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ABSTRACT
Micro and Nanoscale Aptasensors for Detection of Low Molecular Weight Biomarkers
Towards Clinical Diagnostic Applications
Jaeyoung Yang
Biosensors have been developed for their potential applications to clinical
diagnostics, particularly for detection of disease-relevant biomarkers. As affinity
biosensors have emerged for the application, aptamers, i.e., oligonucleotide receptors,
have gained much attention due to their ability to offer high affinity, specificity, stability,
and rapid, low-cost production. While aptamer-based biosensors, called aptasensors, have
shown great promise as a clinical assay tool, their sensitive detection of low molecular
weight biomarkers is challenging. In this thesis, we present microfluidic aptasensors for
label-free and sensitive detection of low molecular weight analytes by focusing on
arginine vasopressin (AVP), an oligopeptide hormone and a clinically important
biomarker.
We first present an integrated microfluidic aptasensor for label-free detection of
AVP by mass spectrometry. The integrated device selectively extracts AVP from human
plasma ultrafiltrate samples and then repeatedly deposits the AVP on a MALDI plate for
further analyte enrichment, thereby enabling highly sensitive AVP measurements.
To further explore aptamer-based detection of AVP, we have developed an
optomagnetic aptasensor capable of detecting a low molecular weight analyte using
magnetic nanoparticles (MNPs). In this aptasensor, second to be presented in the thesis,
an inhibition assay principle is used, in which degrees of MNP clustering depend on the
ATP concentration. The clustering state is then measured by an optomagnetic readout

system that provides information about the distribution of cluster sizes, thus enabling us
to relate the signal to the analyte concentration in a simple mix-and-read manner. A
proof-of-concept demonstration of the sensor operation is provided using adenosine
triphosphate (ATP) as a model small-molecule analyte.
We next exploit surface-enhanced Raman spectroscopy (SERS) for detection of
AVP. A SERS-active substrate with aptamer-functionalized leaning nanopillars is used
for sensitive and specific detection of AVP labeled with a Raman tag. Large area Raman
mapping on the substrate enables reliable SERS-based AVP quantification, and
microfluidic integration allows rapid and efficient analyte detection. Lastly, a competitive
binding assay format is employed for label-free detection of AVP.
We finally present a microfluidic aptasensor that integrates aptamer-based
selective analyte preconcentration with conductance-based graphene nanosensing for
detection of AVP. In the integrated device, low-abundance AVP is enriched via solidphase aptamer-based selective preconcentration, and then measured by a graphene fieldeffect transistor (FET)-based nanosensor through aptamer-based competitive binding,
allowing sensitive and label-free detection of AVP.
We conclude the thesis by a discussion of directions for future work, proposing
strategies for pursuing technological advancements to ultimately enable highly sensitive
and rapid detection of AVP in human bodily fluids in clinical diagnostic settings.
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Chaper 1. Introduction
The demand for advanced biosensors is ever increasing as various disease
biomarkers are discovered at explosive numbers; the detection of these biomarkers in
clinical diagnostics is critically important for the national and international efforts to
improve human healthcare. Aptamers, i.e., oligonucleotide receptors, have been used as
molecular recognition elements in biosensors due to their high specificity, affinity,
stability, and rapid and economical production. While aptamer-based biosensors, called
aptasensors, have shown great promise as a clinical diagnostic tool, their sensitive
detection of low molecular weight biomarkers is challenging. In this thesis, we develop
aptasensors toward sensitive and label-free detection of low molecular weight biomarkers,
with the long-term goal of ultimately enabling highly sensitive detection of such analytes
in clinical settings for the improvement of healthcare.

1.1.

Biosensors
Overview. Biosensors are analytical devices that convert biological recognition

events into measurable signals via physicochemical transduction processes (Figure 1.1)
[1-3]. They typically consist of two key components, a biological recognition element
which interacts with analytes of interest (e.g., antibodies, enzymes, aptamers, nucleic
acids, and whole cells), and a signal transducer which identifies the resultant biological
product and generates corresponding signals that can be read qualitatively or
quantitatively (e.g., optical [4-6], electrochemical [7-9], mechanical [10, 11], and
magnetic [12, 13]). Since the introduction of the first biosensor in 1962, which
demonstrated the detection of glucose on an enzyme electrode [14], a growing number of
1

biosensors have involved the detection and analysis of various analytes including ions,
small molecules, peptides, proteins, viruses, bacteria, and cells for their applications to
diverse fields such as clinical diagnostics, drug development, environmental monitoring,
and food inspection.

Figure 1.1. Concept of biosensors with various types of molecular recognition elements
and signal transduction methods.

Affinity Biosensors. A particularly important class of biosensors comprises
affinity biosensors, which rely on highly specific affinity recognition elements, such as
antibodies, protein receptors, lectins, and nucleic acids [15]. Due to their high affinity and
commercial availability, antibodies are the most widely used molecular recognition
element in affinity biosensors. However, antibodies also exhibit several limitations,
including low temperature stability [16], high production cost, and large batch-to-batch
variability. More importantly, the antibody production utilizes immunogenic responses of
animals against a target, thus often fails for a target which is non-antigenic, toxic or too
small to be recognized by natural immune systems [17].

2

To improve the performance of affinity biosensors, tremendous efforts have been
directed in parallel (1) to develop novel sensing technologies, and (2) to develop and
synthesize a new class of affinity recognition elements.
On one hand, progresses in micro and nanotechnologies have been offering high
sensitivity, throughput and portability in biosensing by (1) providing novel materials with
ultrahigh sensitivity and large surface-area-to-volume ratio, (2) exploring unique physical
phenomena at molecular/atomic levels, and (3) enabling the integration of all necessary
components within a miniaturized platform. Microfluidic technologies permit the
construction of a compact device performing the entire analytical processes (e.g., capture,
purification, separation, transport, mixing, and signal transduction), which, referred to as
a lab-on-a-chip (LOC) system, can enable rapid and efficient sample analysis in an
integrated manner.
On the other hand, significant progresses in biochemistry, molecular biology and
synthetic chemistry made it possible to create a new kind of synthetic affinity receptors,
such as peptide nucleic acids (PNAs) [18] and nucleic acid aptamers [19, 20], possessing
high affinity, specificity, and stability. Because the performance of biosensors is largely
dependent on binding properties of an employed recognition element, the use of such
synthetic receptors allowed the development of highly sensitive and specific biosensors.

1.2.

Biomarker Detection in Clinical Diagnostics
Biomarkers are measurable biological indicators that can be used to assess normal

physiological processes, pathogenic processes or pharmacological responses to
therapeutic intervention [21, 22]. Because the state of a disease is linked to the deviation
of a certain molecular signature from normal conditions, biomarkers are used for
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detection of diseases and monitoring therapeutic progresses in clinical diagnostics.
Therefore, the accurate measurement of specific disease-related biomarker levels in
human patient samples is exceedingly important in clinical settings. Biomarkers are
discovered at several different levels, including small molecules, peptides, proteins, and
nucleic acids, for various diseases. For example, cancer biomarkers such as prostatespecific antigen (PSA), carcinoembryonic antigen (CEA), human epidermal growth
factor receptor 2 (HER2/neu) and platelet-derived growth factor (PDGF) can be used for
diagnosis and monitoring of prostate, colon, breast and bladder cancers, respectively, by
measuring their serum or urinary levels [23, 24]. For another example, C-reactive protein
(CRP) is known as a predictive biomarker as its elevated level indicates an increased risk
of diabetes [25] or cardiovascular diseases [26]. Recent study also finds that the thrombin
level can be used for monitoring of multiple sclerosis, a neuroinflammatory disease [27].
With the explosive number of disease relevant biomarkers discovered over the
past few decades, there is an increasing demand of clinical tests for detection and
monitoring of biomarker levels in clinical diagnostics. However, conventional techniques,
such as immunoassays and microbial culture-based assays, do not meet the current
clinical needs as they require time-consuming procedures, labor-intensive work, and
bulky and costly equipment under centralized laboratory settings.

1.3.

