 4 hours to remove any bubbles from the polymer. The degassed PDMS
was heated at 45°C for 4 hours to polymerize the material, and then areas
containing patterns were carefully removed from the Master. The inlets and exits
were punched using a biopsy puncher (0.75 mm 0.D.) and internal surface was
cleaned using a scotch tape. A fresh glass slide was cleaned by sticking and
stripping scotch tape and the PDMS mold was joined onto this by plasma bonding.
For this, cleaned glass slide and PDMS mold were placed in a plasma bonder under
vacuum and oxygen plasma was exposed for 3 minutes. The exposed mold was
immediately placed on the exposed glass slide keeping the embedded designs
towards the glass to create microfluidics channels. The generated device was then
baked by heating at 80°C for 15 minutes to strengthen the bonding. The generated
microfluidics was modified by inserting polyethylene tubing at the inlet and outlet
holes and isopropanol was passed to clean the channels. An aqueous dye solution
was passed through the device to visualize the construction of channels and to

check the presence of any obstructions in the channels (Figure 7-5A).

Microfluidics-based plasma separation

The designed device was tested in its abilities to separate plasma from
blood by flowing murine blood through the microfluidics channels. The device was
connected with a syringe pump (New Era 2 channel programmable syringe pump,
NE-4000, Figure 7-6) with a 5 mL syringe having a flow rate range of 0.08
uL/minute to 4.261 mL/minute. Murine blood was passed at different flow rates
through the channels at different flow rates between 0.1 mL/minute to 4
mL/minute. The device displayed a separation of yellowish plasma even at 0.1
mL/minute flow rate although efficient separation was only observed at flow rates
above 0.3 mL/minute. The separation was preliminary visualized by the

appearance of RBC free yellowish plasma in the plasma channel (Figure 7-5B).
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Figure 7-5: (A) PDMS mold of the device showing various microfluidics features after passing a green dye. (B)
Plasma separation performance of the device with red blood in outletlabelled “Blood” and straw-yellow plasma
in outlet labelled “Plasma”. (C) Optical micrograph at 20X magnification of the sample collected from the
“Blood” outlet showing presence of RBCs. Inset shows the optical micrograph of the same sample at 50
magnification. (D) Optical micrograph at 10X magnification of the sample collected from the “Plasma” outlet
showing absence of any cellular material.

Among the fabricated devices, the separation efficacy was comparable as all the
devices demonstrated equal ability for separating plasma at different flow rates.
However, the extraction rate, which is the rate at which plasma is separated, was
found to be highest in the device having 300 um wide centrifugal zone. This can be
due to the width of the channel that created a greater separation between the
cellular components and the plasma. The device with 300 um wide centrifugal
zone was thus used for further experiments. To ascertain the separation efficiency,
elutes from plasma & blood outlets were collected, and analyzed microscopically.
For this, elutes were dropped on clean glass slides and visualized under a
microscope (Leica DM2500 differential interference contrast fluorescence
microscope) at 20X and 50X magnification. The microscopic analysis revealed
presence of red blood cells in the blood channel while the samples from plasma
outlet revealed a complete absence of any cellular material thus confirming
complete separation of cellular materials from plasma (Figure 7-5C-D). The

plasma elutes were further analyzed using an automatic blood analyzer (Sysmex

Criteria Measured Value Standard Value
RBC Count 0-0.03x106/ul. |4 -5x10%/pL
WBC Count 0-0.4x103/uL 6-8x103/uL
Platelet Count | 20-173 x 103/uL. | 150 - 450 x 103/uL
Hematocrit 0-0.1% 40 - 50%

Table 7-1: Table showing the cellular fraction in the sample
collected from the plasma channel showing near complete
separation efficiency of the device.
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7.3.

X-300) to further validate the plasma properties (Table 7-1). The biophysical
analysis revealed absence of cellular components and reduction of hematocrit to
0.1%, thus establishing the developed device as an efficient tool for separating

plasma from blood samples.

Generation of MoSez nanosheets

The fabricated microfluidics-based plasma separation device was further
developed into a multiplex detection device for the detection of two cardiac
biomarkers. An electroactive nanomaterial made out of nanosheets of MoSe2 were
used as the transducing element of the electrochemical device. As found in our
earlier studies (Chapter 6, Section 6.1), cationic polymer poly-L-lysine proved as
an efficient exfoliation medium & conjugating linker, and thus was used as the
liquid phase for the generation of nanosheets of MoSe:. For this, 10 mg of MoSe:2
powder was added into 5 mL of aqueous PLL solution (0.1% w/v). The solution
containing MoSe2 powder was then sonicated using a horn-type probe sonicator
operating at an amplitude of 30% with a pulse cycle of 5 seconds. The solution was
sonicated for 1 hour, during which the color of the solution changed to brownish.
The resulting suspension was centrifuged at 1500 Xg to separate large particles.
The supernatant was collected and centrifuged at 10000 Xg to settle the
suspending particles. The supernatant was discarded and the pellet was
suspended in 5 mL of pure water by sonicating using the earlier protocol for 5
minutes. The resulting suspension was analyzed to check the presence of

nanosheets.

Characterization of MoSez nanosheets

Visible spectroscopic analysis

Absorption spectrum of the suspension was measured on a UV-Vis
spectrophotometer (Shimadzu UV2600), which revealed absorption at 800 nm
and 690 nm representing the A1 and B1 direct excitonic transitions of the material

(Figure 7-6A).347 Further, the position of the absorption peaks matched with the
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literature reports for MoSez nanosheets, suggesting the coating with PLL did not

affect the characteristics of the nanomaterial.

Raman Spectroscopic analysis

The Raman spectrum of the suspension was collected using a Witec Raman
spectrometer (alpha300R) operating on 532 nm green laser. The sample was
prepared by drop-casting 5 puL drop of the suspension on a clean Si substrate and
drying at 60°C in a hot air oven. The spectrum of the suspension showed presence
of signature peak at 248 cm-! representing A1g vibrational mode which aligns with
the literature reports (Figure 7-6B).347.392 However, the weaker El2g vibrational
mode appeared blue-shifted and was located around 310 cm-1, which could be

given to the presence of PLL over the nanosheets.
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Figure 7-6: (A) Absorbance spectrum of MoSez nanosheets showing the characteristic absorptions.
(B) Raman spectrum of the MoSez nanosheets showing signature Raman vibrational modes. (C)
Atomic force micrograph of the nanomaterial showing their morphological features. (D) Height
profile of the atomic force micrographs.
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iii. Morphological characterization

Morphological characteristics of the nanomaterial were observed by
visualizing the suspension directly under an atomic force microscope. The sample
was prepared by dropping 5 pL of suspension on a clean Si substrate and
incubating for 5 minutes. Thereafter the sample was washed with water, and
visualized under an atomic force microscope (Multimode 8, Bruker, Germany)
operating at tapping mode. The microscope showed presence of nanosheets
having thickness of ~5 nm and measuring between 200-300 nm at their longest

dimension on average (Figure 7-6C-D).

7.4. Validation of microfluidics device in multiplex cardiac diagnosis

7.4.1. Device design

The device was prepared by following a three-layer approach where each
layer contained a separate feature of the device (Figure 7-7). The first layer
containing the microfluidics patterns was synthesized of PDMS by pouring the
polymer onto the microfluidics Master as given in Section 7.1.3. Layer 2 was
fabricated by pouring PDMS in a glass slide and the solidified layer was harvested
by cutting out the desired size. The layer was aligned with layer 1 and holes were
punched to allow the passage of fluid from plasma chambers to the electrodes
beneath. The layers were cleaned using scotch tape and activated by treatment

with Oz plasma to bond the layer together. The joined layers were heated at 60°C

(A)

— “'\_\ » B PDMS layer 1
v x G T S =
"1 st - ?_j PDMS layer 2
M Electrode layer
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\

Figure 7-7: (A) Diagram showing the three-layer approach followed for the generation of the device. (B)
Actual photograph showing final form and individual layers of the multiplex diagnostic device.
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to strengthen the bonding further. Layer 2 acted as the floor for Layer 1 and
completed the microfluidics channels. Layer 3 contained of electrodes modified
with the electroactive nanomaterial, joined with the microfluidics device through
a double-adhesive tape (3M Company, USA). The binding through the adhesive
tape prevented any damage to the nanomaterial-modified electrodes decorated
with respective aptamers and helped create a micro-reservoir for holding

solutions during the operation of device.

Electrochemical characterization

The electrodes were prepared by modifying the screen-printed electrodes
(TE100, Zensor, USA) with exfoliated nanosheets of MoSez. To find the optimum
amount of MoSe2 required for the preparation of sensors, cyclic voltammograms
were recorded along with a stepwise increment in the nanomaterial amount. For
this, 2.5 pL of MoSe2 suspension was added on the working electrode of the sensor
and dried at 60°C in a hot air oven. Cyclic voltammetric response of the sensor was
recorded in 50 pL of Ferricyanide-Ferrocyanide electrolyte (5 mM equimolar
solution prepared in phosphate buffered saline, pH 7.2). The current response
showed significant improvement in comparison to bare response (Figure 7-8A).
The sensor was rinsed, dried and another 2.5 puL of MoSe2 suspension was added
on the working electrode surface. The sensor was dried at 60°C, and current
response was measured in 50 pL of electrolyte. It was observed that the current

response showed maximum shift up to 5 pL of the suspension, and thereafter the
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Figure 7-8 (A) CV curves showing the change in current response corresponding to nanomaterial
concentration on the working electrode. (B) Scan-rate dependent cyclic voltammetric
characterization of the nanomaterial-modified electrode.
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increments were small and a shift in the cathodic and anodic peaks was observed.
Thus to avoid layering effect due to the crowding of the sensor surface with very
high amounts of nanomaterial, 5 uL. of MoSe2 suspension was chosen for further
experiments. The sensor characteristics were analyzed by performing scan rate
dependent cyclic voltammetry and a multi-scan cyclic voltammetry. Voltammetric
measurements in the scan rate dependent were performed by varying scan rates
from 0.01 V/second to 0.1 V/second and showed a linear increase in the current
response as the scan rate was increased suggesting rapid electron diffusion
properties (Figure 7-8B). The multi-scan measurements showed no significant
variation in the current response over 50 scans, validating the highly stable nature

of the generated nanostructured electrode.
Assay development

To create specific electrodes for the multiple diagnosis, MoSe2 modified
electrodes were further decorated with specific aptamers for myoglobin and
troponin L. For this, 5 pL of each aptamer stock (250 pg/mL) was added on the
working electrode and incubated at ambient temperature for 15 minutes. The
voltammetric response from the sensors was measured that showed a decrease in
the current signal suggesting decoration of aptamers on the sensor surface (Figure

7-9). The sensors were labeled as Mb-Sensor and Tnl-Sensor corresponding to
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Figure 7-9: CV curves showing the decrease in the current
response after the binding of aptamer on the electrode.
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sensors modified with myoglobin-specific and troponin I-specific aptamers. The
sensors were fixated on the microfluidics device through the double-adhesive
tape, and the device was flowed with ferricyanide-ferrocyanide electrolyte
solution (5 mM equimolar solution, prepared in 50 mM phosphate buffered saline,
pH 7.2) and base values were recorded for the electrodes. Following this, the
system was flushed with water to remove electrolyte and drained to prepare for
analyte quantification. Different concentrations of myoglobin were passed
through the device ranging from 1 ng/mL to 1 pg/mL. Each concentration was
passed until it completely filled the micro-reservoir, and was incubated for 10
minutes. After the incubation, the device was drained, and phosphate buffer was
passed through the channel to wash the channels. The electrolyte system was
passed through the device and cyclic voltammetric measurements were recorded.
The current response did not show significant changes corresponding to the
increasing concentration of myoglobin. This was suspected to originate in the high
base current due to the nanomaterial modification. To improve the Mb-sensor, the
nanomaterial amount was reduced from 5 pL to 2.5 pL and the process was
repeated for myoglobin detection. From the voltammograms, it was observed that
the current response increased on the electrode modified with myoglobin-specific
aptamer on the introduction of myoglobin to the device (Figure 7-10A). On the
same device, the protocol was repeated for troponin I having concentrations
ranging from 0.01 ng/mL to 10 ng/mL. Cyclic voltammetric measurements were

recorded for the electrode modified with troponin-I specific aptamers. In contrast,
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Figure 7-10: (A) CV curves showing the increase in the current signal in response to different myoglobin
concentrations. (B) CV curves showing the decrease in the current signal in response to different troponin I
concentrations
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7.5.

the electrode modified with troponin [ showed a decrease in current in response
to the binding of troponin molecules on the sensor surface (Figure 7-10B). The
cross reactivity was also confirmed as the passed protein concentrations did not

interfere with the current response in the opposing channel.

Conclusion

In this chapter, microfluidics-based separation of plasma from whole blood
was investigated. For the purpose, a novel approach of using centrifugal forces in
association with another separation technique was applied. This developed
method is an approach that has never been reported as of now and the developed
device possess excellent separation efficiency while maintaining high extraction
rates. The device was further developed into a multi-chamber device to create a
multiplex detection device. The applicability of the developed device was
successfully tested on simultaneous detection of two cardiac biomarkers viz
myoglobin and troponin I. The device further has the potential of increasing the
detection chambers to harbor and analyze more biomarkers from a single sample

simultaneously.
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Conclusion & future perspectives

In this study, we have investigated various aspects of a biosensor with the
aim to develop a sensitive diagnostic platform for the detection of cardiac
biomarkers. It is already established that a precise cardiac diagnosis is dependent
on the early detection of biochemical blood markers. The paramount requirement
for an early and efficient biochemical cardiac diagnosis is the sensitivity of the
biosensor that allows the user to detect the biomarkers at minute amounts and
subsequently the associated disease at its initial stages. For the purpose, both
components of a biosensor were explored to attain the desired sensitivities while
avoiding any compromise in the specificity. As the bioreceptor, DNA-based
aptamers were selected as replacement of conventional protein-based receptors.
Sensitivity of the biosensors and the bioassay was compared by exploring various
nanomaterials and their different properties were used to demonstrate

biosensors based on different transducing approaches.

Chapter 2 of this thesis explains the development of DNA-based aptamers
as biorecognition moieties. Aptamers were selected as bioreceptors than
antibodies to overcome the general problems arising from the enormous sizes of
antibodies. The aptamers are small molecular structures that have proven to be
superior to antibodies as the biorecognition molecules on several fronts. The
generation route for aptamers is a cyclic process called SELEX that has multiple
variables allowing the ability to modulate the process. In this study, we
experimented with the matrices and the overall generation methodology of SELEX
to develop different routes that showed significant improvement over the
methods available during this study. The most efficient and practical routes
reported were flow-based, employing numerous solid matrices. We demonstrated
that by replacing flow-based methods with an incubation-based method, the
control over the process could be sufficiently enhanced. For this, we first
developed a Microtitre Plate-SELEX, which used a microtitre plate surface as its
stationary matrix. This allowed complete control over the retention times, and in
turn over the interactions between target protein and nucleic acid sequences.