Aptamer-Based Biosensors for Biomarker Detection
To satisfy the unmet clinical needs aforementioned, biosensor technologies have

gained considerable attention as they can serve as a sensitive, rapid, low-cost and
miniaturized diagnostic platform. Seeking to develop a biosensor for biomarker detection
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in clinical settings, we in this thesis employ nucleic acid aptamers as affinity recognition
elements in proof-of-principle biosensors.

1.3.1. Aptamers
Aptamers are single-stranded DNA or RNA molecules that can specifically
recognize their target molecules. Upon binding to a target, aptamers change their
conformation into a molecular architecture in which the target molecule is embedded as
an intrinsic part of the aptamer structure via a combination of multiple recognition
mechanisms such as stacking of flat moieties, shape complementarity, hydrogen bonding,
electrostatic interaction, and hydrophobic interaction [19, 20], thus this binding reaction
is highly specific. Furthermore, because aptamers are selected based on the ability to bind
to a target, they typically possess a high binding affinity, comparable to antibodies or
other natural receptors. In addition to their high affinity and specific recognition ability,
aptamers have several advantages over antibodies [28], including higher chemical and
environmental stability, a wider availability of chemical modification. Furthermore,
aptamers can be synthetically developed for virtually any target (e.g., ions, small
molecules, peptides, proteins, and cells) (Figure 1.2) through in vitro selection processes,
eliminating the need for laboratory animals in in vivo antibody development, thus the
aptamer production is rapid and inexpensive with minimal batch-to-batch variability.
Lastly, aptamer-target complexes can be generally dissociated by external stimuli such as
temperature, pH, and ionic strength. This reversibility of aptamer binding is highly
attractive in biosensors as it enables recovery of analytes for further analysis, and allows
aptamer-immobilized sensing surface to be readily regenerated.
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Figure 1.2. Schematic representations of molecular recognitions between nucleic acid
aptamers (grey) and their targets (orange), when the target is (a) arginine (amino acid), (b)
arginine-rich peptide derived from human immunodeficiency virus (HIV-1) protein, and
(c) bacteriophage MS2 coat protein [29]

1.3.2. Aptasensors for Biomarker Detection
Due to their advantages, aptamers have been employed as a molecular recognition
element that interfaces with various signal transducers in biosensors. Aptamer-based
biosensors, called aptasensors, have also demonstrated their abilities to detect clinically
relevant biomarkers for their potential applications in clinical diagnostics [30-32]. Vance
et al. recently reported a plasmonic aptasensor for detection of C-reactive protein (CRP),
a biomarker for cardiovascular disease, from human serum [33]. In the aptasensor,
surface plasmon resonance imaging (SPRi) technique was used to measure target
binding-induced refractive index changes at metal/media interfaces, when the gold
surface was functionalized with a CRP-specific aptamer. For signal amplification,
sandwich binding assay configuration was adopted, in which aptamer-functionalized
quantum dots were introduced after aptamer-target complexes were formed on the gold
6

surface, achieving ultrasensitive detection of CRP as low as 43 aM [10-18M]. Xiao et al.
reported an electrochemical aptasensor for detection of thrombin, a biomarker for
multiple sclerosis and thrombosis, from human serum [34]. The aptasensor is fabricated
by attaching methylene blue (MB) to the thrombin-binding aptamer immobilized on a
gold electrode. In the absence of thrombin, the MB label is close to the electrode surface,
facilitating the electron transfer. Upon target binding, the aptamer folds into its binding
structure, decreasing the electron transfer efficiency. The aptasensor demonstrated the
thrombin detection at concentrations down to 6.4 nM.

1.3.3. Aptasensors for Low Molecular Weight Biomarker Detection
While identified biomarkers have been primarily focused on proteins and genes,
more recent studies suggest that low molecular weight biomolecules such as peptide
hormones or small molecule metabolites have close relevance to cancers and other
pathological conditions [35-40], showing their potential use as biomarkers for disease
diagnosis and therapeutic intervention in clinical settings.
Although the number of low molecular weight biomarkers is rapidly growing, the
development of highly sensitive aptasensors for such analytes, including oligopeptides
and small molecules, remains to be challenging because of following limitations. First,
simple binding-based assays which measure the occurrence of aptamer-target binding are
frequently not effective or sensitive for detection of such analytes. Because of their small
size as well as low in molecular weight and electrical charge, the direct binding of the
low molecular weight analytes at sensor surfaces in general does not produce a
sufficiently large measurable signal in common aptasensing approaches, such as surface
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plasmon resonance (SPR), cantilever, quartz crystal microbalance (QCM), field-effect
transistor (FET), and electrochemical. Next, sandwich binding assays, a commonly used
and powerful signal amplification method in which a secondary probe (aptamer) with a
signal reporting (or amplifying) molecule is conjugated to another binding site of an
aptamer-bound target molecule, are not feasible for low molecular weight analytes. This
is due to the fact that in such small-target binding, the target molecule is normally
inserted into a binding pocket of aptamer, leaving little part for interaction with the other
probe [29]. Furthermore, the intrinsically low binding affinity of aptamers for low
molecular weight targets, due to lack of availability of functional group and structural
motif within such targets [41] and high vulnerability of signal interference from other
larger molecules in complex biological samples [42], adds a difficulty in achieving the
sensitive detection of low molecular weight biomarkers using aptasensors.

1.3.3.1. Aptasensors Based on Aptamer Engineering
To achieve the sensitive detection of low molecular weight analytes, aptasensors
described most commonly take advantage of the intrinsic properties of aptamers (e.g.,
nucleic acid hybridization and aptamer sequence fragmentation) and its target binding
characteristics (e.g., conformational change).
Aptasensors Based on Conformational Changes. To obtain a detectable signal
from the binding of an aptamer with a low molecular weight target, aptasensors have
used the adaptive nature of aptamer binding, i.e., upon association with a target, aptamers
change their conformations into a well-defined three-dimensional structure that
incorporates the target molecule. In such aptasensors, a signal reporter or a set of
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signaling components is attached at specific locations of an aptamer sequence that will
undergo a target binding-induced conformational change. In the presence of a target
analyte, the change in aptamer structure alters the local environment of the signal reporter
molecule, thereby producing a measurable signal [30, 31]. Using this strategy, Baker et al.
developed an electrochemical aptasensor that can detect cocaine [43]. The aptasensor was
fabricated by tagging methylene blue (MB) to a distal end of an aptamer immobilized on
a gold electrode. In the absence of a target, the aptamer remains to be partially unfolded.
In the presence of the target cocaine, the aptamer folds into a three-way junction
incorporating a cocaine molecule, which makes the electroactive methylene blue to be
located close to the electrode, which thus alters the electron transfer state (Figure 1.3a).
Stojanovic et al. also utilized the target binding-induced conformational change for
aptamer-based optical detection of cocaine [44]. A cocaine binding aptamer was prepared
by linking a fluorophore at one end of the aptamer and a quencher at the other end. In the
absence of a target, two stems are kept at open, thus the fluorophore is allowed to emit
light. Upon binding to cocaine, the aptamer closes and forms a three-way junction that
adopts the target molecule. This structural change results in locating the quencher in close
proximity with the fluorophore, thereby switching off the fluorescence (Figure 1.3b).
This structure-switching strategy assumes that the conformational change substantially
alters the local environment of an attached signaling molecule. However, when the
structure information about an aptamer of interest is not available, rationally designing a
conformational change-based aptasensor is not straightforward because labeling at a
proper location which will generate sufficient signal changes is difficult without the
precise structural information. Therefore, it typically requires multiple tests and
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modification steps to obtain a desirable binding characteristic. Consequently, this strategy
is by and large empirical, thus is not easy to generalize [43, 45]. This strategy is also not
applicable to fully folded aptamers that undergo only small changes, thus failing to
generate detectable signals [46]. In addition, the modification of the aptamer sequence or
attachment of signaling molecules may cause a significant loss of its binding affinity to a
target [47].