Along with the developed method, we introduced a gradual expansion of reactive
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surface area, achieved by increasing the number of involved wells, which created
a dynamic inflation of the potential targets by relieving the selection threshold.
This methodology was utilized for the development of DNA aptamers against a
cardiac biomarker, myoglobin, in just 5 cycles. Subsequently, the SELEX process
was further improved by introducing a single-reaction setup. The process was
developed using biolayer interferometry where the sensor of the interferometer
was used as the solid matrix, and was subsequently termed BLI-SELEX. The bound
DNA molecules were further segregated based on their affinities by dipping in
solutions with increasing dissociation strength. This method allowed the
screening of specific aptamers in a single round and was used for the generation
of aptamers specific to B-type natriuretic peptide and troponin I. A comparative
analysis of the aptamers generated against the various cardiac biomarkers is given

in tabulated from as Table 8-1.

Anti-Myoglobin Anti-BNP Anti-Troponin I
Tn (°0O) 56.8 51.2 54
GC content (%) 55.6 73.3 44.4
Kq (M) 0.65 x 10-1° NA 30 x 108
AG (kcal/mol) -4.58 -4.90 -3.59
AH (kcal/mol) -76.10 -111.50 -68.8
AS (cal/(K-mol)) -230.5 -343.7 -210.2

Table 8-1: Comparative table showing different characteristics and thermodynamic parameters of
aptamers screened against different cardiac biomarkers.

The transducer component for the bioassays was selected by comparing
different transducing approaches arising from different nanomaterials. The role
of transducer was investigated by developing assays to quantify myoglobin using
different nanomaterials. Chapter 3 explains the synthesis of carbon-based
quantum dots as fluorescent mediums and development of optical assays based
on competitive binding & direct quenching. The role of composition of quantum
dots was also examined, and it was found that the incorporation of nitrogen and
sulfur in the quantum dots enhanced the fluorescence of the nanomaterial. The
developed assay could quantify the presence of myoglobin at a concentration
range of 1 ng/mL to 100 pug/mL. The direct quenching assay was developed in
Point-of-Care devices that utilized smartphones as the capturing and analyzing

modules. Chapter 4 deals with the utilization of electronically active
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nanomaterials as the transducers for developing electrochemical assays for the
quantification of myoglobin. A van der Waals nanohybrid was synthesized from
2D reduced graphene oxide nanosheets and 1D carbon nanotubes. The
nanocomposite was used as electrode material and the concentration of
myoglobin was estimated by capturing the biomarker using its specific aptamers.
The presence of myoglobin created an enhancement in the current signal due to
its direct electron transfer property in a linear concentration-dependent manner
between a concentration range of 1 ng/mL to 4 pg/mL. The assay was upgraded
by replacing the nanomaterial and by introducing a more stable route of aptamer
conjugation. For this, few-layered phosphorene was used as the electrode material
and the aptamers were decorated onto the nanomaterial using a cationic polymer,
poly-L-lysine. This directly improved the dynamic range of the bioassay, as the
ability of the transducer to capture the target protein is completely dependent on
the effective concentration of bioreceptor on its surface. Thus, the improved assay
was able to respond to the concentrations of myoglobin in the range of 1 pg/mL
to 16 pg/mL. Further, a more sensitive diagnostic platform was developed in the
form of a Raman-active AuUNP@WS2 nanocomposite that is discussed in chapter 5.
The nanocomposite was developed by utilizing the intrinsic reducing ability of
exfoliated WS2 nanosheets, which could reduce the gold into its nanoparticles. The
nanoparticles, in turn, are decorated on the surface of the nanosheets thus
generating a nanocomposite with Raman-enhancing properties. The enhancement
was confirmed theoretically and experimentally using a Raman-active label probe
Rhodamine 6G. The optimized platform was applied for the quantification of
myoglobin through its specific aptamers and it was able to measure the cardiac
protein in the concentration range of 10 fg/mL to 0.1 pg/mL. Among the
developed platforms, SERS-based platform was found to be the most sensitive
platform however the electrochemical platform demonstrated the widest dynamic
range of detection. Therefore, electrochemical nanomaterials were chosen as the

transducers for the development of the bioassays.

Based on the findings, an electrochemical platform was developed for B-
type natriuretic peptide, a cardiac prognostic biomarker. For the detection of such
small peptide, a sensitive electronically-active material was synthesized by

exfoliating tungsten diselenide into its nanosheets. The exfoliation process was
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optimized for maximum degree of delamination by experimenting with a plethora
of solvents and was found that among the solvents examined, cyclohexanone was
the best exfoliating agent for the generation of WSe2 nanosheets. Alternatively, an
aqueous solution of poly-L-lysine was also examined for its ability to convert the
WSe: into its nanosheets considering the role of PLL in aptamer binding as found
in our previous reports, and it was observed that PLL possessed an exfoliation
ability superior to cyclohexanone. This finding was proved to originate from the
ability of PLL to coat the exfoliated nanosheets, thus giving them net positive
charge and preventing their aggregation. The exfoliated nanosheets were utilized
in creating an impedimetric platform that was sensitive to the binding of the small
cardiac peptide in a concentration range of 0.1 ng/mL to 10 ug/mL with high
specificity. Table 8-2 enlists the different diagnostic platforms developed during
this study against various cardiac biomarkers to provide a thorough comparative

insight about the role of transducing approach towards the development of a

biosensor.
i imi Dynamic range
Nanomaterial | Type Transducing Analyte lelt_of yn 8
approach detection Lower Upper
Carbon .
quantum dots 0D Fluorescence | Myoglobin 1 ng/mL 1 ng/mL 100 pg/mL
NS-co doped Myoglobin
Carbon dots 0D Fluorescence 10 ng/mL 10 ng/mL 100 pg/mL
Cyclic Myoglobin
rGO/CNT 1D@2D Voltammetry 0.34 ng/mL 1 ng/mL 4 pg/mL
Phosphorene Cyclic Myoglobin
nanosheets 2D Voltammetry 5.24 pg/mL 1 pg/mL 16 pg/mL
AuNP@WS, | 0D@2D SERS Myoglobin 10 fg/mL 10 fg/mL 0.1 pg/mL
Wse, 2D Impedimet BNP 0.1 ng/mL 0.1 ng/mL 10 ug/mL
nanosheets p y - Ng -+ h8 Hg
MoSe, 2D Cyclic Myoglobin | 1ng/mL (M) | 1ng/mL (M) | 1ug/mL (M)
nanosheets Voltammetry | & TroponinI | 10 pg/mL (T) | 10 pg/mL (T) | 10 ng/mL (T)

Table 8-2: Comparative table showing various developed diagnostic platforms.

Finally, chapter 7 deals with the generation of a microfluidics-based device
as a tool for multiplex detection of cardiac biomarkers. A device functioning on
whole blood can be divided into two general sections, i.e. a plasma separation unit
and a detection unit. To generate a device with the ability to passively separate

plasma from its cellular components, a novel combination approach was
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employed. The device was designed to contain two separate separation dynamics
to produce an enhanced separation efficiency. Further, the design contained an
outward winding spiral that generated a centrifugal force on the cellular contents
for their separation. The device was fabricated by photolithography and showed
a remarkable RBC separation efficiency of ~99% along with an ability to function
at flow rates as low as 0.1 mL/minute. The device was further designed &
fabricated to house a detection unit, and was developed into a multiplex device
that could process a single sample for the presence of myoglobin or troponin I by
measuring the fluctuations in the current signals in voltammetric measurements

on a MoSe2 nanosheets-based electrochemical system.

The ability of simultaneous multiplex detection holds huge potential in
clinical diagnosis as the parallel measurement of multiple biomarkers from a
sample generates a self-validating response that increases the credibility of the
triage, and the developments scribed in this thesis can prove revolutionary in the
cardiac disease management. Further, the task of continuous & intermittent
measurements to cultivate a long-term biomarker profile needed for the screening
the individuals with impending disease condition relies heavily on cost-effective
and portable means of detection. The methods developed for the generation of
DNA aptamers are novel and present enormous improvements on the available
methods. The methodologies reported in this thesis simplify the screening route
while enhancing its efficacy, thus increasing the overall desirability of aptamers as
biorecognition molecules while maintaining the involved costs. Furthermore, it
has become evident that future diagnostics is going to benefit immensely from the
improvements in the smartphone technology and the increasing capabilities of
embedded camera units. The amalgamation of bioassays with small handheld
units that can be attached freely with smartphones can bring a drastic frameshift
in the current assay scenario as it not only provides ease-of-operation &
portability, but also the power to upload, record & distribute community-wide
data. Further, the advances in the miniaturization of more sophisticated
biosensing techniques like mass-based cantilevers; Raman spectrometers etc will
highly benefit the society and economy by reducing the disease burden through
identifying minute fluctuations in the proteome in the very early stages of a

disease.
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Synopsis

Aptamer Functionalized Nanobioprobe Based Sensing Platforms for Cardiovascular

Diseases

Munish Shorie

PH14213

Cardiac diseases are the leading causative of mortality among non-communicable
diseases in individuals falling in 30-70 years age-group, and have seen arampant increase
in the number of new cases over the years.! Currently, cardiovascular diseases (CVD) are
responsible for ~18 million deaths, which accounts for 31% of the total annual global
mortality.2 The progression of cardiovascular diseases is slow, and may sometimes take
years to develop to their lethal stages. It is believed that up to 90% of total cardiovascular-
associated deaths are avoidable if the onset of the diseases is recognized and treated in
the early stages.3* During the development of the CVDs, certain protein molecules are
released in the blood by the cardiovascular system and can purpose as characteristic
beacons for the disease.5 Such proteins, called cardiac disease biomarkers are molecules
whose serum concentration can be associated with the disease stage and its severity.
Sensitive quantification of such cardiac disease biomarker can reveal the onset of this
otherwise silent disease, and may help in reducing the mortality & morbidity due to its

lethal consequences.®

Currently, several cardiac biomarkers are identified as quantifiable signal
molecules for the detection of cardiovascular diseases. However, their serum levels can
also exceed the physiological thresholds due to some non-cardiac associated scenarios
including inflammatory diseases, aggravated immune responses, certain infectious
diseases, age etc., thus generating false positives.”-10 Hence, there is a standing need for
devices with abilities of multiplex diagnosis, which can generate a self-validating and
reliable result for estimating the overall cardiovascular health.1112 Similarly, the minute
concentrations of the cardiac biomarkers released during the initial phases of the disease

development usually falls on the lower spectrum of diagnostic devices thus producing



false negatives.> Such scenarios can be averted by choosing sensitive detection platforms
with the faculty to quantify the biological moieties at ultra-low levels, thus allowing the

practitioners to take life-affecting decisions early and precisely.

The commercial diagnostic platforms relied on the use of antibodies as their
specific bioreceptors as antibodies had established themselves over several decades of
application. However, as our bioreceptors, we chose nucleic acid-based aptamers that
had challenged antibodies-based platforms since their inception in the early 1990s. In
several studies involving direct comparative analysis, aptamers advanced over
conventional receptors owing to their superior properties involving structural stability,
conformational flexibility during selection, higher melting points, and tunable in vitro
selection methods.13-18 Their selection method, SELEX is a simple cyclic process that
enables the separation of potential targets from a diverse combinatorial library by using
a target-bound stationary matrix. However, the methods reported for the selection of
such aptamers either involved a very high number of cycles, usually above 20, or were
single-step methodologies. Both the alternatives complicated aptamer development by
inclusion of higher costs arising from high cycle number, or from sophisticated
equipment. Thus, our aim was to modify the selection methodology to reduce the cycle
number while maintaining its effectiveness. For this, we first developed a Plate-SELEX,
which used a microtitre plate surface as its stationary matrix. This allowed complete
control over the retention times, and in-turn over the interactions between target protein
and nucleic acid sequences. Along with the developed method, we introduced a gradual
expansion of reactive surface area, achieved by increasing the number of involved wells,
which created a dynamic inflation of the potential targets by relieving the selection
threshold. This methodology was utilized for the development of DNA aptamers against
a cardiac biomarker, Myoglobin, in just 5 cycles. The developed Myoglobin-specific
aptamer showed very high association with its antigen in the colorimetric
characterizations. The aptamer was tested for its specificity through column
chromatography, and was able to selectively recognize Myoglobin from a mixture of
Myoglobin & serum albumin. To improve the SELEX process further, we developed a
single-pot reaction methodology thus further reducing the reaction to one just cycle. The
novel BLI-SELEX was based on selective screening of aptamers from a combinatorial
library by an immobilized target using a bio-layer interferometer. The methodology was

an advancement over other reported one-reaction SELEX methods due to the



incorporation of a differentiation step involving gradually strengthening dissociation
solutions that could distinguish between aptamers differing in their binding strength for
the target. The method was applied to successfully develop aptamers for B-type
Natriuretic Peptide (BNP), a cardiac prognostic marker, and Troponin I, a cardiac

diagnostic marker.