Figure 1.3. Aptasensors that used target binding-induced conformational changes for (a)
electrochemical detection of cocaine [43] and (b) optical detection of cocaine [44].

Aptasensors Based on Structure-Switching Signaling. The ability of nucleic
acid aptamers to hybridize with their complementary sequences has also been used for
detection of low molecular weight analytes in aptasensors. In the absence of a target, an
aptamer is in unfolded form, hybridized with its complementary sequence. Its binding
with a target results in the aptamer folded into a well-defined three-dimensional structure
through adaptive binding, causing the displacement of the aptamer from its
complementary strand. The target binding-induced dehybridization switches aptamercomplementary strand duplexes to aptamer-target complexes, referred to as structureswitching signaling, and produces a corresponding signal [45]. Further signal
10

amplification is achieved by tagging an aptamer and its complementary sequence with a
set of signal reporters, where the target binding-induced aptamer dissociation results in
changes in the distance between the signaling components, thereby generating an
amplified signal [48-52]. Using this strategy, Zuo et al. demonstrated an electrochemical
aptasensor for detection of adenosine triphosphate (ATP), a small molecule and an
energy source in metabolic processes [53]. The surface-immobilized aptamer labeled
with electroactive compound, ferrocene (Fc), was hybridized with its complementary
sequence. This DNA duplex is responsive to the target ATP, which thus liberates the
complementary strand to form the aptamer-target complex. The target-binding induced
aptamer folding results in bringing Fc molecule to nearby the electrode, which turns on
the electron transfer and generates measurable electrochemical signals (Figure 1.4a).
Chen et al. reported a structure-switching based optical aptasensor for detection of
ochratoxin A (OTA), a small molecule metabolite and a mycotoxin produced by fungi
organisms [50]. In the absence of a target, an OTA-specific aptamer labeled with a
fluorophore hybridizes to its complementary strand labeled with a quencher moiety,
bringing the fluorophore and the quencher into close proximity for maximum
fluorescence quenching effect. Upon binding to target OTA, the change in the aptamer
conformation induces the release of the quencher-labeled complementary strand,
producing a strong fluorescent signal related to the analyte concentration (Figure 1.4b).
Liu et al. described a structure-switching signaling aptamer-based colorimetric biosensor
for detection of adenosine and cocaine based on the difference in color of gold
nanoparticles between their aggregated and dispersed forms [54]. In the absence of a
target, gold nanoparticles aggregate through DNA hybridization between an aptamer and
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its complementary strand. Upon the addition of a small molecule target, the aptamer
undergoes a conformational change, which results in the dissociation of aptamercomplementary strand complexes. This structure switching causes the disassembly of the
aggregates, consequently a visible color changes to red is induced. This hybridizationbased structure-switching strategy is relatively easy to design and generalize regardless of
its size and structural characteristics because all nucleic acid aptamers share two distinct
abilities: (1) to hybridize with their complementary strand, forming aptamercomplementary duplexes and (2) to bind to their cognate ligands, forming aptamer-target
complexes. In addition, because this strategy detects complete separation of
oligonucleotides rather than local conformational changes within aptamers, produced
signals are typically pronounced and largely enhanced [55]. However, because aptamertarget binding occurs in the state that the binding site of an aptamer is hybridized with its
complementary strand, the aptamer’s binding affinity for a target is reduced due to
competition, blocking [45] and allosteric inhibition effect [56], thus lowering the
sensitivity of an aptasensor. This unfavorable effect noticeably increases with low affinity
aptamers that are common for low molecular weight analytes such as oligopeptides and
small molecules. Nutiu et al. [45] reported that a structural-switching strategy with a low
affinity ATP-binding aptamer resulted in the apparent Kd value which is about 60-fold
higher than that of original paper.
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Figure 1.4. Aptasensors based on structure-switching signaling for (a) electrochemical
detection of ATP [53] and (b) optical detection of OTA [50].

Aptasensors Using Split Aptamers. In this strategy, an aptamer is split into two
strands, each of which does not solely bind to a target molecule. By the addition of a
target, these two fragments of an aptamer assemble to form a specific structure that can
bind to the target molecule. This split aptamer-based strategy allows the application of a
sandwich binding assay configuration for detection of low molecular weight analytes
with a single binding site, enabling signal amplification for sensitive analyte detection
[30, 31, 57-59]. Zuo et al. presented an electrochemical split aptasensor for detection of
cocaine and ATP [60]. After an aptamer was split into two fragments, one of which was
immobilized on a god electrode, and the other one is labeled with the redox moiety
methylene blue (MB). Target binding-induced assembly of these two halves of the
aptamer brings methylene blue towards the electrode surface, which results in electron
transfer monitored by voltammetry (Figure 1.6a). Ruslinda et al. developed an optical
split aptasensor for detection of Tat peptide, an oligopeptide which is composed of 12
amino acids and derived from human immunodeficiency virus (HIV)-1 Tat protein [61].
The aptasensor is constructed as a fluorescence-based sandwich binding assay, in which
13

the target peptide is captured by assembly of two halves of an aptamer on a sensor
surface, and the optical signal is reported from a fluorophore attached to the secondary
aptamer fragment (Figure 1.6b). Although these aptasensors showed excellent specificity
to their targets, the general application of this strategy is limited because reliable methods
for developing a new split aptamer are lacking [57] and this assembly-based target
binding is typically feasible only for aptamers with a specific structure in their original
forms, such as three-way junctions. In addition, the affinity of aptamer-target binding can
be significantly reduced due to the fact that the binding occurs from a trimolecular
reaction instead of a bimolecular interaction with an original aptamer form [31], lowering
the sensitivity.

Figure 1.5. Aptasensors that used split aptamers for (a) electrochemical detection of
cocaine and ATP [60], and (b) optical detection of Tat peptide derived from HIV-1
protein [61].

While significant advances have been made, the aforementioned strategies that
utilize the intrinsic properties or binding characteristics of aptamers have been
demonstrated only for a small set of low molecular weight targets (e.g., adenosine, ATP,
cocaine, OTA, theophylline, and 17β-estradiol) because aptamer binding mechanisms for
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the majority of other targets are still poorly understood and characterized. To enable the
detection of a broader range of low molecular weight biomarkers, there is a need for
aptasensing technologies that do not require such detailed information of aptamers.
Aptasensors presented in this thesis aim to address this need.

1.3.3.2. Other Related Work
Label-free electrochemical aptasensors have demonstrated chemically-assisted
detection of low molecular weight targets, such as ATP [62], cocaine [63] and 17βestradiol [64]. The addition of a target leads to the conformational change of an aptamer
on sensing electrodes, causing the change in electrostatic interaction between
electroactive probes and the negatively charged phosphate backbone of aptamers.
Consequently, the change alters electron transfer efficiencies at the solution/electrode
interface, thus generating signal-on and signal-off type responses (Figure 1.5a). However,
this solution-based electrochemical detection method is susceptible to interference from
impurities in complex samples, and thus is not proper for clinical diagnostic applications
because of the low specificity.
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Figure 1.6. Aptamer-based electrochemical detection of (a) ATP and (b) D-VP using (a)
a redox probe solution and (b) an electroactive compound (MB)-embedded graphene
multilayer.

Direct aptamer binding-based detection of low molecular weight analytes has also
been demonstrated by exploiting unique physical properties of nanomaterials. He et al.
developed an electrochemical aptasensor for direct detection of arginine vasopressin
(AVP), a low molecular weight oligopeptide, using aptamer-functionalized carbon
nanotubes (CNTs) patterned on gold electrodes [65]. Due to the excellent electrical
conductivity of CNTs, a slight amount of electron transfer, caused by the surface
adsorption of low charged AVP molecules, could significantly alter the electrical
properties of CNTs, thus enabling the detection of AVP based on electrical measurements.
Qin et al. reported an electrochemical aptasensor on aptamer-functionalized graphene
multilayer [66] for detection of the D-enantiomer of vasopressin (D-VP). The highly
conductive graphene multilayer film was assembled through alternate adsorption of
graphene/polyelectrolyte and methylene blue/polyelectrolyte, enabling sensitive analyte
16

detection. The binding of D-VP to the aptamer results in blocking electron transfer
processes of methylene blue, leading to decreases in current peak (Figure 1.5b). Although
promising, these nanomaterial-based approaches are still limited by low sensitivity or
complicated fabrication processes.