A biosensor has two fundamental properties, Specificity originating from the
bioreceptor, and Sensitivity arising from the transducer. While a bioreceptor plays an
essential role in recognizing the target antigen from a plethora of molecules, the
transducer is the enabling component that decides the dynamic range of the sensor by
converting the biointeraction in a readable signal. Thus, a sensitive biosensor in turn
requires a sensitive transducer that can generate signal when the targets are present at
very minute quantities, a quintessential feature of an early-stage detection system. With
the advance of nanotechnology, several nanomaterials have been developed with
remarkable transducing properties.13 To select a suitable nanomaterial for our objective,
we generated diverse number of nanomaterials to assess the role of various transducer
classes and materials. Carbon-based quantum dots were generated as fluorescent probes
from thermal carbonization of simple organic material. These were combined with
Myoglobin-specific aptamers to develop a fluorescent assay for the detection of
Myoglobin having a functional range of 1 ng/mL to 100 pg/mL. The quantum dots were
modified by incorporation of Nitrogen and Sulphur to ascertain the role of dopants on
fluorescent properties of the quantum dots. This was achieved by using keratin-rich
materials, like nails and hair as the starting materials for quantum dots’ generation. The
doping resulted in an enhancement of the fluorescent properties of the nanomaterials,
whereas its emission profile overlapped with the characteristic Soret absorption of
Myoglobin. This allowed for the development of a direct fluorescent assay based on
dynamic quenching that was further developed in a smartphone-based point-of-care
(PoC) device for the quantification of Myoglobin. Further, electrochemical transducers
were assessed by generating rGO/CNT based van der Waals heterostructure. The nano-
hybrid demonstrated enhancement in the electronic properties compared to its starting
materials, and was developed in a direct electron transfer based electrochemical assay
showing a dynamic range of 1 ng/mL to 4 ug/mL. The electrochemical assay was further
improved by replacing the rGO/CNT based material with few-layered Phosphorene that

showed higher responses in electrochemical experiments; and with the introduction of a



cationic polymer poly-L-lysine to enhance the aptamer loading on the platform. These
modifications resulted in multifold expansion of the dynamic range of developed
electrochemical assay to create a faculty to quantify Myoglobin in a range of 1 pg/mL to
16 pg/mL. Furthermore, a Raman-based platform was developed, keeping in purview the
excellent sensitivity of Raman spectroscopic methods. A Raman-active nanomaterial was
generated from WS2 nanosheets onto which nanoparticles of gold were decorated in an
in situ manner. Defected nanosheets of WS, as generated by liquid phase exfoliation,
were reported to demonstrate excellent reducing properties, and were utilized for on-
site conversion of gold ions into nanoparticles, which in turn were deposited on the
surface of the nanosheets. The 0D@2D AuNPs@WS:z nano-hybrid displayed enhancement
in the Raman signatures of a Raman label Rhodamine 6G, compared with unmodified
nanosheets in their Raman spectrometric analysis because of the generated AuNPs
hotspots. This enhancement was translated in a SERS-based platform by incorporating
Myoglobin-specific aptamers, and exhibited a dynamic range of 1 fg/mL to 0.1 pg/mL. A
comparative of different transducers operating on same bioreceptor & target
combination (Myoglobin & Myoglobin-specific aptamer) showed Raman-based assays to
deliver highest sensitivity; however, the electrochemical setups possessed a wider
dynamic range and therefore the desired ability to respond at both ends of target
concentrations. Thus, electrochemical transducers based platforms were developed for
the remaining biomarkers. Using liquid-phase exfoliation methods, nanosheets of WSe2

were generated for the development of impedimetric diagnostic platform for BNP.

Finally, multiplexing of cardiac biomarkers was achieved by developing a
microfluidics-based device for simultaneous detection of two cardiac biomarkers.
Microfluidics based devices functioning on blood samples are composed of two
components viz. a plasma separating region & a detection region, and purely
microfluidics based plasma separators further utilize various strategies like physical
straining, fluid dynamics-based, and Pinch-&-Expand module. Whereas physical straining
type suffers from clogging by blood cells, the remaining strategies have a limited range of
allowed fluid flow-rates beyond which they tend to stop operating. Photolithography was
utilized to synthesize an in-chip plasma separator by amalgamating two different
techniques to create a novel centrifugal pinch-&-expand system for plasma separation
from whole or diluted blood at a wider range of flowrates with 100% separation

efficiency. In brief, photolithography was used to generate the desired designs onto a Si



substrate, and later transferred to PDMS substrates using standard procedures. For
generating a final device, a pattern engraved PDMS slab was joined with another plain
slab of PDMS that could harbor nanomaterial-modified electrodes via a 3M double
adhesive sheet. The electrodes were modified with respective aptamers for Myoglobin
and Troponin I to create two separate chambers for the detection of either protein. The
device was flowed with varying concentrations of either protein, and the current
response was monitored by recording voltammograms. The developed device was able
to distinguish the presence of either proteins from the increase or decrease of current in
the respective detection chambers for Myoglobin and Troponin I respectively. The
developed microfluidics chip is a standalone device with an ability to separate plasma
from blood while providing a route to detect multiple cardiac biomarkers on an
electrochemical setup. The system was validated for simultaneous detection of
Myoglobin and Troponin I and has the ability to be expanded for other serum-based

cardiac or non-cardiac biomarkers as a parallel multiplex /ab-on-a-chip setup.



References:

1. Cardiovascular diseases (CVDs). Available at: https://www.who.int/news-
room/fact-sheets/detail/cardiovascular-diseases-(cvds). (Accessed: 4th December
2019)

2. Wang, H. et al. Global, regional, and national life expectancy, all-cause mortality,
and cause-specific mortality for 249 causes of death, 1980-2015: a systematic analysis
for the Global Burden of Disease Study 2015. Lancet 388, 1459-1544 (2016).

3. McGill, H. C.,, McMahan, C. A. & Gidding, S. S. Preventing heart disease in the 21st
century: implications of the Pathobiological Determinants of Atherosclerosis in Youth
(PDAY) study. Circulation117,1216-27 (2008).

4. O’Donnell, M. ]. et al Global and regional effects of potentially modifiable risk
factors associated with acute stroke in 32 countries (INTERSTROKE): a case-control
study. Lancet388, 761-775 (2016).

5. De Couto, G., Ouzounian, M. & Liu, P. P. Early detection of myocardial dysfunction
and heart failure. Nature Reviews Cardiology 7, 334-344 (2010).

6. Kullo, L. ]. & Cooper, L. T. Early identification of cardiovascular risk using genomics
and proteomics. Nature Reviews Cardiology7,309-317 (2010).

7. Bozbas, H,, Yildirir, A. & Muderrisoglu, H. Cardiac enzymes, renal failure and renal
transplantation. Clinical Medicine and Research 4, 79-84 (2006).

8. Olivieri, F. et al Aged-related increase of high sensitive Troponin T and its
implication in acute myocardial infarction diagnosis of elderly patients. Mech. Ageing
Dev. 133, 300-305 (2012).

9, Makaryus, A. N., Makaryus, M. N. & Hassid, B. Falsely Elevated Cardiac Troponin I
Levels. Clin. Cardiol. 30,92-94 (2007).

10. DE GENNARO, L. et al Increased Troponin Levels in Nonischemic Cardiac
Conditions and Noncardiac Diseases. /. Interv. Cardiol. 21, 129-139 (2008).

11.  May, A. & Wang, T.]. Biomarkers for cardiovascular disease: challenges and future
directions. 7Trends in Molecular Medicine 14, 261-267 (2008).

12. Gerszten, R. E. & Wang, T. ]. The search for new cardiovascular biomarkers. Nature
451, 949-952 (2008).

13. Kaur, H. & Shorie, M. Nanomaterial based aptasensors for clinical and
environmental diagnostic applications. Nanoscale Adv. (2019).

doi:10.1039/CO9NA00153K



14.  Yan, Q. et al Correction: Using an RNA aptamer probe for super-resolution
imaging of native EGFR. Nanoscale Adv. 1, 894-894 (2019).

15. Chen, C,, Zhou, S,, Caj, Y. & Tang, F. Nucleic acid aptamer application in diagnosis
and therapy of colorectal cancer based on cell-SELEX technology. npj Precis. Oncol. 1, 37
(2017).

16. Catanante, G., Mishra, R. K, Hayat, A. & Marty, ].-L. Sensitive analytical
performance of folding based biosensor using methylene blue tagged aptamers. 7alanta
153, 138-144 (2016).

17. Schlecht, U., Malavé, A., Gronewold, T., Tewes, M. & Lohndorf, M. Comparison of
antibody and aptamer receptors for the specific detection of thrombin with a nanometer
gap-sized impedance biosensor. Anal. Chim. Acta573-574, 65-68 (2006).

18. Crivianu-Gaita, V. & Thompson, M. Aptamers, antibody scFv, and antibody Fab’
fragments: An overview and comparison of three of the most versatile biosensor

biorecognition elements. Biosens. Bioelectron. 85, 32-45 (2016).



NATIONAL LABS: RESEARCH HIGHLIGHTS 2014

Carbon quantum dots-mediated direct
fluorescence assay for the detection of cardiac

marker myoglobin

Munish ShorieT,Vinod KumarT, Priyanka Sabherwal* and A. K. Ganguli*

Institute of Nano Science and Technology, Mohali 160 062, India

We report here fluorescence based assay using carbon
quantum dots (CQDs) for the detection of cardiac
marker myoglobin (Mb). CQDs with high fluorescence
properties are synthesized and functionalized with
generated anti-Mb-Aptamer to develop a sensitive
assay platform with a detection limit of ~1 ng/ml and a
wide detection range from 1 to 10° ng/ml.

Keywords: Carbon quantum dots, cardiovascular dis-
eases, fluorescence assay, myoglobin.

CARBON quantum dots (CQDs) have tremendous poten-
tial because of their superiority in water solubility,
chemical inertness, low toxicity, ease of functionalization
and resistance to photobleaching'. They have been em-
ployed as novel, ideal fluorescent probes for bioimaging
and smart sensing’. Sensitive and specific detection of
protein biomarkers plays a crucial role in proteomics,
clinical diagnostics, drug screening and biodefence appli-
cations®. Current methods for protein biomarkers are
mostly based on the use of antibodies, which are not
readily available and not well adapted to a rapid, sensi-
tive strategy®. Recently, aptamers have been utilized as
antibody alternatives functioning in a similar fashion with
molecular recognition in a variety of diagnostic formats”.
These specific recognition molecules are usually evolved
from random oligonucleotide pool by a process known as
‘systematic evolution of ligands by exponential enrich-
ment’ (SELEX)®. The synergies of nanotechnology in
synthetic macromolecules and biomolecular recognition
units are promising in developing novel diagnostic plat-
forms for clinically important biomarkers’.
Cardiovascular diseases are the leading cause of mor-
bidity and mortality worldwide®. The increase in the inci-
dence of cardiovascular disease will be particularly
dramatic in India in near future and there is a growing
demand for products that can provide rapid, quantitative
and cost-effective diagnostic tests in virtually all patient-
care settings. Several potential cardiac biomarkers have
attracted attention because of their ability to predict
future cardiovascular events’. Serum cardiac biomarkers

*For correspondence. (e-mail: priyanka@inst.ac.in; director@inst.ac.in)
"Both authors contributed equally.
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such as myoglobin (Mb) have become the cornerstone for
risk stratification and diagnosis of patients with an acute
coronary syndrome'’. The monitoring of cardiac markers
requires high-precision assays acceptable to physicians
for the proper diagnosis''. In the present study, we have
generated specific aptamers screened from oligonucleo-
tide library by SELEX method, against the most potential
cardiac biomarker Mb'2. We report here a fluorescence-
based assay using specific aptamers immobilized on
microtitre plate for direct detection of Mb, as shown
in Figure 1 a.

CQDs were synthesized by thermal carbonization proc-
ess, where 0.375 g of L-glutamic acid, 5 ml of 5 M HNO;
and optimum concentration of glycerol (45%) were
heated at 300°C in an oven for 6 h. Further, 10 ml of
water was added into the solution followed by stirring for
30 min with cooling at room temperature. The resulting
solution was ultracentrifuged at 10,000 g for 1 h. The su-
pernatant was discarded and the final product was resus-
pended in water containing optimized concentration of
nafion (5%) to form CQDs solution, which was further
used for characterization and assay development. Stan-
dard solution of Mb (4 mg/ml) was prepared in PB
(100 mM) and it was added to CQDs solution with an in-
cubation at 37°C for 2 h followed by dialysis in PB buffer
for 24 h. For morphological and structural characteriza-
tion, transmission electron microscopy (TEM) was used
(JEOL 2100 operating at 200 kV). The results show that
the CQDs exhibit an average diameter of 3 + 0.6 nm
(Figure 1b) and the crystalline lattices were consistent
with graphitic carbons as shown in the SAED pattern
(Figure 1 ¢). Further, the elemental composition of the se-
lected area scan as determined by the energy-dispersive
X-ray spectroscopy (EDX) (Figure 1d), shows the pres-
ence of carbon and fluorine, which confirms the forma-
tion of nafion-coated CQDs. The excitation and emission
of the synthesized CQDs were observed at 346 and 424 nm
respectively (Figure 1e). For assay development Mb so-
lution was added to nafion-coated CQDs and incubated
for 1 h followed by centrifugation at 17,000 rpm for
30 min to remove unbound CQDs. The absorption spectra
of Mb-coated CQDs suggest an additional peak at 400 nm
due to the Soret transition, which confirms the conjuga-
tion of Mb with nafion-coated CQDs. The microtitre
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Figure 1. a, Schematic showing carbon quantum dots (CQDs)-mediated direct fluorescence assay for the detection of

myoglobin (Mb). b, TEM photomicrograph showing CQDs. (Inset) Magnified view of a selected region. ¢, SAED pattern
of CQDs. d, EDS spectra of CQDs. e, Excitation and emission spectra of nafion-coated CQDs. f, Absorption spectra of
Mb-coated CQDs and CQDs. g, Direct fluorescence assay for Mb using varying concentrations from 1 ng/ml to 100 pg/ml.

plates were coated with anti-Mb aptamer (2 pg/ml pre-
pared in DNA-coating solution) by incubating overnight
at 4°C. Varying concentrations of Mb-conjugated nafion
CQDs were added and the fluorescence spectra were re-
corded in the range 380—450 nm. A subsequent increase
in fluorescence intensity was observed with increase in
Mb concentration, suggesting the specific interaction of Mb
with anti-Mb aptamer immobilized on the microtitre plate.