1.4.

Objectives, Significance and Contributions of This Thesis

Research
1.4.1. Objectives and Significance
The main objectives of this thesis research were to develop micro and nanoscale
biosensors using aptamer-based affinity binding principles for label-free and sensitive
detection of low molecular weight analytes, such as oligopeptides and small molecules,
thus demonstrating the potential utility of the aptasensors in clinical diagnostics. The
significance of this work is as follows.


Aptamer-Based Affinity Sensing of Low Molecular Weight Biomarkers:
Label-free detection of low molecular weight analytes is achieved by employing
aptamer-based competitive binding on micro/nanostructures, without the need for
detailed information on aptamer structures and target binding mechanisms that are
commonly required in existing aptasensing approaches for detection of low
molecular weight targets (Section 1.3.3.1). Various aptamer-based strategies for
specific signal enhancement are attempted (e.g., aptamer-based selective
preconcentration, aptamer-based molecular positioning in hotspots, and aptamerbased nanoparticle clustering) for detection of the analyte at clinically or
physiologically relevant low concentrations.
17



Highly Sensitive and Integrated Biosensors Using Micro/Nanomaterials: Our
aptasensors utilize functional nanomaterials (e.g., leaning nanopillars forming
SERS hotspots, self-assembling magnetic nanoparticles, and atomically thin
graphene), which amplify signals by tuning their physical properties, for sensitive
detection. Microfluidic integration of aptasensors

combines the

entire

bioanalytical procedure within small volume, allowing efficient analyte detection
with minimized sample loss and enhanced biochemical.


Biomarker Detection in Human Patient Samples: Our aptasensor demonstrates
detection of a low molecular weight oligopeptide biomarker from plasma
ultrafiltrate samples of human patients, as is desired for clinical applications. This
is achieved by aptamer-based affinity purification of the patient sample followed
by analyte detection. In addition, we use a nuclease-resistant RNA aptamer,
termed Spiegelmer, as an affinity receptor in the system, thus enabling the analyte
detection in human patient samples without the aptamer degradation caused by
nuclease attack.

1.4.2. Main Contributions
In this thesis, we demonstrate four different aptasensors, all of which explore
micro and nanobiosensing approaches combined with aptamer-based affinity binding. To
demonstrate the ability of our aptasensors to detect low molecular weight biomarkers,
this thesis research is primarily focused on detection of arginine vasopressin (AVP),
which is a clinically important biomarker for prevention of hemorrhagic or septic shock-
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related death, but it has been challenging to detect because of its low molecular weight
and plasma levels.


Mass spectrometric detection of AVP from human plasma ultrafiltrate using
an integrated microfluidic aptasensor: In the integrated microdevice, an
aptamer immobilized on microbead surfaces selectively extracts and enriches
AVP from human plasma ultrafiltrate. After washing beads with buffer, thermally
activated release of AVP into purified water enables isocratic elution of the
analyte. The purified AVP is then repeatedly deposited, via PZT spotting, on a
spot on the MALDI plate to further enrich AVP on the spot. Coupled to mass
spectrometry, our approach demonstrates the detection of low-abundance AVP
from human patient plasma ultrafiltrate samples, and is thus attractive for clinical
diagnostic applications.



Optomagnetic detection of ATP based on the clustering of aptamerfunctionalized magnetic nanoparticles: Our optomagnetic aptasensor uses
magnetic nanoparticles (MNPs) which form magnetic clusters whose sizes vary
depending on the analyte concentration. To demonstrate the detection of small
molecule ATP, an inhibition assay configuration is employed, where two
mutually exclusive binding reactions (aptamer-ATP binding and DNA
hybridization between an aptamer and its partial complementary sequence) occur
between aptamer- and linker DNA-conjugated MNPs. The presence of ATP
hinders the MNP clustering induced by aptamer-linker hybridization, thus
enabling us to relate degrees of MNP clustering to the ATP concentration. The
clustering state is then quantitatively analyzed by an optomagnetic readout system
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that can measure the distribution of cluster sizes. Using the optomagnetic
aptasensor, we achieve label-free, specific, and quantitative detection of ATP at
physiologically relevant concentrations.


Surface-enhanced Raman spectroscopic detection of AVP via large area
Raman mapping on aptamer-functionalized leaning nanopillars: A substrate
densely packed with aptamer-functionalized leaning nanopillars is used as a
SERS-active platform. Leaning nanopillars produce enhanced Raman signals
which represent the presence of Raman tag-labeled AVP adsorbed on the
nanopillar surface by aptamer-based affinity binding. By conducting large area
Raman mapping, the statistical reliability and reproducibility in quantitative SERS
analysis is improved, thus enabling reliable biomolecular quantification. The
substrate is further integrated into a microfluidic system which facilitates
temperature control and substrate functionalization. In the microfluidic device,
aptamer-based competitive assay is also tested for label-free detection of AVP,
thus showing the potential of the device as a quantitative diagnostic tool detecting
low molecular weight biomarkers.



Graphene conductance-based detection of AVP in an integrated microfluidic
aptasensor:

Our

integrated

device

combines

aptamer-based

specific

preconcentration and conductance-based graphene nanosensing on a single
microchip. In the device, AVP is selectively captured and enriched on microbead
surfaces by aptamer-based affinity binding, and then transferred to the graphene
nanosensor that exploits an aptamer-based competitive assay to transduce the
aptamer-AVP binding into a measurable change in the electric conductance of
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graphene. Our approach allows label-free, sensitive, and quantitative detection of
AVP as required in clinical settings.

1.4.3. Organization of This Thesis
This thesis is organized as follows: Chapter 2 presents an integrated microdevice
capable of thermally controlled affinity extraction using aptamer-functionalized
microbeads and piezoelectrically driven sample deposition for label-free mass
spectrometric detection of AVP from human plasma ultrafiltrate samples. Chapter 3
presents an optomagnetic aptasensor for detection of small molecule ATP based on the
clustering of MNPs. By employing an aptamer-based inhibition assay configuration, the
degree of MNP clustering is found to be well related to the ATP concentration, which we
believe can be further extended to AVP detection in point-of-care settings. Chapter 4
presents a SERS-based aptasensor for detection of AVP within a microfluidic device
incorporating aptamer-functionalized nanopillars. While taking the ultrasensitive
detection capability of SERS, our approach addresses the limitations of current
quantitative SERS approaches by performing large area Raman mapping on uniformly
distributed leaning nanopillars. This approach allows reliable and reproducible
quantification of Raman tag-labeled AVP at picomolar concentrations, promising for
clinical diagnostic application. Chapter 5 describes an aptamer-based graphene
nanosensor integrated in a microfluidic device for detection of AVP. The device
combines aptamer-based selective preconcentration and conductance-based graphene
nanosensing, achieving the detection of AVP at clinically relevant picomolar
concentrations in a label-free manner, showing the greatest potential as a clinical AVP
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assay. All the presented systems have been successfully developed and tested for
detection of AVP in Chapters 2, 4 and 5, or adenosine triphosphate (ATP) in Chapter 3,
respectively. Future work and concluding remarks are discussed in Chapter 6.
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Chaper 2. An Integrated Microfluidic Aptasensor Coupled to
Mass Spectrometry
In this chapter, we present a microfluidic aptasensor coupled to mass
spectrometry for detection of a low-molecular weight biomarker in human patient
samples. Using a microfluidic device that integrates aptamer-based specific analyte
extraction, isocratic elution, and repeated depositions followed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry, we achieve
sensitive and label-free detection of arginine vasopressin (AVP), an oligopeptide
biomarker, in human plasma ultrafiltrate. In the purification chamber of the aptasensor,
an aptamer is immobilized on microbead surfaces to specifically extract AVP from the
plasma ultrafiltrate sample via affinity binding. Next, thermally induced reversible
disruption of the aptamer-AVP complexes is effected by an integrated microheater and
temperature sensor, and used to release the AVP into purified water, achieving isocratic
elution. Then, the purified AVP solution is repeatedly deposited, using a piezoelectrically
driven nanoliter-droplet ejector, onto a MALDI plate to form a micrometer-sized spot,
achieving analyte enrichment for mass spectrometric detection of low-abundance AVP.
We present experimental results on detecting AVP in human plasma ultrafiltrate at
nanomolar concentrations, which can be further reduced to picomolar levels via aptamerbased selective preconcentration.

2.1.

Introduction
Matrix-assisted laser desorption/ ionization time-of-flight (MALDI-TOF) mass

spectrometry has gained considerable attention in clinical diagnostics due to its high mass
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accuracy, simple operation, and rapid analysis capability [67]. Despite these advantages,
rapid and quantitative detection of clinical biomarkers using MALDI-TOF mass
spectrometry has been hindered by following limitations [68]. First, in detecting an
analyte of interest from complex biological samples, ionization of the analyte is prone to
be impeded by other biological impurities, lowering the detection sensitivity. Thus, the
sample clean-up process is needed prior to mass spectrometry, but it requires timeconsuming and labor-intensive work. Second, the spatial distribution of analyte
molecules is not uniform within a dried sample spot, which causes large variation of mass
spectra shot-to-shot or spot-to-spot. Because of aforementioned limitations, the
reproducibility of mass spectra is poor between experiments, particularly for quantitative
analysis of biomolecules at low abundance, hindering the practical use of MALDI-TOF
mass spectrometry for clinical diagnosis.
We here present an integrated microfluidic aptasensor that achieves the MALDITOF mass spectrometric detection of AVP, a low molecular weight oligopeptide
biomarker, in human plasma ultrafiltrate samples. The device integrates, on a single
microchip, the entire process of aptamer-based specific extraction, isocratic elution of
AVP from human plasma ultrafiltrate samples, and repeated depositions for subsequent
analysis via MALDI-TOF mass spectrometry, allowing sensitive and label-free detection
of AVP. This approach, achieved using bead-based solid-phase extraction, temperaturemediated isocratic elution, and piezoelectric (PZT) spotting, eliminates the need for offchip manual handling of samples and reagents, thus allowing the analytical procedures to
be performed in an integrated manner within small volumes (< 10 µl) with minimized
sample loss, and is hence well suited to clinical applications where patient samples may
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be available only at limited quantities. The ability of the device to sensitively detect AVP,
an oligopeptide hormone responsible for arterial vasoconstriction that occurs in extreme
physical trauma such as hemorrhagic or septic shock or congestive heart failure, in a
label-free manner is also significant. While the sensitive measurement of plasma AVP
levels is clinically important to prevent a late-phase hemorrhagic shock [69],
conventional AVP assays such as enzyme-linked immunosorbent assay (ELISA) and
radioimmunoassay (RIA) require labor-intensive work and time-consuming procedures
(exceeding 24 hrs), hindering their practical use. Experimental results show that the
aptasensor is capable of detecting AVP from human plasma ultrafiltrate at nanomolar
concentrations, which can be further reduced to picomolar concentrations by aptamerbased selective preconcentration, thereby demonstrating the potential utility of the device
in clinical diagnostics.

2.2.

Principle, Design, and Fabrication

2.2.1. Principle
Aptamer-Based Selective Preconcentration. The principle of AVP detection is
schematically described in Figure 2.1. A sample solution containing AVP and other
biological impurities is first introduced into the purification chamber packed with
aptamer-functionalized microbeads while the temperature inside is maintained at 37 °C,
the optimum temperature for aptamer-AVP binding [70]. In the purification chamber, the
aptamer selectively captures AVP molecules on the microbead surface (Figure 2.1a). The
chamber is then flushed with a buffer solution at 37 °C to remove unbound impurities and
nonspecifically adsorbed AVP molecules (Figure 2.1b). After the residual salt removal
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with brief water washing, the chamber temperature is raised up to 60 °C, which disrupts
the aptamer-AVP complex for isocratic elution of released AVP with purified water
(Figure 2.1c).
On-Spot Analyte Enrichment. The eluted AVP solution is transferred to the
spotting chamber through the secondary channel, and is then spotted onto a thin layer of
matrix crystal on a MALDI plate by using a PZT nanoliter-droplet ejector (Figure 2.1d).
After the spotted droplet is evaporated, a subsequent droplet is spotted onto the same site
(Figure 2.1e), and these repeated depositions induce the concentration of analyte
molecules on the spot, called on-spot analyte enrichment (Figure 2.1f). A fast evaporation
method, by which the MALDI plate is pre-coated with a uniform and thin layer of matrix
crystal prior to experiments, is employed to improve resolution, sensitivity and
uniformity of mass spectral acquisition [71, 72].

Figure 2.1. Principle of AVP detection using the integrated aptasensor. Top row:
Aptamer-based affinity purification. (a) The aptamer immobilized on a microbead surface
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specifically captures AVP molecules from plasma ultrafiltrate samples. (b) Unbound and
nonspecifically adsorbed molecules are removed by washing with a buffer solution and
water sequentially. (c) Thermally-induced disruption of aptamer-AVP binding results in
the AVP release from the aptamer, allowing the isocratic elution of AVP with purified
water. Bottom row: On-spot analyte enrichment. (d) By PZT spotting, the eluted AVP
solution is deposited onto a thin layer of matrix crystal on the MALDI plate. (e) After the
droplet is dried, the following droplet is spotted onto the same site. (f) By repeated PZT
spotting, AVP molecules are enriched on the spot.

2.2.2. Design
The integrated microdevice consists of an aptamer-based affinity purification
chamber (volume: 2 µl), a PZT spotting chamber (volume: 5 µl), a PZT stack actuator
and a set of resistive microheater and temperature sensor (Cr/Au) on a glass substrate
(Figure 2.2a, b and e). Three inlets are used to separately infuse sample, washing
buffer/water and eluting water into the chip. A supplementary bead-packing inlet is used
to introduce microbeads which are functionalized with an AVP-specific aptamer [73] into
the purification chamber. The introduced microbeads (diameter: 50-80 µm) are retained
in the chamber (height: 150 µm) by two dam-like weir structures formed by the
connection to thin microchannels (height: 20 µm) (Figure 2.2c). A solution is transferred
to the spotting chamber through a secondary channel (Figure 2.2d).
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Figure 2.2. Schematics of the integrated microdevice: (a) side view, (b) top view. (c) A
micrograph of the purification chamber packed with aptamer-functionalized microbeads.
(d) Demonstration of the pressure-driven fluid flow change. A flow of a fluorescein
solution to the waste outlet (left) is guided to the spotting chamber when the waste outlet
is plugged (right). (e) A photo of the packaged device.

2.2.3. Fabrication
The integrated microdevice was fabricated by bonding a polydimethylsiloxane
(PDMS) layer onto a glass substrate incorporating a patterned microheater and
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temperature sensor. To fabricate SU-8 mold, layers of SU-8 were spin-coated onto a
cleaned silicon wafer followed by UV exposure and baking steps. PDMS pre-polymer
(Sylgard 184, Dow Corning) was then poured onto the mold and baked for 1 hr at 75 °C
(Figure 2.3a-d). The microstructured PDMS layer was then peeled off from the mold. In
the meantime, chrome (Cr, thickness: 5 nm) and gold (Au, thickness: 150 nm) layers
were consecutively deposited on a cleaned glass substrate by thermal evaporation.
Following the photolithographic patterning of the metal layers, the substrate was
passivated with a thin PDMS layer using spin coating (Figure 2.3e-h). The PDMS layer
was then bonded to the substrate following oxygen plasma surface treatment (Figure
2.3i).

29

Figure 2.3. Fabrication processes of the integrated microdevice. (a-c) Fabrication of a
SU-8 mold. (d) A microstructured PDMS layer casting on the SU-8 mold. (e-h)
Micropatterning of metallic bilayer (Au/Cr) on a glass substrate using photolithography
for a resistive microheater and a temperature sensor. (i) Packaging of the microdevice by
PDMS bonding using oxygen plasma treatment.