Conclusion

A fluorescence-based detection method is presented for
the selective detection of the cardiac marker Mb. This direct
method provides a wide detection range using single bio-
receptor, unlike the conventional sandwich ELISA tests.
The developed biosensing platform will have great potential
for the early diagnosis and management of cardiac diseases.
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ABSTRACT

We report a label free electrochemical detection of cardiac bio-marker myoglobin (Mb) on aptamer
functionalized rGO/CNT nanostructured electrodes by measuring its direct electron transfer (DET).
Configured as a highly responsive aptasensor, the newly developed biosensing platform exhibits sy-
nergistic effect of the nano-hybrid functional construct by combining good electrical properties and the
facile chemical functionality of nanohybrid for the compatible bio-interface development. The specific
anti-Mb aptamer was generated by five iterative SELEX (Systematic evolution of ligands by exponential
enrichment) rounds, showing high senstivity (Kp ~65 pM). The aptamer functionalized rGO/CNT na-
nostructured electrodes demonstrated a significant increase in signal response with a detection limit of
~0.34 ng/mL in the dynamic response range between 1 ng/mL and 4 pg/mL for Mb. The newly developed
DET assay format presents a promising candidate in point-of-care diagnosis for routine screening of Mb
in patient's samples.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Cardiovascular diseases pose necessities for the design and
development of label-free, rapid, reliable, cost effective and affinity
based diagnosis (Qureshi et al., 2012). Several potential cardiac
biomarkers have attracted attention because of their ability to
predict future cardiovascular events and their mechanistic in-
volvement in associated pathways (Nambi et al., 2013). Serum
cardiac marker, Mb plays an important role in clinical diagnosis as
its elevated level indicates myocardial damage (Stillman et al.,
2011). It has also become the cornerstone for the risk stratification
and diagnosis of patients with acute myocardial infarction (AMI),
as it is released in biological fluids such as blood stream and urine
in 4-50 h after AMI episode (Moreira et al., 2013). The expression
level of Mb increases upto ~600 ng/mL in comparison to normal
range i.e. from 100-200 ng/mL (Suprun et al., 2010). The quanti-
fication of Mb has been reported by several approaches including
electro-analytical techniques due to their non-destructiveness,
and rapid response time (Wang et al., 2005; Mishra et al., 2012).
The trend in electrochemical detection is fast changing from en-
zyme-linked detection of redox active compounds to direct elec-
tron transfer (DET) between redox protein and electrode surface
(Wang et al., 2005). Recently, DET has gained considerable

* Corresponding authors. Fax: + 91 172 2210074.
E-mail addresses: ashok@inst.ac.in (A.K. Ganguli),
priyanka@inst.ac.in (P. Sabherwal).
! Both authors contributed equally.
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attention for understanding the complex electron transfer me-
chanisms in biological systems for elucidating the relationship
between their structures and bio-molecular interactions (Tuteja
et al,, 2014). Mb has been explored as a redox active heme protein,
which is used mainly as an electrode matrix to enhance electro-
chemical response (Li et al., 2006). Very few reports are available
towards the specific and sensitive DET based detection of Mb,
thereby imposing a need for proficient point-of-care diagnosis
(POC), paving the way to create bedside technologies for cardiac
management.

Affinity based assays using specific antibodies/aptamers offer a
preferential alternate approach for biosensing in virtue of their
high selectivity, sensitivity and rapidness (Priyanka et al., 2014).
However, the critical part is to get high quality bioreceptors to be
used as recognition/capture molecules. Aptamers have been uti-
lized as antibody alternatives, functioning in a similar fashion with
molecular recognition as target biomarker as they mimic the
properties of antibodies in a variety of diagnostic formats (Wang
et al., 2012). The biomolecular recognition units combined with
nanomaterials are promising in the development of novel diag-
nostic platforms for clinically important biomarkers (Holzinger
et al., 2014). The use of reduced graphene oxide/multiwalled car-
bon nanotubes (rGO/CNT) hybrid poses synergistic effect of the
nano-hybrid functional construct by combining good electrical
properties and facile chemical functionality for the development of
compatible bio-interface on electrode surface (Huang et al., 2013).
The present work demonstrates the effective screening of specific
DNA aptamers selected from the pool of random-sequence
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Fig. 1. Schematic showing the streptavidin labeled gold nanoprobes mediated SELEX method for specific anti-Mb aptamer generation (left) and its subsequent usage in the
development of rGO/CNT modified aptasensor for the label free detection of Mb (right).

oligonucleotides and its usage in a newly developed DET based
assay format for Mb detection on rGO/CNT modified aptasensor
(Fig. 1). The developed sensing platform showed high sensitivity
and specificity for Mb, by showing a great potential in POC diag-
nosis for cardiac management.

2. Experimental
2.1. Materials

Myoglobin, Graphite flakes, MWCNTSs, L-ascorbic acid, hemoglobin
(Hb), bovine serum albumin (BSA) and HPLC purified DNA library 5'-
ATCCAGAGTGACGCAGCA-(N45)TGGACACGGTGGCTTAGT-3’ were pro-
cured from Sigma India. The sequences of the designed primers are:
5'-FITC-ATACCAGCTTATTCAATT-3’ and 5'-biotin-AGATTGCACTTAC-
TATCT-3'. Reacti-Bind DNA coating solution and TMB/H,0, substrate
were purchased from Thermo Scientific (India).

2.2. Screening of anti-MB aptamer by modified SELEX

The specific DNA aptamers were screened from a pool of oli-
gonucleotides with a random region of 45 nucleotides flanked by
constant primer-binding region of 18 nucleotides by using mod-
ified SELEX method. Briefly, Mb (5 pg/mL prepared in 10 mM car-
bonate buffer pH ~9.6) was immobilized by incubating overnight
at 4 °C on microtiter plates. The single stranded DNA naive library
was exposed to the immobilized target analyte, acid eluted, further
amplified and partitioned to produce specific binders (Supple-
mentary text ST1).

2.3. Characterization of generated anti-MB aptamer

The progression of SELEX rounds was monitored by measuring
the absorbance values at 260 nm (for concentration), 260/280 and
260/230 ratios (for quality check) using Nanodrop spectro-
photometer (Make: GE, USA, Model No. Nanovue Plus). To evaluate
the specificity of selected binders with the target analyte Mb, a
direct binding colorimetric assay was carried out on a microtitre
plate where peroxidase activitiy of Mb was measured by taking the
absorbance at 450 nm. The affinity binding SPR studies of the anti-

Mb aptamer were carried out by immobilizing Mb (100 pg/mL
prepared in 50 mM sodium acetate buffer, pH ~3.2) on carbox-
ymethylated dextran (CMdextran) (Supplementary text ST2).

2.4. Synthesis of rGO-CNT nanohybrid

Graphene oxide (GO), the parent molecule for reduced gra-
phene oxide (rGO) was synthesized by an earlier reported method
(Priyanka et al., 2012). Briefly, 10 mg of GO was dispersed in 10 mL
of double distilled water:DMF (V[V:9:1) followed by sonication for
30 min. Subsequently, 10 mg of MWCNTs were added to GO dis-
persion and the mixture was ultrasonicated for 1h to get stable
nanohybrid. As obtained GO/CNT hybrid was washed with double
distilled water and further dried. rGO/CNT was prepared by par-
tially reducing GO into rGO by using r-Ascorbic acid. For this,
100 mM of L-Ascorbic acid was added into the 10 mL dispersion of
GO/CNTs and vigorously stirred for 4h at 90 °C followed by
washing, drying and subjected to its characterization.

2.5. Characterization of synthesized nanohybrid

The structural and morphological characterizations of rGO/CNT
nanohybrid was carried out by microscopic and spectroscopic
analysis. Scanning electron microscopy (SEM) was carried out on
JSM-1T300 by preparing drop casted sample (2.5 pg/mL) on Si
wafer. For structural analysis, Transmission Electron Microscopy
(TEM) was carried out on JSM-2100 system operating at 200 kV.
Conductive AFM (c-AFM, Bruker Multimode8) was carried out for
electric characterization of drop casted nanohybrid on Silicon
wafer and a bias voltage was applied between the sample and the
cantilever. The spectroscopic characterization of the nanohybrid
was carried out by Raman spectroscopy (WITEC DV401A-BV-352)
using 532 nm laser. Brunauer, Emmett and Teller (BET) surface
area analysis was done using Quanta Chrome Model Q2.

2.6. rGO/CNT nanostructured electrodes and assay development

Screen printed electrodes (SPE, TE 100, CH Instruments USA)
were used for the electrochemical studies where 2.5 pL of rtGO/CNT
dispersion (1 mg/mL) was drop casted onto the working area of
SPE and dried at 50 °C for 2 h. The electrochemical performance of
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the nanostructured electrodes were studied with cyclic voltam-
metry (CV) taken in phosphate buffered saline (100 mM, pH ~7.2)
at a sweeping potential ranging from 1 to -1 V with a scan rate of
100 mV/s. For assay development, 5 uL of anti-Mb DNA aptamer
(250 ug/mL prepared in 10 mM Tris buffer supplemented with
50 mM NaCl and 10 mM CaCl,; pH ~7.2) was drop casted over
rGO/CNT nanostructured electrodes using DNA coating solution.
CV response of the fabricated aptasensor at different concentra-
tions of Mb ranging from 1 ng/mL to 4 pg/mL were carried out in
PBS (100 mM, pH ~7.2).

3. Results and discussion
3.1. Generation and characterization of anti-Mb aptamer

DNA aptamer specific for Mb was selected from ssDNA Library
containing 45 nucleotides (random region) flanked by 18 nucleo-
tide fixed region for PCR amplification. The oligomers from the
library were exposed to the target molecule Mb immobilized on
microtiter plate. Five iterative SELEX rounds involving binding,
elution, amplification and partitioning were carried out to gen-
erate specific aptamers (see Supplementary ST2). To assess the
quantity and purity of DNA after each SELEX round, measurements
on nanodrop spectrophotometer were carried out where the ab-
sorbance values at 260 nm, 260/280 and 260/230 ratio were
measured (Fig. 2A i). The concentration of DNA was also monitored
by nanodrop spectrophotometer after each selection cycle.

To evaluate the specificity of selected binders, a direct assay
based on peroxidase activity of Mb (Li et al., 2006) was carried out.
Increased concentrations of Mb from 0.001 to 100 pg/mL were
exposed on binder immobilized plates and subsequent addition of
TMB/H,0, as a substrate produced a gradual color change which
was a indicative of specific bio-molecular interactions (Fig. 2A ii).
The affinity binding SPR studies of anti-Mb aptamer on CMdextran

SPR chip shows an overlay of sensograms obtained for varying
concentration (0.1-1000 nM) of Mb (Fig. 2A iii). The corresponding
affinity, Kp, values calculated from the ratio between dissociation
(kq) and association (k,) was found to be ~65pM. The fully
characterized aptamer pool was further used for the DET assay
development.

3.2. rGO/CNT nanostructured electrodes

Assembling CNTs and graphene as a hybrid through non-
covalent interaction via ;- stacking offers immense opportunity
to collectively exploit the exceptional properties of these two ex-
cellent nanomaterials (Yen et al., 2011; Priyanka et al., 2013). In
this study, rGO/CNT nanohybrid system was developed where
synergistic properties of rGO and CNTs were used for sensitive
detection of the analyte of interest. GO was synthesized by the
oxidation of exfoliated graphite using modified Hummer's method
from graphite powder as reported in the literature (Marcano et al.,
2010). The morphological characterization of rGO/CNT nano-
composite by HR-TEM (see Supplementary Fig. S2a) and SEM
(Fig. 2B i) displays a view of CNT bundles attached to GO layer
clearly indicating the formation of the nanohybrid. c-AFM studies
further give an insight into the electrical properties of the nano-
hybrid when various bias voltages were applied to check the in-
fluence on I-V characteristics of the nanohybrid (see Supplemen-
tary Fig. S2 b-d) further supported by Electrochemical impedance
spectroscopic studies (see Supplementary Fig. S2e). The results
showed linear I-V spectra indicating the good semiconducting
character of the synthesized nanomaterial (Fig. 2B ii). Raman
spectroscopy was used to investigate the structural aspects of rGO/
CNT modification on SPE which clearly exhibits the characteristic
D and G bands, at ~1350 cm~ ' and 1600 cm~! corresponding to
Aig and E,; mode respectively. A red shift in G band from
1580 cm ™! (CNT), 1595 cm ™! (rGO) to 1576 cm ' (rGO/CNT) was
observed. A similar shift was observed in D band i.e. from
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Fig. 2. (A) Aptamer characterization (i) Nanodrop measurements showing UV absorbance studies for assessing concentration and quality of DNA binders enriched after each
SELEX round (1-5th). (ii) Binding characteristics of anti-Mb aptamer by employing direct assay based on peroxidase activity of Mb used in varying concentrations (0-
100 pg/mL; control: without DNA). (iii) Kinetic studies showing an overlay of sensograms obtained for anti-Mb aptamers. (B) (i) SEM micrograph of synthesized nanohybrid
rGO/CNT. (ii) c-AFM micrograph showing average I-V characteristics of rGO, CNT and rGO/CNT. (iii) Raman spectra of rGO, CNT and rGO/CNT.
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Fig. 3. (a) Electrochemical response curve of modified electrode surface with respect to bare electrode. (b) CV scans of rGO/CNT recorded at different scan rates from 10 to
90 mV/s. (c) DET response curves using varying concentration of Mb measured on apt/rGO/CNT modified SPE. Inset shows the zoom in area of the reduction peak of Mb
obtained at a potential of —0.5V (d) Calibration plot for Mb at different concentrations. Each point in the graph represents the mean of three successive measurements
(n=3). Cross reactivity profile of developed sensor with Hb and BSA is shown in the inset.

1345 cm~! (CNT and rGO) to 1340 cm ™! in nanohybrid (Fig. 2B iii
and see Supplementary ST4). The Raman data suggested that, the
mild reduction of GO using 1-Ascorbic acid preserved adequate
amount of functional groups desirable for bio-interface develop-
ment. The BET surface area results suggested comparatively de-
creased surface area of rGO/CNT (81.3 m?/g) with respect to parent
entities CNT (18.9 m?/g) and rGO (266.7 m?/g). The difference in
surface area of the nanohyrid may be attributed due to overlap of
the exfoliated rGO sheets over CNT bundles (McAllister et al.,
2007). Furthermore, a dry system would have less surface available
than a solvent dispersed system as the solvent helps to maintain
separation and limit agglomeration of the nanocomposite (see
Supplementary Fig. S3).

From cyclic voltammograms (CV), it was confirmed that the
rGO/CNT nanohybrid showed maximum current signal for catho-
dic peak currents as compared to GO and CNT when drop casted
individually on separate electrodes (Fig. 3a). The cathodic peak
observed at ~ —0.5 V in rGO/CNT nanohybrid in Fig. 3(a) peak was
observed due to the reduction of remaining oxygen functional
groups such as hydroxyl, epoxy and carboxyl groups residing on
the surface of partially reduced GO which is in accordance with
earlier studies (Guo et al., 2009). A significant increase in current
was observed with rGO/CNT nanohybrid in comparison to bare
electrode. However, a slight decrease in current signal with a small
shift in cathodic peak ~0.6 V was observed due to immobilization
of DNA aptamer on SPE. Different scan rate responses (25-
200 mV/s at an interval of 25 mV/s) of rGO/CNT nanohybrid was
also carried out as depicted in Fig. 3b. The cathodic peak current

increases linearly with increase in scan rate indicating that the
process is under diffusion control (Srivastava et al., 2012). The
electro-active area of nanocomposite modified electrodes was
estimated to be 24.48 mm? (using Randles-Sevcik equation)
which resulted a significant increase in signal response in the
developed electrochemical assay (see Supplementary text ST6).