2.3.

Experimental

2.3.1. Materials
AVP, desmopressin (dDAVP), vasotocin and lysine-modified AVP (Lys-AVP)
were purchased from American Peptide Company Inc. (Sunnyvale, CA). An AVPspecific aptamer (5’-GGG GUA GGG CUU GGA UGG GUA GUA CAC GUG UGC
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GUG GU-HS-3’), termed a Spiegelmer, was custom synthesized and biotinylated by
ChemGenes Corporation (Wilmington, MA) via a selection process involving
enantiomeric RNA mirror imaging for improved nuclease-resistance. An adenosine
triphosphate (ATP)-specific aptamer (5’-ACC TGG GGG AGT ATT GCG GAG GAA
GGT AAA AAA A-3’) was obtained from Integrated DNA Technologies Inc. (Coralville,
IA). A streptavidin-coated polyacrylamide microbead was acquired from Thermo Fisher
Scientific Inc. (Rockford, IL) and functionalized with aptamers via streptavidin-biotin
links. A binding buffer solution (pH 7.4) was prepared in deionized water with Tris-HCl
(20 mM), NaCl (150 mM), KCl (5 mM), CaCl2 (1 mM), MgCl2 (1mM) from SigmaAldrich (St. Louis, MO). Cyano-4-hydroxycinnamic acid (CHCA), a MALDI matrix, was
purchased from Protea Biosciences, Inc. (Morgantown, WV) and solvated in a volume
ratio of 80 % acetone, 20 % isopropyl alcohol and 0.1 % trifluoroacetic acid. A PZT
stack actuator (5 × 5 × 10 mm; widths × height) inducing 6 µm displacement with 80 V
applied was obtained from Steiner & Martins, Inc. (Miami, FL), and a solid state relay for
switching on/off PZT actuation was purchased from Omega Engineering Inc. (Stamford,
CT) respectively.

2.3.2. Experimental Setup and Procedure
A schematic of the experimental setup is illustrated in Figure 2.4. Streptavidincoated microbeads were incubated with a biotinylated aptamer solution in a tube for 1 hr,
allowing the aptamer immobilization onto the bead surface. Then, the aptamerfunctionalized microbeads were introduced into the purification chamber through a
supplementary bead-packing inlet using manual pressure, followed by sealing the inlet.
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Devices were rinsed with a binding buffer solution (flow rate: 10 µl/min) prior to each
experiment. Sample solutions at various AVP concentrations were prepared in binding
buffer or human plasma ultrafiltrate. A sample solution (volume: 10 µl) was infused into
the chip using a syringe pump (KD210P, KD Scientific Inc.) and incubated with aptamerfunctionalized microbeads in the purification chamber for 3 min at 37 °C. In the
experiment for aptamer-based preconcentration (Section 2.4.3), 1 ml of sample solution
was infused into the chip over a period of approximately 65 min (flow rate: 15 µl/min)
while the chamber temperature was kept at 37 °C. The temperature inside the chamber
was controlled using the integrated microheater and temperature sensor connected to
closed-loop control with LabVIEW. After the chamber was thoroughly rinsed by flushing
with a buffer solution (volume: 50 µl; flow rate: 10 µl/min) and purified water (volume:
10 µl; flow rate: 10 µl/min) sequentially, a plug of purified water (volume: 10 µl; flow
rate: 2 µl/min) was slowly flowed through the chamber at 60 °C while the other two
inlets and the waste outlet were plugged. The eluted AVP solution was then transferred
and filled the spotting chamber followed by 50 times deposition onto the matrix-coated
MALDI plate.
For the PZT actuation at a predetermined frequency, the square wave-like
function was generated by switching on and off power supply (N5768A, Agilent
Technologies) with a solid state relay (SSRDC100VDC, Omega Engineering) controlled
by a function generator. In the meantime, the MALDI plate was pre-coated with a thin
layer of matrix crystal by spin-coating (1000 rpm) prior to experiments.
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Figure 2.4. A schematic of the experimental setup. The integrated microdevice is
operated by closed-loop temperature control and PZT actuation separately.

PZT spotting was characterized by measuring droplet volumes with respect to
pulse width, w (pulse width: 0.2-2 ms; voltage magnitude: 80 V) and applied voltage, Von
(voltage magnitudes: 50-80 V; pulse width: 2 ms), respectively. After the spotting
chamber was filled with water, the PZT stack actuator on top of the chamber was
intermittently triggered by switching on/off electric voltage application. The external
actuation generated instantaneous linear displacement of the PZT stack, thus deforming
the top PDMS layer of the spotting chamber (2 mm thick). The spontaneous pressure
increase in the chamber resulted in firing a droplet with a volume of 4 to 7.5 nl through a
nozzle (a square shape of 150 µm×150 µm). It was noted that the volume dispensed
proportionally increased with both parameters, w (Figure 2.5c) and Von (Figure 2.5d),
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which are related to the duration of driving stroke and physical displacement of the
actuator respectively. In all experiments in this thesis, measurements were performed in
triplicates (unless noted), from which averages and standard deviations were computed.

Figure 2.5. Principle of PZT spotting: (a) A PZT stack actuator is placed on top of the
spotting chamber, and plastic holders hold the actuator with the chip. (b) A PZT actuation
is intermittently triggered by applying DC voltages (50-80 V) inducing a linear
displacement (Δt ~ 6 µm at 80 V) of the PZT stack actuator, thus resulting in the
deformation of the top PDMS layer (2 mm thick). Due to the spontaneous pressure
increase in the chamber, a droplet is ejected through a square-shaped nozzle (150
µm×150 µm). Characterization of the PZT nanoliter-droplet ejector showing the
dependence of the dispensed droplet volume on (c) pulse width, w, and (d) voltage
applied, Von.
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2.4.

Results and Discussion

2.4.1. Effects of PZT Spotting on Mass Spectrometric AVP Detection
We first investigated effects of PZT spotting on MALDI-TOF mass spectrometry
for AVP detection. A 100 nM AVP solution prepared in purified water was deposited once
on the MALDI plate using pipetting (1 µl) or PZT spotting (volume: ~7 nl), which
remained dried MALDI spots with diameters of 1.5 mm and 300 µm, respectively (Figure
2.6a and b). Manually controlled UV laser shots (laser irradiation size ~ 150 µm) were
irradiated onto five different locations on each spot for mass spectral acquisitions, and
AVP peak intensities from five measurements were averaged for comparison.
Experimental results showed that the pipetted spot produced 3 times larger spatial
variation of AVP peak intensities (27 %), compared to a PZT spotting generated spot (9.2
%) (Figure 2.6c), concluding that nanoliter-volume spotting can reduce the spatial
variation of signals, which in turn improves the reproducibility of mass spectra. This
beneficial effect arises from the fact that the MALDI spot size becomes comparable to a
laser irradiation area, thus a larger portion of the spot can be analyzed simultaneously
[74].
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Figure 2.6. Photos of dried MALDI spots deposited by (a) pipetting (diameter: 1.5 mm)
or (b) PZT spotting (diameter: 300 µm). Approximately 25 times smaller spot (area) was
produced when using the PZT nanoliter-droplet ejector. Scale bars indicate 500 µm. (c)
Averages of peak intensities from 5 measurements at different locations within a spot
were compared between two sample deposition manners, coefficient of variations (C.V.=
standard deviation/ mean value) were indicated above the error bars.

To determine the optimal number of deposition for AVP detection, we obtained
mass spectra from varying the number of 100 nM AVP sample deposition. Intensities of
the AVP peak were found to increase with the number of deposition (Figure 2.7),
indicating that more depositions induce a larger number of analytes on the spot. However,
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repeated depositions more than 50 times frequently dissolved a matrix layer, precluding
MALDI measurements, thus 50 times depositions were performed for on-spot analyte
enrichment in following experiments

Figure 2.7. Determination of the optimum number of deposition for MALDI-TOF mass
spectrometric detection of AVP at 100 nM. Intensities of the AVP peak were plotted with
respect to the number of sample deposition.