3.3. Electrochemical based DET assay on apt/rGO/CNT modified SPE

For the assay development anti-Mb aptamer was immobilized
on rGO/CNT structured SPE and CV measurements which was re-
corded. A series of Mb standards were exposed to the nanos-
tructured aptasensor and the resulting CV presented a reduction
peak at a potential of —0.5V which is in accordance with earlier
reported values (Li et al., 2006). In general, Mb contains the heme
group as an active site where heme-iron is in Il oxidation state
(ferric, Fe*) in native form which can be reduced directly at the
electrode surface to its ferrous state (Fe?*) by one electron
transfer (Dai et al., 2009). Our results indicate that single proto-
nation of Mb accompanies the electron transfer from ferric state to
the aptamer-functionalized nanostructured electrodes. The per-
cent amplitude of the signal increased with an increasing con-
centration of Mb which has been depicted in Fig. 3c. The devel-
oped assay showed excellent sensitivity in the dynamic response
range between 1 ng/mL and 4 pg/mL for Mb with a detection limit
of ~0.034 ng/mL (Fig. 3d). The developed assay demonstrates
good selectivity, high sensitivity and is capable of detecting Mb at
concentration ~50 times lower than that possible by other
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conventional methods as shown in Table S7 (see Supplementary
text ST7). In repeated experiments, the reproducibility (coefficient
of variation) of the sensor for n=3 measurements was < 3.0%, for
1 ng/mL Mb concentration. The cross reactivity of the developed
aptasensor to structurally related protein, hemoglobin (HB) and
other non-related protein, BSA showed preference in specific
binding with Mb over apt/rGO/CNT functionalized electrodes.

4. Conclusions

A novel label free electrochemical sensing of cardiac marker Mb
has been demonstrated for the first time where direct electron
transfer of Mb was captured specifically on aptamer functionalized
rGO/CNT nanostructured electrodes. The developed aptasensor
exhibited high specificity and sensitivity imparted by the screened
aptamers and enhanced electrochemical properties of nanohybrid
construct respectively, thereby demonstrating a high detection
limit of ~0.34 ng/mL for Mb in the developed aptasensor. Further
studies are underway to design cost effective electrodes for real
time multicardiac biomarker analysis.
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ABSTRACT: We report the electrochemical detection of the
redox active cardiac biomarker myoglobin (Mb) using
aptamer-functionalized black phosphorus nanostructured
electrodes by measuring direct electron transfer. The as-
synthesized few-layer black phosphorus nanosheets have been
functionalized with poly-L-lysine (PLL) to facilitate binding
with generated anti-Mb DNA aptamers on nanostructured
electrodes. This aptasensor platform has a record-low
detection limit (~0.524 pg mL™') and sensitivity (36 uA
pg”' mL cm™?) toward Mb with a dynamic response range
from 1 pg mL ™" to 16 ug mL™" for Mb in serum samples. This
strategy opens up avenues to bedside technologies for

1 % Nanosheets
A,
AR

Black Phosphorus »

BP

Anti-Mb Aptamer

multiplexed diagnosis of cardiovascular diseases in complex human samples.

KEYWORDS: sensing, heart disease, myoglobin, aptamer, 2-D materials, black phosphorus

Bl INTRODUCTION

Two-dimensional (2-D) monolayer and few-layered materials
have great potential due to their altered optoelectronic and
mechanical properties as compared to their multilayered bulk
counterparts." The archetypal 2-D material, graphene, has
received enormous attention due to its high conductivity” and
mechanical properties” which have been exploited in many
applications.”® Similarly, inorganic graphene analogues based
on transition metal chalcogenides such as molybdenum
disulfide (MoS,)” have attracted attention due to their
thickness-dependent semiconducting properties.® The utilities
of these nanomaterials, however, are limited by intrinsic
shortcomings, such as lack of a band gap in graphene’ and
relatively low carrier mobility in MoS,,'? all of which has
motivated a continued search for new 2-D materials. Recently,
monolayer black phosphorus (BP), also known as phosphorene,
has emerged as an important member of this family of 2-D
materials.'" In phosphorene, each phosphorus atom forms
covalent bonds with three neighboring phosphorus atoms to
give a puckered honeycomb structure. Phosphorene and few-

-4 ACS Publications  © 2016 American Chemical Society

layer black phosphorus nanosheets can be synthesized by
mechanical exfoliation of black phosphorus'" or by liquid-phase
exfoliation of black phosphorus in N-methyl-2-pyrrolidone
(NMP)">" and other organic solvents.'*'> BP exhibits a direct
and tunable band gap that is dependent on the number of
layers (bulk, 0.3 eV; monolayer ca. 1.3 eV).'°™** Monolayer BP
has a measured free carrier mobility (ca. 1000 cm? V s™)"" that
is superior to MoS, (ca. 100 cm* V s7.10 Phosphorene also
exhibits other fascinating and useful properties, including
anisotropic electrical conductivity and optical response,'" "’
which distinguish it from other 2-D materials such as graphene,
and transition metal chalcogenides.

Cardiovascular diseases account for ca. 30% of adult deaths in
the 30—70 year age group, which is greater than the combined
mortality rate from all types of cancer.”® The ability to diagnose
cardiac pathology is therefore of utmost concern to clinicians.
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Figure 1. Schematic representation of workflow for the liquid-phase exfoliation of BP nanosheets and their surface modification for biointerface
development on an electrode for Mb detection. The panels shown below the workflow scheme depict images of the real colloid, the assembled
sensor, and representative secondary electron SEM images taken at each stage. (a) Bulk black phosphorus prior to liquid-phase exfoliation. (b)
Representative secondary electron SEM image of exfoliated few-layer BP from aqueous 1% w/v Triton X-100 solution. Inset: Photograph of the
stable colloid. (c) SEM image of few-layer BP functionalized with PLL. (d) SEM image of few-layer BP functionalized with PLL and anti-Mb
aptamer (PLL-BP-Apt). Inset: Photograph of the sensing device on a screen-printed electrode as used for sensing Mb in this study. The DNA

sequence of the SELEX-derived anti-Mb aptamer is shown above.

Several potential cardiac biomarkers have attracted attention
because of their ability to act as signals of cardiovascular
events.”' Serum cardiac markers, especially myoglobin (Mb),
play an important role in clinical diagnosis; an increased Mb
level indicates myocardial damage.”” Detection of elevated
levels of Mb has become a gold standard for diagnosis in cases
of acute myocardial infarction (AMI) also known as heart
attack; Mb is released in the blood within 4—35 h after an AMI
episode,”* with the expression level in plasma serum increasing
up to 600 ng mL™" after AMI, over 3—6 times above the normal
level expressed in healthy patients.”* The early and rapid
diagnosis of AMI is extremely important for a positive
prognosis,” yet current Mb detection methodologies rely on
analysis in centralized laboratories which are often costly and
time-consuming.”® Thus, development of proficient point-of-
care (POC) diagnosis based on biochemical sensors paves the
way to rapid cardiac disease management.

Affinity-based assays which use specific antibodies or nucleic
acid (DNA or RNA) aptamers for a target protein or small
molecule offer a facile approach to biosensing with potential for
high selectivity and sensitivity.”” Nucleic acid aptamers have
been utilized as superior alternatives to antibodies due to their
smaller size, molecular flexibility, in vitro screening, and ease of
chemical modification which allows them to be superb
candidates for biosensing.”®”’ Recently, the use of 2-D
materials has been established in the sensitive detection of
biomolecules from blood samples.*”*" The combination of
nucleic acid aptamers with nanomaterials is promising in the
development of novel diagnostic platforms for clinically
important biomarkers.”> Two-dimensional nanomaterials in
combination with aptamers offer the possibility of creating
biosensing platforms with enhanced selectivity and unprece-
dented sensitivity compared with available conventional
detection methods. In the present study, the exfoliation of
black phosphorus to give stable few-layer BP in aqueous
medium using a surfactant-mediated approach has been
developed. The characterized BP nanosheets were modified
with cationic polymer poly-L-lysine (PLL) which functions as a

linker for further biomolecular interactions with the underlying
BP. Theoretical calculations predict that this interaction occurs
through the amide functional groups in PLL. Negatively
charged DNA aptamers for Mb were selected from the pool of
random-sequence oligonucleotides using the systematic evolu-
tion of ligands by exponential enrichment (SELEX) method,*
and these were immobilized on the nanosheets via Coulombic
interactions between PLL and DNA. These nanostructured
platforms were employed in electrochemical-based sensing for
the qualitative and quantitative detection of the cardiac disease
biomarker, Mb (Figure 1). The developed aptasensor showed
high sensitivity and specificity for Mb and has singular potential
in POC diagnosis for cardiac disease management.

B EXPERIMENTAL SECTION

Materials. Black phosphorus (BP) was purchased from Smart
Elements (Austria). Triton X-100, poly-L-lysine (PLL), myoglobin
(Mb), hemoglobin (Hb), bovine serum albumin (BSA), DNA library
S'-ATCCAGAGTGACGCAGCA-(N45)-TGGACACGG-
TGGCTTAGT-3’, and the designed primers S'-FITC-
ATCCAGAGTGACGCAGCA-3" and $5'-biotin-ACTAAGCCA-
CCGTGTCCA-3" were procured from Sigma-Aldrich.

Instrumentation. Raman spectra were measured using Renishaw
1000 Micro-Raman System equipped with a 514 nm laser operating at
1 mW. Atomic force microscopy (AFM) was performed using Bruker
Multimode 8 instrument in PeakForce QNM mode using a silicon
nitride cantilever tip. Transmission electron microscope (TEM)
imaging, high angle annular dark-field (HAADF) scanning trans-
mission electron microscope (STEM) imaging, and energy dispersive
X-ray (EDX) spectrum imaging were performed using a FEI Tecnai
F30 TEM operated at 300 kV. HAADF STEM and electron energy
loss spectroscopy (EELS) were performed using a probe side
aberration corrected FEI Titan G2 80-200 S/TEM “ChemiSTEM”
instrument operated at 200 kV, with a convergence angle of 18.5 mrad,
a HAADF inner angle of 54 mrad, and a probe current of ~200 pA.
For the electrochemical studies, screen-printed electrodes (SPE, TE
100, CH Instruments USA) were used, and the measurements were
carried out on CH660 electrochemical workstation. Optical absorption
measurements were performed with a Shimadzu UV 1800 instrument.
Scanning electron microscopy (SEM) was performed using a Zeiss
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Sigma VP. Low voltage energy dispersive X-ray (EDX) spectroscopy
was performed on a Zeiss Merlin SEM equipped with a windowless
EDX system (X-Max Extreme, Oxford Instruments). In a comparison
with conventional detector systems, it has low noise electronics, high
resolution 100 mm?* SDD sensor, large solid angle, and high sensitivity.
EDX spectra and the respective images were analyzed using AZtec
software. X-ray photoelectron spectroscopy (XPS) was performed
using a Kratos Axis Ultra system.

Black Phosphorus Nanosheet Synthesis by Surfactant-
Assisted Liquid-Phase Exfoliation. BP nanosheets were synthe-
sized using an aqueous surfactant solution (1 mg mL™" prepared in
Triton X-100 and deionized water) which was thoroughly degassed
before use. In a sealed vial, this surfactant solution (15 mL) was added
to BP (100 mg, 3.2 mmol), and the vial was flushed with argon, closed,
and sealed with Parafilm. Suspensions were sonicated in an Elmasonic
P 70 H benchtop ultrasonic bath (820 W across four horns) operating
at 37 kHz and 30% power. The temperature of the bath was
maintained at 25 °C throughout via the use of a homemade cooling
coil. After 36 h the dispersions were centrifuged at 1500 rpm for 45
min, and the top 10 mL of the suspension was removed. An additional
10 mL of surfactant solution was added to the remaining dispersion,
and the sediment mixture was sonicated again for 12 h under the same
conditions. The dispersion was centrifuged, and the supernatant was
added to the previously collected dispersion.

Spectroscopic and Microscopic Characterization of Black
Phosphorus Nanosheets. The dispersions of black phosphorus
nanosheets were spin-coated at 2000 rpm onto 300 nm silicon-coated
SiO, (Si0,/Si) substrates using an Ossila spin coater for Raman and
AFM analysis. For (S)TEM, imaging samples were prepared by drop
casting 15 pL of dispersions onto gold-coated carbon Quantifoil grids
with a hole size of 1.2 ym. Deionized water was used to wash off the
excess solvent from the grids. Samples were immediately transferred to
the microscope for imaging after preparation, to minimize the photo-
oxidative degradation. EEL spectrum images were acquired from 20
BP flakes with large lateral dimensions (>200 nm). Measurements of
t/A (where t is the sample thickness and A is the mean free path of
inelastic electron scattering) were extracted from the spectrum images
using Gatan Digital Micrograph software.

Synthesis and Characterization of PLL-Functionalized Black
Phosphorus Nanosheets. The as-synthesized dispersion of
exfoliated BP nanosheets in aqueous Triton-X-100 was concentrated
and subsequently centrifuged at 3000 rpm to remove the surfactant.
The resulting sediment was redispersed in aqueous solution of PLL (1
mg mL™") which was stirred for 1 h followed by incubation for 12 h at
4 °C. The resulting PLL-BP dispersion was characterized by Raman
spectroscopy, zeta potential, and contact angle measurements to
evaluate the interaction of PLL with exfoliated BP.

Generation of Specific Anti-Mb Aptamer Using Modified
Systematic Evolution of Ligands by Exponential Enrichment
(SELEX). The specific DNA aptamers were screened from a pool of
oligonucleotides with a random region of 45 nucleotides flanked by
constant primer-binding region of 18 nucleotides by using a SELEX
method.”” Briefly, Mb (10 yg mL™" prepared in 50 mM carbonate
buffer pH ~ 9.6) was immobilized by incubating overnight at 4 °C on
microtiter plates, onto which 10" molecules of ssDNA library were
exposed. Harvested DNA binders were PCR amplified and partitioned
to produce ssDNA. The generated DNA was subjected to iterative
cycles of exposure to the immobilized Mb followed by elution, PCR
amplification, and partitioning to screen highly specific DNA aptamer
with a dissociation coefficient (K;) of 65 pM (Supporting Information
ST1, ST2).

Mb Detection on PLL-BP Nanostructured Electrodes. As-
prepared PLL-BP (3 uL) was drop-casted onto the working area of a
screen-printed electrode (SPE) and dried at 50 °C for 2 h under argon.
The electrochemical performance of the PLL-BP-modified electrodes
was studied with cyclic voltammetry (CV) measured in 5.0 mM
potassium ferricyanide/potassium ferrocyanide solution (prepared in
100 mM phosphate buffered saline, PBS) at a sweeping potential
ranging from —1 to +1 V with a scan rate of 100 mV s™". For assay
development, 1 ug of anti-Mb DNA aptamer (200 ug mL™' stock

prepared in 10 mM Tris buffer supplemented with 150 mM NaCl and
S mM MgCl,, pH ~ 7.2) was drop-casted over PLL-BP-modified
electrodes. The CV responses of the fabricated aptasensor were
recorded at different concentrations of Mb ranging from 1 pg mL™" to
16 ug mL™".

B RESULTS AND DISCUSSION

Surfactant-Assisted Liquid-Phase Exfoliation and
Characterization of Few-Layer BP Nanosheets. The
exfoliation of BP has been previously reported in several
organic solvents'*™"" including N-methyl-2-pyrrolidone
(NMP), N-cyclohexyl-2-pyrrolidone (CHP), dimethyl sulfoxide
(DMSO), and N,N-dimethylformamide (DMF), all of which
are biologically incompatible. This study reports the use of an
aqueous medium to afford exfoliated BP nanosheets, which
unlocks the direct application of the material in biological
systems.

BP nanosheets were synthesized by ultrasonic exfoliation of a
BP crystal in water containing 1% w/v of Triton X-100 (a
nonionic surfactant). A turbid brown solution was produced
(Supporting Information ST3, and Figure 1 for an example of
the Triton X-100 sol). Raman spectroscopy of the exfoliated BP
nanosheets revealed bands at 362, 440, and 465 cm™ assigned
to the Alg, B,y and A2g optical phonons of few-layer BP (Figure
2a). Atomic force microscopy was used to assess the thickness
of nanosheets (Figure 2b—d), up to 60 nm in height. The
nanosheets were also imaged using DMT modulus mapping
which showed that these sheets share a modulus similar to the
silicon substrate. However, dark halos were observed around
the sheets, which from low voltage EDX spectroscopy
measurements are revealed to be surfactant wrapped around
the immobilized nanosheets. Scanning electron microscopy of
the flakes revealed them to be fairly monodisperse in length (ca.
100—200 nm, Figure 2e) and electron-transparent at 6 kV
(Figure 2f).

The nanosheets were further characterized by bright-field
TEM and HAADF STEM imaging (Figure 3a,c). Selected area
electron diffraction (SAED) of an isolated nanosheet (Figure
3b) demonstrated the crystallinity of the structure, with d-
spacings of 2.6, 1.8, 1.7, 1.6, and 1.3 A which were assigned to
the (111), (121), (024), (202), and (204) reflections of black
phosphorus. EDX spectroscopy of the nanosheets further
confirmed that the major element present is phosphorus
(Supporting Information ST4). EDX spectrum imaging of the
nanosheets (Figure 3d) confirms undoubtedly that the
phosphorus signal is colocalized with the spatial location of
the nanosheet in the HAADF STEM image.

The thickness of the BP nanosheets was also calculated using
electron energy loss spectroscopy (EELS) which provides an
alternative method for local thickness estimation by determin-
ing the proportion of inelastic scattering. Although accurate
thickness can also be obtained for few-layer flakes using
electron diffraction data,”* this approach generally requires
flakes with uniform thickness and lateral dimensions >200 nm,
and hence was found to be unreliable as liquid exfoliated flakes
often have regions of restacked material, nonuniform
thicknesses >10 nm, and small lateral dimensions.

Flake thickness (f) was calculated using an estimated A
(mean free path of inelastic electron scattering) value of ~144.9
nm, calculated by the Iakoubovskii method.”® Typically, the
individual flakes were found to include regions of different
thickness (Figure 4) which are partly due to restacking, with
smaller flakes aggregating on the surface of larger flakes either
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Figure 2. Characterization of liquid-phase exfoliated BP nanosheets.
(a) Raman spectrum of exfoliated (in aqueous 1% w/v Triton X-100
solution) few-layer BP on SiO,,Si substrate showing the characteristic
Raman bands at 362, 440, and 465 cm™" assigned to the Alg, By and
AZg phonon modes. (b) Wide-area atomic force microscopy height
profile image of few-layered BP sheets SiO,/Si substrate. (c) Narrow-
area atomic force microscopy height profile image of few-layered BP
on SiO,/Si substrate. (d) DMT elastic modulus map of the area
imaged in part c. Dark halos observed around the flakes were revealed
to be surfactant by low voltage EDX spectroscopy (see Supporting
Information for further details). (e) Flake lateral length histogram of
few-layered BP. (f) Secondary electron SEM image (6 kV) of few-layer
BP. The scale bar represents 200 nm.

in solution or during the drying process. Step changes in
thickness were widely observed within the flakes, often with the
thinnest regions found at the edges and the thickness increasing
toward the center of the flake (Figure 4), suggesting that the
flakes themselves also contain terraces of different thickness
features which are frequently observed in liquid exfoliated two-
dimensional materials.">*® In order to take into consideration
the range of thicknesses encountered within an individual
spectrum image, both the thickest and thinnest measured
regions of each flake analyzed were recorded, and the mean
thickness of the flake was estimated as an average of these two
values (Supporting Information STS, Table T1). The mean
thickness of 20 flakes was measured to be ~19 nm with the
lateral dimensions >200 nm, which gives an estimated width/
height aspect ratio of >10:1. The thinnest areas recorded are
4—6 nm, and as the monolayer is ~0.9 nm thick, this suggests
that no monolayer regions were encountered for the large flakes
considered in this EELS study, but that the thinnest regions
analyzed have thicknesses of 5 or more atomic layers and the
thickest regions encountered correspond to >40 atomic layers.
Monolayer surface steps and isolated terraces were observed on

Figure 3. Characterization of an exfoliated BP nanosheet of
dimensions ca. 600 nm X 400 nm, aspect ratio ca. 1.5, by TEM at
200 kV. (a) Low magnification TEM image of a BP nanosheet. (b)
Selected-area diffraction pattern taken from the same region as in part
a. (c) HAADF STEM image. (d) EDX spectrum image of the same BP
nanosheet as in part ¢, showing the morphology and the distribution of
phosphorus within the sheet. The flake shown here is typical in terms
of aspect ratio, crystallinity, elemental analysis, and morphological
features.

Figure 4. EELS thickness analysis of exfoliated few-layer BP. (a—d)
Four typical BP flakes are shown in low magnification high angle
annular dark-field (HAADF) STEM images in the left column; the
dashed red box indicates the region studied by EEL spectrum imaging.
The middle column shows a higher magnification HAADF image of
this region, and the right column contains maps of t/4 values extracted
from the EEL spectrum image. Thickness values (calculated using 4 =
144.9 nm) are superimposed on the ¢/ maps.
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Figure S. X-ray photoelectron (XPS) spectroscopy monitoring the layer-by-layer assembly of the aptasensor. Parts a—c show C 1s, N 1s, and P 2p
comparative XPS spectra of BP nanosheets (X1), PLL-BP (X2), PLL-BP-Apt (X3), and PLL-BP-Apt-Mb (X4), respectively.

the larger flakes studied here, suggesting that monolayer
material may exist for flakes with smaller lateral dimensions.

Surface Modification of Black Phosphorus Nano-
sheets with Poly-L-lysine. The exfoliated BP nanosheets
were modified at their surface with PLL to develop an interface
for DNA aptamer functionalization for specific Mb sensing. The
resulting PLL-BP dispersion was characterized by various
microscopic and spectroscopic techniques to evaluate the
surface modifications. Low magnification SEM micrographs of
PLL-BP on the electrode surface showed an increase in surface
roughness (Supporting Information ST6, Figure S4a—c), and a
uniform coverage with phosphorus atoms was recorded in the
elemental mapping (Supporting Information ST6, Figure S4d).
High magnification SEM imaging performed by modifying a Si/
SiO, surface with nanosheets indicated clearly visible smooth
surfaces (Supporting Information ST6, Figure S4e—h);
however, the surface roughness is increased upon interaction
with PLL. When DNA is immobilized over PLL-BP, the surface
is completely covered, and further addition of Mb led to an
altered morphology. Analysis of Raman spectra revealed a red
shift in the characteristic bands of the PLL-BP conjugate from
362, 440, and 465 cm™ (unmodified) to 359, 433, and 460
cm™" (PLL-modified) which again are assigned to the Alg, Bog
and AZg optical phonons, respectively (Supporting Information
ST7, Figure SS).

Upon functionalization of BP with PLL, the value of zeta
potential was changed from —-23.4 to +13.5 mV. The
characterized PLL-BP (3 uL of 1 mg mL™" of colloid) was
transferred onto the working area of a screen-printed electrode
(SPE) and further characterized. The sensor surface character-
istics play an important role toward the efficient interactions of
the immobilized bioreceptors with the target analyte. The
modified sensor surface characteristics (hydrophilicity/hydro-
phobicity) were studied by contact angle measurements which
showed a decrease in mean contact angle (117.5° to 84.1°) in
comparison to a bare electrode, indicating an increase in
hydrophilicity. We tentatively attribute this to the sensor
modification with PLL-BP having two amino groups present at
a-carbon and e-carbon along with one carboxylate group
(—COO™) (Supporting Information ST9, Figure S7). The
interaction of PLL with the BP surface was further investigated
with DFT calculations (see Supporting Information ST23 for
full details).

Biointerface Development Using DNA Aptamers.
Appropriate DNA aptamers which bind selectively to Mb
were selected using SELEX by exposing the target molecule
(Mb) immobilized on a microtiter plate to a single stranded
DNA (ssDNA) library as reported previously.”® Liquid
chromatography was used to assess the binding of the
developed aptamer with Mb by monitoring absorbance at
260, 280, and 409 nm (Supporting Information ST10, Figure
S8). The biomolecular interactions lead to the shift of the
molecular weight of standard Mb from 16.7 to 41.2 kDa
suggesting its interaction with the screened aptamer having
molecular weight 24.5 kDa. The characterized SELEX
generated anionic aptamer was conjugated to the cationic
PLL-BP by Coulombic interactions, thus creating a stable
biointerface on PLL-BP as per the mechanism summarized in
Figure S9. The PLL-BP nanostructure was further characterized
by zeta potential measurement, where a shift of 25.6 mV in zeta
potential was observed with respect to PLL-BP, which is
ascribed to the electrostatic interactions of available positively
charged —NH;" groups of PLL with negatively charged DNA
phosphate backbone leading to partial charge neutralization
(Supporting Information ST8, Figure S6). Raman spectroscopy
further supported this by revealing a comparative shift in
characteristic Raman bands of PLL-BP after DNA interactions
(Supporting Information ST7, Figure SS). The contact angle
measurements of PLL-BP aptasensor platform reveal a decrease
in contact angle value to ~84.1° when the anti-Mb DNA
aptamer was immobilized on PLL-BP nanostructured electro-
des which we ascribe to its increased hydrophilicity from
hosting essentially two types of charged polymers (PLL, DNA)
(Supporting Information ST9, Figure S7).

Monitoring the Layer-by-Layer Assembly of Nano-
structured Aptasensor Electrodes with X-ray Photo-
electron Spectroscopy (XPS). XPS gave further insight on
the layer-by-layer biofunctionalization strategy that we adopted
(Figure S). The peaks at lower binding energies in the XPS
spectra arise due to BP, and the broader peak is due to oxidized
BP (PO,) and phosphorus hydroxide (P(OH),) species
(Figure S). On fitting only one doublet, the broader full
width at halfmaximum (fwhm) of the peaks on the PO,/
P(OH), feature suggest that these are likely due to multiple
components. Since it is impossible to know the precise
composition of the oxidized BP, any attempt to fit multiple
components would be meaningless. Following exfoliation of the
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Figure 6. Sensing platform performance. (a) Electrochemical response curve of bare and PLL-BP- and PLL-BP-Apt-modified electrodes using S mM
potassium ferricyanide/potassium ferrocyanide solution (prepared in 100 mM PBS) at a sweeping potential ranging from —1 to +1 V with a scan rate
of 100 mV s™*. (b) CV scans of PLL-BP nanostructured electrode, recorded at different scan rates from 25 to 300 mV s™". (c) Current response
curves at varying concentration of Mb measured on PLL-BP nanostructured aptasensor. Inset shows the zoom in area of redox peak of Mb obtained.
(d) Calibration plot for Mb at different concentrations. Every point in the graph represents the mean of three successive measurements (n = 3) at
each concentration. Inset shows the cross-reactivity profile of developed sensor with a structurally related protein (Hb) and a nonrelated protein

(BSA).

BP with Triton X-100, the PO, component is dominant, yet
this may be expected as the sol will always contain an
“equilibrium” amount of free phosphate that will dominate over
the BP peak. It is likely that phosphate adsorbs to the flakes
after drop casting and we cannot separate this effect from the
amount of ‘natural’ degradation on the surface of the flakes.
The C 1s peak of the Triton treated BP (Figure S, X1) can be
fitted with two components: one at 285 eV, due to C—C/C—H,
and a second one at a binding energy of 286.6 eV, which is
attributed to either C—O—C in the polyethylene glycol
component or the surfactant. A small peak is also observed at
~289 eV, which arises from C—OH species, also found in the
surfactant. The C 1s peak is also likely to have some
contribution due to the presence of adsorbed adventitious
hydrocarbon since the samples have been exposed to
atmospheric conditions prior to XPS analysis. A broad N 1s
peak was recorded from this sample. The origin of the N 1s
signal is unknown and is observed in all samples subjected to
XPS analysis. Upon interaction with PLL (Figure S, X2), a
second N 1s peak is observed, which is assigned to the amine in
the lysine. The BP peak is enhanced relative to the PO, peak,
which suggests a large amount of adventitious phosphate from
solution degradation being washed away during functionaliza-
tion with PLL. Despite using the same data acquisition time it is

22865

clear that the P 2p signal is decreased relative to C and N 1s
signals, as the noise level increases. The higher binding energy
feature (286.6 €V) in C ls spectrum increases after PLL
adsorption since C—N has a similar binding energy to C—O—C
from the ethylene glycol. In addition, the feature at 289 eV
increases slightly in intensity as more C—OH will be present
from PLL. Addition of DNA (Figure S, X3) gives rise to very
little change in C 1s peaks, and the assignment of these peaks is
as for PLL. The P 2p spectrum is dominated again by PO,, in
part due to the DNA backbone signal. Again, without prior
knowledge of the precise proportion of the P-oxides and
hydroxides and DNA-derived P—O components, it is
impossible to meaningfully fit the PO, spectra. As expected,
the signal due to amine N increases slightly upon addition of
the DNA from the nucleobases. Finally, addition of Mb (Figure
S, X4) leads to almost complete suppression of the BP-derived
P 2p signal (since the protein overlayer becomes comparable to
the sampling depth of XPS, ca. 10 nm). A strong PO, signal,
however, arises from the bound DNA. In summary XPS
allowed us to observe the layer-by-layer assembly of the
aptasensor.