To study the effect of the multiple depositions on a spot, an AVP solution (1-100
nM) prepared in purified water was deposited by single or 50 times spotting using the
PZT nanoliter-droplet ejector. Intensities of the AVP peak were significantly amplified at
all concentrations (Figure 2.8), indicating that repeated depositions result in the
accumulation of AVP molecules on the spot. It is noteworthy that at low concentrations
(1/10 nM) only peaks comparable to background noises (signal-to-noise ratio: S/N < 5)
were detected by single deposition, while an appreciable AVP peak appeared by repeated
depositions due to the on-spot analyte enrichment effect. These results suggest that
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multiple depositions can significantly lower the detection limit in MALDI-TOF mass
spectrometric detection of AVP.

Figure 2.8. The effect of multiple depositions using the PZT nanoliter-droplet ejector in
the integrated device: mass spectra at various AVP concentrations (1/10/100 nM from the
top) when (a) an AVP solution in purified water is deposited once, or (b) 50 times on the
same spot.

2.4.2. ATP Detection
We investigated the specificity of the aptasensor. The device, functionalized with
the AVP-specific aptamer, was first tested for detection of AVP at 100 nM in binding
buffer. A strong peak at 1084.5 m/z indicative of AVP was observed in the mass spectra
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(Figure 2.9). On the other hand, vasotocin, an oligopeptide that differs from AVP by a
single amino acid, yielded a mass spectral peak (at 1050 m/z) that was small compared
with that of AVP (Figure 2.9) and could be attributed to the nonspecific physical
adsorption of vasotocin molecules to microbead and microfluidic surfaces. Thus, while
aptamer-based preconcentration and on-spot enrichment resulted in a significant amount
of AVP molecules for mass spectrometric detection, the binding between the aptamer and
the control molecule vasotocin was insignificant. In addition, when the device was
functionalized with a control aptamer (an aptamer that binds to ATP), testing of AVP
detection did not yield a distinctive mass spectral peak (data not shown). These results
demonstrated that the aptasensor was specific to AVP.

Figure 2.9. Specificity of the aptasensor: the device, functionalized with the AVPspecific aptamer, was tested respectively on AVP and vasotocin (control), both at 100 nM.

To reduce the experimental variability which can arises from chip processing
(binding/elution/spotting) and MALDI measurements (distribution/ionization), a constant
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amount of an internal standard was added into AVP samples. Desmopressin (dDAVP), a
synthetic replacement for AVP with a molecular weight of 1069 Da, was chosen as an
internal standard through the investigation of similarity in MALDI responses among
various polypeptides (Figure 2.10).

Figure 2.10. Internal standard selection: To find the best internal standard of AVP
showing the most similar MALDI response with AVP, various polypeptides, AVP (dark
blue diamond), dDAVP (green triangle), Lys-AVP (red square), and Vasotocin (blue
cross), were tested in the nanomolar range.

We tested the aptasensor for AVP detection in binding buffer. An AVP sample at
varying concentrations (0.01-10 nM) with 1 nM dDAVP was prepared in binding buffer,
and then processed through the integrated device followed by MALDI-TOF mass
spectrometry. Resulting mass spectra displayed two peaks at 1069 m/z and 1084.5 m/z,
which respectively represent dDAVP and AVP, while no AVP peak appeared at 10 pM
(Figure 2.11a). This can be attributed to that the binding affinity of the aptamer towards
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AVP is insufficiently low for its detection below 100 pM as the dissociation constant (Kd)
reported elsewhere is 1.7 nM at 37 °C [73]. Peak intensity ratios of AVP to dDAVP were
calculated for relative quantification, and the ratio was found to proportionally increase
with the AVP concentration in the range between 100 pM and 10 nM (Figure 2.11b). This
implies that higher AVP concentrations resulted in more AVP captured by aptamer on the
microbead surface in the aptasensor, thus inducing the larger amount of AVP on a
MALDI spot.

Figure 2.11. AVP detection in buffer: (a) Mass spectra obtained from experiments with
AVP samples at various concentrations (0.01-10 nM) containing dDAVP at a fixed
concentration (1 nM). (b) MALDI peak ratios (AVP/dDAVP) vs. AVP concentrations,
showing the concentration-dependent responses in the range of 100 pM to 10 nM.

To further demonstrate the potential utility of our device in clinical settings, we
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also tested the AVP detection from human plasma ultrafiltrate. AVP at various
concentrations (1-100nM) and dDAVP at a fixed concentration (10 nM) were spiked into
a human plasma ultrafiltrate solution, which was then processed by the integrated
aptasensor for MALDI-TOF mass spectrometric detection. Resulting mass spectra
showed that absolute intensities of the AVP peak and the AVP concentration did not
correlate (Figure 2.12a), indicating that biological impurities interfered with both the
aptamer-AVP binding and the ionization of AVP molecules during the MALDI process,
consequently increasing the experimental variability. However, the effects of such
variations could be effectively suppressed by relative quantification with dDAVP, in
which case the mass spectral peak ratio (AVP/dDAVP) monotonically increased with the
AVP concentration in the nanomolar range (Figure 2.12b). These results suggest that the
integrated aptasensor specifically extracted AVP from human plasma ultrafiltrate via
aptamer-based affinity binding, and further enriched the extracted analyte on a MALDI
spot to aid effective mass spectrometric detection of AVP.
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Figure 2.12. AVP detection in human plasma ultrafiltrate (UF): (a) Mass spectra
obtained from experiments with plasma ultrafiltrate samples spiked with AVP at various
concentrations (1-100 nM) and dDAVP at a fixed concentration (10 nM). (b) MALDI
peak ratio (AVP/dDAVP) vs. AVP concentration.

2.4.3. Preliminary AVP detection at clinically relevant picomolar concentrations
Related to late-phase hemorrhagic shock, plasma AVP levels vary from 1 to 500
pM. To demonstrate AVP detection in this clinically relevant range, we combined
aptamer-based preconcentration of AVP with on-spot analyte enrichment, for which a
dilute AVP solution was continuously infused into the device followed by washing,
elution, and repeated depositions on a MALDI plate. We first tested this approach for
AVP detection in binding buffer, in which AVP concentrations were varied from 1 to 100
pM while the dDAVP concentration was kept at 10 pM. Results showed that the peak
ratio of AVP to dDAVP increased with the AVP concentration, confirming the ability of
the aptasensor to measure AVP levels in the picomolar range (Figure 2.13a). This
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indicates that the continuous sample infusion caused aptamer-based selective
preconcentration of AVP on microbead surfaces followed by further on-spot analyte
enrichment, thereby enabling detection of AVP at such low picomolar concentrations.

Figure 2.13. Picomolar AVP detection via aptamer-based preconcentration coupled to
on-spot analyte enrichment. (a) In buffer: MALDI peak ratio (AVP/dDAVP) vs. AVP
concentration in the range between 1 and 100 pM with 10 pM dDAVP. (b) In human
plasma ultrafiltrate: Mass spectra obtained from a plasma ultrafiltrate sample spiked with
10 pM (top) or 100 pM (bottom) AVP.

Using this approach, we also conducted preliminary tests for AVP detection in
human plasma ultrafiltrate at the clinically relevant picomolar concentrations of 10 and
100 pM. In the resulting mass spectra, a distinct AVP peak was observed at each of the
concentrations in the presence of significant background peaks (Figure 2.13b). On the
other hand, mass spectral peaks of AVP were not distinguishable from background peaks
when aptamer-based preconcentration was not used (data not shown), indicating that the
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repeated selective extraction of AVP effectively increased the sensitivity of the
aptasensor even in the presence of biological impurities in the human plasma ultrafiltrate
sample. Impurities and ions that nonspecifically adsorbed to beads likely contributed
significantly to the background peaks, whose reduction would enable the device to
measure AVP at further lower concentrations in a more reproducible manner. For
example, modification of bead surfaces with an anti-adsorption coating (e.g.,
polyethylene glycol [75]), while not implemented in the present proof-of-concept work,
should significantly reduce background peaks in the mass spectra. In addition, this issue
could be further mitigated by optimization of the device design (e.g., chamber volume
and shape), washing methods (e.g., choice of buffer as well as washing time and flow rate)
during the device operation, and microbead manipulation schemes (e.g., the use of
dynamically moving magnetic beads [76]).