Myoglobin Detection on the Nanostructured Apta-
sensor Electrodes. The modified nanostructured electrodes
were employed for the detection of Mb by cyclic voltammetry.
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The PLL-BP nanostructured electrodes showed a significant
increase in current response (~1.3 mA) in comparison to the
bare electrode (~0.64 pA) as shown in Figure 6a. The
enhanced electrochemical response of the material is attributed
to BP’s inherent redox properties which show a significant
oxidation peak at ~0.6 V (vs AgCl) corresponding to the
oxidation of P° to P** species.37 In our study, the electroactive
area of the PLL-BP-modified electrode was estimated to be
~13.8 mm’ using the Randles—Sevcik equation (Supporting
Information ST13). A slight decrease in current signal (0.28
mA) with a small shift in the cathodic peak potential (0.11 V)
was observed which is ascribed to the immobilization of DNA
aptamers on PLL-BP-functionalized SPE (Figure 6a). The PLL-
BP SPE showed a diffusion controlled electron transfer,
evidenced by the linear increase (1.2 to 2.1 mA) in the
cathodic peak intensity with increasing scan rate (25—300 mV
s~") (Figure 6b). In addition, the redox peak current increases
linearly with the square root of the scan rate, indicating that the
redox reaction is controlled by a semi-infinite linear diffusion
revealing a rapid electron transport nature.”® The observations
were further supported by scan-rate (25—300 mV s)-
dependent electrical impedance spectroscopic (EIS) studies
(Supporting Information ST14). The real and imaginary parts
of the EIS spectra (Supporting Information Figure S11)
represent Nyquist plots (Z' vs Z”) for BP-modified SPE
using 10 mM Fe(CN)g>* as the electrolyte. The Randles
equivalent circuit model has been used to fit the experimental
data where R is electrolyte resistance, R is charge transfer
resistance, Cq is double layer capacitance, and W is the
Warburg impedance. The values of equivalent circuit elements
were also calculated. The charge transfer process was then
ascertained by measuring the charge transfer resistance (R) at
the electrode/electrolyte interface. The value of R, for the
nanostructured electrode was found to be ~33.3 Q at 25 mV
s”' and decreases with increasing scan rate which depends on
the dielectric and insulating features at the electrode/electrolyte
interface. The electrochemical stability of PLL-BP SPE was
tested by repeated cyclic scanning (100 cycles), which showed
insignificant change in the peak currents (Supporting
Information ST15, Figure $12). DNA aptamer was drop-casted
on the working area of the PLL-BP-modified electrode to a final
concentration of 1 ug/electrode in order to uniformly cover the
electrode surface (Supporting Information ST16, Figure S13).
A series of Mb standard concentrations (prepared in
phosphate-buffered saline, 10 mM, pH 7.4) were exposed to
the nanostructured aptasensor, and the resulting cyclic
voltammogram presented a concentration-dependent reduction
peak at a potential of —0.5 V due to the redox property of Mb
analyte as shown in Figure 6c. In its native form, Mb contains a
heme group as an active site with an iron(II) center which can
be oxidized directly at the electrode surface to iron(IIl) by a
one-electron transfer mechanism as per the following
equation:39

Mb—Fe(Il) <> Mb—Fe(IIl) + e~

The platform provides the label-free electrochemical
detection of Mb on aptamer-functionalized PLL-BP electrodes
by direct electron transfer. The calibration plot for Mb at
different concentrations showed a strong linear trend (R* =
0.99) indicating a concentration-dependent current signal
response of the DNA aptamer 2-D sensing platform. The
assay showed excellent sensitivity (51 A pg™' mL cm™2), in the
dynamic response range between 1 pg mL™" to 16 ug mL™" for

Mb with a limit of detection (LOD) of ~0.137 pg mL™'
(Figure 6d). The cross-reactivity of the aptasensor to a
structurally related protein, hemoglobin (Hb), and another
nonrelated ubiquitous plasma protein, bovine serum albumin
(BSA) (1 pg/mL each), showed a strong preference for the
binding of Mb to the PLL-BP-Apt-functionalized electrode
(inset of Figure 6d). As controls, the sensor was checked for
signal response with the various modifications in this paper,
namely, PLL, PLL-Apt, PLL-Apt-Mb along with BP exfoliated
in Triton-X-100, BP-Apt, and BP-Apt-Mb. No significant
current response change indicated the high specificity and
sensitivity of the developed aptasensor imparted by the
immobilized anti-Mb aptamer onto PLL-BP nanostructured
electrodes (Supporting Information ST17, Figure S14). The
assay was validated against serum samples spiked with varying
concentrations of Mb; the aptasensor showed high sensitivity
(36 uA pg™' mL cm™?) with a LOD of ~0.524 pg mL™" for Mb
in serum samples (Supporting Information ST18, Figure S15).
Furthermore, the signal response of the BP nanostructured
aptasensor was compared with reduced graphene oxide (rGO)
under the same set of conditions used for Mb sensing
(Supporting Information ST19, Figure S16). The rGO-based
aptasensor shows a detection limit of ~1.3 ng mL™’, with a
sensitivity of 10 A ng™' mL cm™> with a dynamic response
range of 4 ng mL™" to 16 ug mL™" for Mb spiked in serum
which are both inferior to the reported few-layered BP-based
Mb sensor.

To assess aptasensor stability, 6 identical PLL-BP-Apt
sensors were investigated by observing the current response
at different time intervals, ie., on the 0%, 1%, 3, 7 14 and
21 day with 256 pg mL™" concentration of Mb both in PBS
and in serum samples. The results of these studies indicated no
significant decrease in the current (within 5%) after 21 days for
both Mb in PBS and in serum, revealing the excellent storage
stability of the developed aptasensor (Supporting Information
ST20, Figure S17). Postsensing XPS analysis of the developed
sensor demonstrated that iron was retained on the electrode
after use. The phosphorus P 2p high resolution spectrum of the
electrode after testing was dominated by PO, species, from the
DNA phosphate and possible adventitious adsorption of
phosphate from the PBS buffer that the measurement was
performed in (Supporting Information ST22, Figure S18). This
developed 2-D sensing platform has high specificity and
sensitivity along with a low limit of detection achieved by a
PLL-BP nanostructured aptasensor which is superior to all
previously reported Mb sensing platforms (see Supporting
Information ST21 for comparison to literature).

B CONCLUSIONS

Surfactant-assisted liquid-phase exfoliation of BP nanosheets in
aqueous media is reported, and PLL was used to functionalize
the surface of the nanosheets by noncovalent interactions with
the underlying BP to give a PLL-modified 2-D material (PLL-
BP). An indigenous modified SELEX method for enrichment of
DNA aptamers that specifically targets and binds the cardiac
biomarker Mb was performed. The selected DNA aptamers
were bound to PLL-BP by Coulombic interactions. The PLL-
BP nanostructured DNA aptasensor was found to be a label-
free electrochemical sensing platform for Mb. The direct
electron transfer from Mb was measured specifically onto the
functionalized PLL-BP-Apt electrodes. The sensor exhibited
high specificity and sensitivity imparted by the synergy of high

affinity screened aptamers and the enhanced electrochemical
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properties of the nanoconstruct. The sensor has a very low limit
of detection of ~0.524 pg mL™" with a sensitivity of 36 uA pg™
mL cm™ for Mb spiked in serum samples. Our study opens up
numerous exciting opportunities to realize better cardiac
biomarker detection for point-of-care diagnosis.
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Abstract

A nanohybrid mediated SERS substrate was prepared by in-sifu synthesis and assembly of gold nanoparticles (AuNPs) on
exfoliated nanosheets of tungsten disulfide (WS,) to form plasmonic hotspots. The nanohybrid surface was functionalized with
specific aptamers which imparted high selectivity for the cardiac marker myoglobin (Mb). The fabricated aptasensor was read by
SERS using a 532 nm laser and demonstrated significant signal enhancement, and this allowed Mb to be determined in the 10 f.
mL ™" to 0.1 ug mL™" concentration range. The study presents an approach to synergistically exploit the unique chemical and
electromagnetic properties of both WS, and AuNPs for many-fold enhancement of SERS signals.

Keywords Cardiac biomarker - Plasmonic hotspots - SERS aptasensor - SELEX - Nanohybrid

Introduction

Myoglobin (Mb) plays an important role in clinical diagnosis
of cardiovascular diseases as its elevated level indicates myo-
cardial damage, motivating the design and development of
quick, reliable, label-free and cost-effective tool for early
screening of developing disease [1, 2]. Mb has become the
cornerstone for the risk stratification and diagnosis of patients
with acute myocardial infarction (AMI), being released in
biological fluids viz., blood and urine in 4-50 h after an
AMI episode [3], and also wherein its expression level in-
creases up to ~600 ng mL ™" in comparison to normal range
i.e., 100200 ng mL ! [4]. Thus, quantification of MB in the
early stage of CVD progression holds great promise towards
the management of disease.
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Single molecule Surface Enhanced Raman Scattering
(sm-SERS) has emerged as a powerful technique for non-
invasive, rapid and reliable sensing of chemicals and bio-
molecules [5, 6]. For SERS, highly localized effect occur-
ring at sharp edges of plasmonic nanostructures or inter-
particle junctions, crevices or on other nano-roughnesses
(~11 nm) develop hotspots and the understanding of plas-
mon coupling modes at hotspots is important for the devel-
opment of new plasmonic nanostructures for SERS emis-
sion [7, 8]. In general, there are two prominent mechanisms
that explain SERS activity; first is surface plasmon reso-
nance effect of the plasmonic nanostructures leading to in-
creased Raman signals due to electromagnetic enhance-
ment (EE) of the target analyte placed in close proximity
to the nanostructure [9, 10] and other is the chemical en-
hancement (CE) owing to the charge transfer between
nanomaterials and adsorbed analyte [11, 12]. The combina-
tion of EE and CE has shown up to ~ 10'* times enhance-
ment in SERS signal [13]. Thus, design and development of
nanomaterials based novel SERS substrates with the com-
bined outcomes of both EE and CE for ultrasensitive detec-
tion of disease biomarkers are receiving tremendous inter-
est in analytical science [14, 15]. Le Ru et al. and Wang
et al. have reported the combination of charge transfer
property of graphene with plasmonic metal nanoparticles
for SERS based detection [16, 17]. Transition metal

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-018-2705-x&domain=pdf
https://doi.org/10.1007/s00604-018-2705-x
mailto:psnanobiotech@gmail.com

158 Page2of 8

Microchim Acta (2018) 185: 158

dichalcogenides (TMDs) possess excellent charge transfer
property [18] and SERS activity of molybdenum disulfide
(MoS,) in combination with gold and silver nanoparticles
have also been reported [19, 20]. Kim ef al. reported that
both MoS, and WS, can be used for direct gold decoration
on their surface owing to the work functions (5.2 eV and
5.1 eV respectively) which places their Fermi levels above
the reduction potential of AuCl, . This enhancement is
more profound in WS, in comparison to MoS, even with
a small extent of Au decoration [21] and was explored in
our study for ultra-sensitive detection. In general, the spec-
ificity imparted by these nanostructured SERS platforms
without compromising their sensitivity and detection limit
has been a major challenge. Therefore, fabrication of an
efficient SERS active substrate is still an open area of re-
search for ultrasensitive and label free detection.

In the current work, we report the fabrication of gold
nanoparticle-tungsten disulfide (AuNP-WS,) nanohybrid
based SERS active platform for the femtomolar level detec-
tion of cardiac biomarker, Myoglobin using specific aptamers
(Fig. 1). Aptamers, as capture molecules, screened by SELEX
(Systematic evolution of ligands by exponential enrichment)
method show high affinity to their cognate target analyte and
are a good alternative to conventional immunoglobulin based
systems [22, 23]. This study presents an approach to synergis-
tically exploit unique CE and EE properties of both WS, and
AuNP for many- fold enhancement in SERS signal leading to
the specific, ultrasensitive and rapid detection desirable in
clinical diagnosis.

Experimental
Materials

Tungsten disulfide powder (2 um), Isopropyl alcohol (IPA),
Myoglobin (Mb), Hydrogen tetrachloroaurate trihydrate
(HAuCl4-3H,0), and Rhodamine 6G (R6G) were purchased
from Sigma-Aldrich (www.sigmaaldrich.com/india.html). N-
methyl pyrrolidone (NMP), carboxy methyl cellulose (CMC)
were obtained from TCI Chemicals (www.tcichemicals.com/
en/in/). All chemicals were used without further purification.
All aqueous solutions were prepared using ultrapure water.

Synthesis of WS, nanosheets

Liquid phase exfoliation of bulk WS, flakes was carried out
following the protocol reported by Coleman et al. [24].
Briefly, 10 mg of bulk WS, flakes were dispersed in 10 mL
of N-methyl pyrrolidone and isopropyl alcohol (volume ratio
3:1) and probe sonicated (30% amplitude) for 2 h (5 s pulse
on, 5 s pulse off). The resultant green dispersion was

@ Springer

centrifuged at 1000 rcf for 30 min and clear supernatant was
collected.

Preparation of Au-WS, nanohybrid

For the preparation of gold nanoparticles (AuNP) decorated
WS, nanohybrid, 1 mL dispersion of exfoliated WS, nano-
sheets was stirred vigorously while heating. To the solution,
500 ug CMC was added, followed by HAuCl,3H,O (0.8 to
4 mM) and the solution was stirred for 30 min resulting in
change in color from greenish-yellow to deep red.

Au-WS, nanohybrid characterization

Powder X-ray diffraction pattern was performed using
Brucker P-XRD. The UV-Vis (Shimazdu spectrophotometer
UV2600) and Raman spectroscopy (WITEC DV401A-BV-
352 using 532 nm Laser) were carried out to analyze the
spectroscopic properties of as-synthesized nanohybrid. For
morphological characterization, Transmission Electron
Microscopy (TEM) was carried out on JSM-2100 system op-
erating at 120 KV and Field-Emission Scanning Electron
Microscopy (FE-SEM) was carried out using Jeol JSM-
7600F.

SERS experiments

For SERS measurements, 50 uL of prepared Au-WS,
nanohybrid was drop-casted on pre-cleaned Si substrates and
dried in ambient conditions. The dried sample was washed
with ultrapure water to remove any residual nanomaterial
and Raman measurements were recorded to confirm
nanohybrid coating. Anti-Mb DNA aptamer synthesized by
modified micro-titer plate SELEX method (ST1; reported in
our previous findings [25, 26]) having an exceptional K4 =65
pM, was used to modify Au-WS, coated Si substrate. Briefly
thiol-labelled single-stranded DNA (ssDNA) aptamer diluted
in Binding buffer (Tris-HCI 10 mM, NaCl 150 mM, MgCl,
5 mM, pH 7.2) was immobilised on the Au-WS, modified Si
substrate by drop-casting 10 pg DNA per 50 pL nanohybrid.
The resulting sample was incubated at RT for 1 h and washed
with binding buffer to remove unbound DNA molecules.
Raman measurements were recorded after DNA immobilisa-
tion to confirm the fomation of the Apt-Au-WS, sensor
(SERS aptasensor). Concentrations of Mb ranging from
0.1 fgmL™" to 10 pg mL™" were tested onto the nanostruc-
tured SERS aptasensor. For this, 10 pL of each Mb concen-
tration were incubated on aptasensor surface for 15 min,
washed with binding buffer and used for Raman measure-
ments. The measurements were carried out at different posi-
tions (n =3) for each sample to test the reproducibility.
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Fig. 1 Schematic
Representation: Schematic
showing stepwise synthesis and
fabrication of Au-WS,
nanohybrid based SERS active
platform
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Results and discussion
Nanohybrid synthesis and characterization

The liquid phase exfoliation of bulk WS, flakes was carried
out by slight modification of the method reported by Coleman
et al. [24] to generate exfoliated WS, nanoflakes that appeared
greenish-yellow in coloration (Fig. S1 A&B). For in-situ
growth of AuNP on the surface of WS, nanosheets, WS,
nanosheets were allowed to react directly with gold precursor
(HAuCly) without using any external reductant and CMC was
used as a stabilizing agent. The redox activity of WS, nano-
sheets is mainly responsible for the reduction of Au** into
AuNP and the well-established interaction between gold and
sulphur helps in efficient loading of AuNP over WS, nano-
sheets [21]. WS, formula unit formally gives more than 18
electrons for the redox reaction and it can be oxidized to W""
and SV! compounds, e.g., hydrated WO and SO,* via fol-
lowing reaction mechanism [27].

6HAuCl; + WS, + 12H,0 = 6 Au + WO5; H,O
+ 2H,S04 4 24 HCI

The presence of hydrated WO; and H,WO, was sug-
gested by the shift in W-4f bands in XPS measurements
(Fig. S2 B). The results obtained are in accordance with the
previous studies reported by Polyakov et al., where they
have summarized that the chemical bonding of Au and
WS, increases the stability of resulting Au-WS, nanohybrid
and facilitates a charge transfer between AuNP and the metal
semiconductor. This suggests that in our study, the effective

charge transfer between Au and WS, leads to SERS signal
enhancement.

For morphological characterization, FESEM was carried
on spin-coated Si wafer and micrographs suggested that the
surfactant mediated exfoliation resulted into splitting of bulk
lamellar structures of WS, (lateral size ranging from 50 x
100 nm) which are steadily decorated with AuNP (~29 nm)
with an interparticle distance of ~10 nm (Fig. S3). The whole
area energy-dispersive spectroscopy (EDS) mapping analysis
(W/S/Au in red, green and blue dots respectively) and their
merging exemplified the formation of Au-WS, nanohybrid
structure (Fig. 4a). Furthermore, XPS analysis of Au-WS,
nanohybrid confirmed the reduction of Au®* over WS, nano-
sheets (Fig. S4 A&B). The relative molar ratio of W/S/Au
depicted from EDS spectra demonstrated the desired stoichi-
ometry of the products and was calculated to be around
20.02:63.73:16.25, which is approximately 1:3:1 (Fig. 2b).
The control experiments of the parent entities in the
nanohybrid were also performed for TEM, SEM and XRD
analysis, showing their characteristic individual structural
properties (Fig. S5).

Raman spectroscopic studies (drop-casted on to Si wafer)
further gave an insight about the crystalline structure of the
synthesized nanohybrid. Fig. 2¢ shows the two optical phonon
modes Elgg (~352 cm !) and A, (~417 cm ') for WS, and
Au-WS,, where E 12g corresponding to in-plane optical mode
and A, for out-of-plane vibration along the c-axis direction of
the layers [20] The frequency difference between £ 12g and A
varied from 63.4 cm ' to 65.3 cm™' when AuNPs were effi-
ciently loaded onto the surface of WS, nanosheets. In UV-Vis
analysis, appearance of plasmon band at A, 520 nm

@ Springer
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R6G obtained by plotting different conc. of R6G with corresponding
Raman intensity at 1175 cm ™', ¢ SERS spectra of Mb with different

(characteristic of AuNP) along with an absorption peak at
Amax 667 nm of WS, nanosheets was observed in nanohybrid
(Fig. 2d). A characteristic prominent exciton A band at A,
628 nm and a peak with the indirect B exciton transition at
Amax 325 nm was also observed in exfoliated WS, [28].
However, after centrifugation at 5000 rcf, the plasmon band
at 520 nm disappeared, suggesting the formation of free gold
nanoparticles in the process. A characteristic plasmonic band
at 600—700 nm appeared in the re-suspended WS, nanosheets
with an increase in intensity relative to the AuCl, concentra-
tion confirming the formation of hotspots (Fig. S1C) [29]. The
recorded microscopic and spectroscopic observations con-
firmed the formation of a stable Au-WS, nanohybrid which
was further used for fabricating SERS substrates.

Theoretical simulations of SERS ability
In SERS platforms using isotropic metallic nanostructures, the
generation of plasmonic hotspots majorly depends on the

inter-particle distance than orientation. To optimize the range
under which Au-WS, nanohybrid efficiently produces
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hotspots, the plasmon of Gold nanoparticles lying on WS,
nanosheets, separated by varying distances was predicted
using CST microwave studio (CST studio suite, Student edi-
tion). The optical constants for Gold nanoparticles and few
layer thick WS, nanosheets were taken as =6.9; u=
0.467 +2.4151; and =6.86; u=2.62 respectively [30, 31].
WS, sheet (500 nm x 500 nm x 10 nm) was modeled with
longer axis on the x-y plane, having AuNP (30 nm) lying on
top and a 532 nm light propagating along the z-axis from top
(Fig. 3 Right top).

The inter-particle distance was varied from 1 nm to 30 nm
and the generated electric field was calculated along the longer
axis for WS,-Au hybrid. As observed, the predicted electric
field was highest when AuNP were lying in close vicinity
(~1 nm) and decreased subsequently with an increase in
inter-particle distance up to ~15 nm (Fig. 3 /eff). As a control,
the simulations were repeated for AUNP alone to assess the
role of WS, in increasing the plasmonic effect in Au-
WS,hybrid (Fig. 3 Right bottom). In contrast to nanohybrid,
the field for AuNP was calculated to be ~0.73 folds and de-
creased sharply to ~0.23 as the distance increased beyond
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2.5 nm, thus establishing the role of WS, in enhancing the  nanoparticles was calculated for the experimental conditions
field strength >4 times in the nanohybrid. Furthermore, the  to be ~39 x 10> V/m for 30 nm nanoparticles separated by a
values of localized electric field, Ejo, generated between the  distance of 10 nm (ST7) [32]. Calculated experimental Eyq is

25
*

Il ws,-AuNP
[0 AunP

Field Strength (V/m)

LLLLLL

75 10 15 20 25
Distance (nm)

Fig. 3 Theoretical Simulations: (Left) 2D representation of simulated field strength of variously separated AuNP on WS, nanosheets, (Right top)
Scheme showing simulation setup of interacting particles, (Right bottom), Histogram depicting field strengths of Au-WS, in contrast to AuNP alone
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Table 1 Comparative table

showing various reports on the Nanomaterial Technique Specificity LoD RoD Ref.
detection of Mb at low S.No.
concentrations, arranged in
decreasing Limits of Detection 1 Glassy Carbon Voltammetry Molecularly 9.7 nM 60 nM- 6 uM [37]
(LoD) achieved electrode* Imprinted
receptors
2 Lateral flow Optical Antibody 58.0pM 58 pM-0.59 uM [38]
immunosensor
chip
3 Antibody modified Mass Antibody 29.0pM  0.029-11.76 nM [39]
Magnetic Spectrometry
particles
Gold electrode* DPV Aptamer 27.0pM 100 pM-40 nM [40]
5 rGO/CNT Cyclic Aptamer 20.0pM 58 pM-0.24 uM [26]
nanohybrid Voltammetry
9 TCPP-Gr/AuNPs DPV Aptamer 6.7 pM 20pM-0.77 uM [41]
6 Antibody Modified SPR Antibody 1.0 pM 1.0 pM-20.0 nM [42]
AuNP
7 Few layer Black Cyclic Aptamer 80.0 M  0.05-950.3 pM [33]
Phosphorus Voltammetry
8 Magnetic/Silica & Fluorescence Antibody 1.0 ftM 1.0-100pM [43]
Fluorescent Silica
NPs
10 In-situ synthesized SERS Aptamer 0.5 aM 0.5 aM-5.0 pM Present
Au-WS, Study
nanohybrid

*: Detection platform does not use any Nanomaterial

roughly 1000 times higher than the theoretically predicted values
as the simulations omit several experimental factors during cal-
culations viz., laser power, beam waist and working medium.

SERS based assay for myoglobin

For SERS measurement, the nanostructured substrates were
prepared by drop-casting 50 puL dispersion of Au-WS,
nanohybrid on a pre-cleaned Si wafer (5 mm x 5 mm) and
dried in ambient conditions. WS, nanostructured SERS sub-
strates of varying concentrations of AuNP were made to opti-
mize the best SERS-active response (Fig. S6 A&B). The stan-
dard probe Rhodamine 6G (R6G) was employed to study the
SERS performance on nanohybrid substrates. Fig. 4a shows
the strong characteristic Raman peaks at 1136, 1175, 1311,
1343, 1362, 1589, and 1644 cm ! which are in good agree-
ment with the previous reports of pure R6G on nanomaterials-
based SERS substrate [18].

Further, a significant enhancement in the Raman signal for
R6G was observed within the concentration range of 10* M
to 5% 10°® M. (Fig. 4b). Fig. S7 represents a laser power
dependent comparative SERS activity of Au-WS,—3 platform
for R6G and it was observed that Au-WS,—3 platform exhib-
ited a significant enhancement in Raman signal for 10™* M
R6G at 0.2 mW of 532 nm laser. A commendable reproduc-
ibility in Raman signal enhancement was observed when mea-
sured on multiple different positions (70 spots) on nanohybrid
SERS platform (Fig. S8). However, weak Raman signal of

@ Springer

R6G was detected on individual parent entities than that of
many fold enhanced signals on nanohybrid SERS platform
(Fig. S9). The enhancement factor (EF = [(Isgrs/Tpuii)(Coun/
Csgrs)(Prui/Psers)]) was calculated from derivation of a pre-
viously reported equation [19]. From the experimental data we
have estimated the enhancement factor ~6.78 x 10° for Au-
WS,—3 nanohybrid. (ST12), which is attributed to the syner-
gistic effect of chemical enhancement (CE) offered by WS,
nanosheets and plasmon enhancement (EE) by AuNP.

To develop an SERS based aptasensor for myoglobin (Mb),
the Au-WS, SERS platform was functionalized with anti-Mb
aptamer (Fig. S10) [33] and thoroughly rinsed to remove un-
bound aptamers to avoid any false SERS signals.
Concentrations ranging from 0.1 fg mL™" to 10 ug mL™"' of
Mb were then tested (Fig. 4¢), and a significant concentration
dependent enhancement in Raman signal was noticed within a
concentration range from 10 fg mL ™' to 0.1 ug mL™' The
characteristic vibrational bands for Mb, positioned at
1126 cm™" (due to C-N stretching) [34], 1373 cm™" (oxidation
marker of heme, Fe) [35] and 1560 cm ™' (C-C vibrations) were
observed in Raman spectra. Other bands in SERS spectra of Mb
at 760, 1011, 1365 and 1554 cm ™" arise due to numerous vibra-
tional modes of tryptophan residues and some less intense bands
at 1005 cm™' and 1034 cm™ ' were also observed due to phenyl-
alanine residues of Mb respectively [35]. In our study, we have
used specific thiolated (-SH modified) DNA aptamers which are
covalently interacting with free sulfide groups of WS,. Further,
the DNA backbone structure is made up of electron rich
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phosphate groups which are interacting with in-situ generated
gold nanoparticles over WS, nanosheets. In chemical enhance-
ment, DNA molecules are covalently attached or adsorbed at
Au-WS,; nanohybrid surface which form o bond (S-S linkage)
and induces charge-transfer between DNA and Au, leading to a
large change of polarizability in the chemisorbed molecules
resulting in Raman enhancement which is in accordance with
the earlier report [36]. Target analyte Mb on exposure to WS,/
Au nanostructure substrate, interacts specifically with DNA via
non-covalent interactions (viz. Van der Waals forces and hydro-
gen bonding) with the nucleobases, further contributing in the
charge transfer mechanism.

The detection limit (LoD) was found to be 10 pg mL™,
which is more than adequate for the quantification of Mb in
clinical diagnosis. The formula used for the calculation is:
LOD =30/m, where o is the standard deviation of the blank
and m is the slope of the curve. The offered sensitivity is much
better in comparison to the other existing fluorescent and elec-
trochemical platforms for the detection of Mb which is n
comparision to other protein/non-protein molecules (Table 1,
Tables S1& S2). To check the specificity, a comparative study
was done for the enhancement of signal in the presence of
other serum proteins, Hemoglobin (Hb) and Bovine Serum
Albumin (BSA) (Fig. S11). The signals produced in the pres-
ence of these protein molecules were negligible, which can be
attributed to the use of screened aptamers which are highly
specific to Mb. The results successfully supported the syner-
gistic CE and EE properties of both WS, and AuNP for many
fold enhancement in SERS signal leading to the ultrasensitive,
rapid detection, desirable in clinical diagnosis for Mb detec-
tion. The key challenge of validating nanostructured
aptasensor with patient samples can find new avenues in mod-
ern diagnostics, leading new avenues in point-of-care devices.

Conclusion

In conclusion, Au-WS, nanohybrid based SERS aptasensor
has been developed for the label free detection of Myoglobin,
a potent cardiac biomarker. The specific aptamers and syner-
gistic effect of chemical enhancement offered by WS, nano-
sheets and electromagnetic enhancement by AuNPs presents a
robust platform for the detection of MB. Thus, the aptasensor
with its excellent performance opens new avenues for its real
time applications in clinical diagnostics.
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