2.5.

Conclusion
We have developed an integrated microfluidic aptasensor for label-free mass

spectrometric detection of a low molecular weight analyte in human plasma ultrafiltrate.
The device integrates aptamer-based specific extraction and isocratic elution of the
analyte from human plasma ultrafiltrate samples, and PZT spotting for following
MALDI-TOF mass spectrometric detection. AVP, a clinically important oligopeptide
biomarker, was effectively extracted from human plasma ultrafiltrate via solid-phase
aptamer-based affinity binding, thus allowing detection of AVP by MALDI-TOF mass
spectrometry. The PZT spotting technique formed a dried MALDI spot as small as laser
irradiation area, thus minimizing the spatial variation of mass spectra within a spot. The
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purified AVP solution was then repeatedly deposited on a spot, thus inducing on-spot
analyte enrichment for improved sensitivity.
Using the integrated device, we demonstrated label-free mass spectrometric
detection of AVP in binding buffer and human plasma ultrafiltrate in the range of 0.1-10
nM and 1-100 nM, respectively. Combining aptamer-based selective preconcentration of
AVP on microbeads with on-spot analyte enrichment by repeated depositions on a
MALDI plate, we showed that the aptasensor can further detect AVP in the clinically
relevant concentration range of 1-100 pM. Through preliminary tests, we also
demonstrated detection of AVP from human plasma ultrafiltrate at concentrations down
to picomolar concentrations, showing the potential utility of our aptasensor in clinical
settings. The sensitivity of the aptasensor can be further enhanced in future work by
optimization of the device design and operation, such as using anti-adsorption
modification of microbead surfaces as well as improved choice of device dimensions,
chamber shape and buffer washing methods during the device operation.
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Chaper 3. An

Optomagnetic

Aptasensor

via

Magnetic

Nanoparticle Clustering
In this chapter, we present an optomagnetic aptasensor that uses magnetic
nanoparticle (MNP) clustering for detection of low molecular weight analytes. In addition
to its ability to detect a low molecular weight analyte in a simple and label-free manner,
the aptasensor is realized on a low-cost and compact optomagnetic readout system and is
well suited to point-of-care diagnostics. In the aptasensor, MNPs are used as sensing
materials onto which an aptamer and its partial complementary sequence (DNA linker)
are separately immobilized. Using the oligonucleotide-MNP conjugates, we employ an
inhibition assay configuration with two mutually exclusive binding reactions, aptameranalyte binding and aptamer-linker hybridization. Consequently, the addition of a low
molecular weight target hinders the MNP clustering induced by the aptamer-linker
hybridization, thereby enabling us to relate the degree of MNP clustering to the target
concentration. The clustering state is then measured using a low-cost and compact
optomagnetic readout system implemented with a commercial Blu-ray optical pickup unit
(OPU). The optical signals with respect to frequencies of the magnetic field excitation
provide information on the distribution of hydrodynamic sizes of MNPs and the clusters.
Using this optomagnetic aptasensor, we demonstrate the detection of adenosine
triphosphate (ATP), a small molecule analyte, in the micromolar concentration range.

3.1.

Introduction
MNP-based biosensors have been developed for various biomolecules such as

nucleic acids [77-80], proteins [81-84], enzymes [85], cells [86], and small molecules
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[87-90]. Owing to the low magnetic susceptibility of biological compounds, the
manipulation and detection of MNPs in biological media are hardly interfered from
background signals, enabling efficient and sensitive detection of biomolecules without
additional sample purification steps.
MNP-based detection of biomolecules has been applied to both surface-based [9196] and volume-based assays [77, 78, 81-85, 87, 97]. The latter typically employs
sandwich binding-induced clustering where a molecule of interest is bound to multiple
receptors tethered onto MNP surfaces, resulting in the agglutination of MNPs.
Accordingly, the addition of target molecules triggers clustering of MNPs, leading to
changes in the size and the number of agglomerated particles [12, 77, 78, 81-84, 98-101].
Although the volume-based MNP clustering assay is particularly appealing because it
allows simple mix-and-read measurements with a reduced reaction time by use of
external magnetic fields, its application for low molecular weight biomarker detection has
been limited by requiring a target to possess multiple binding sites, which is often not
feasible for low molecular weight analytes. Next, current technologies to detect MNP
clusters typically measure properties such as transverse relaxation time [12, 83, 85, 101104], total sample magnetization [105] or light scattering [97, 105], which do not resolve
signals with respect to particle sizes. Thus, the quantitative measurement of MNP clusters
in a mixture is readily interfered from background signals from a large amount of single
MNPs or variously-sized clusters, thus lowering the detection sensitivity. In addition,
existing readout techniques require bulky and sophisticated electronic equipment such as
nuclear magnetic resonance (NMR) spectroscopy, magnetometers equipped with precise
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temperature control, or dynamic light scattering equipment, which in turn limit their
applicability in an out-of-the lab setting.
We here present an optomagnetic aptasensor for detection of a low molecular
weight analyte via size-selective measurements of MNP clusters on a low-cost and
miniaturized platform. We employ an inhibition assay configuration, where two mutually
exclusive binding reactions, i.e., aptamer-analyte binding and aptamer-complementary
sequence hybridization, occur. For the inhibitive clustering assay, two types of MNPs are
prepared, one tagged with an aptamer (apt-MNPs) and the other with a sequence partially
complementary to the aptamer, called a DNA linker, (linker-MNPs). A hybridization
reaction between linker-MNPs and apt-MNPs results in the formation of MNP clusters.
Consequently, the addition of a target hinders the MNP clustering induced by aptamerlinker hybridization, enabling us to relate the degree of MNP clustering to the target
analyte concentration. To determine the degree of MNP clustering, i.e., the cluster sizes
and respective amounts, we implemented an optomagnetic readout system. The system
collects transmitted light, which is modulated by rotating MNPs under the actuation of
external magnetic fields. The optical signal is found to be closely related to the rotational
dynamics of MNPs, which is linked to their hydrodynamic sizes. As a result, this
optomagnetic measurement enables us to distinguish optical signals in terms of cluster
sizes, allowing an accurate and quantitative determination of the clustering state.
Furthermore, to simplify and miniaturize the readout platform, we utilize a Blu-ray OPU
which incorporates a laser diode and a photo detector, now available for less than 10
dollars. By integrating such a compact and reliable optical element with a cuvette for
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simple sample loading, we establish a robust and miniaturized optomagnetic readout
system at low cost.
In this Chapter, adenosine triphosphate (ATP) is chosen as a model analyte, which
is a small molecule (M.W.=507 Da) and an intracellular energy transporter that regulates
cell metabolism and signaling pathways. ATP can be used as an indicator of cell viability
[106], and thus the detection of ATP levels in the range between 0.1 and 3 mM [107] is
essential for clinical and biological studies. Experimental results show that the change of
the optical response obtained from the aptasensor is well correlated with the ATP
concentration in the range of 10 µM to 10 mM, demonstrating that the aptasensor can be
applied for detection of a low molecular weight biomarker, which can potentially be
developed as a low-cost point-of-care diagnostic device.

3.2.

Principle and Design
Aptamer-Based Inhibitive MNP Clustering Assay. The principle of ATP

detection using MNPs is illustrated in Figure 3.1. A part of the linker sequence (CAA
TAC TCC CCC AGG T) is designed to hybridize with the ATP-recognition site (ACC
TGG GGG AGT ATT G) of the aptamer. Without ATP, apt-MNPs and linker-MNPs
aggregate through successive DNA hybridization processes between aptamers and linkers
on respective MNP surfaces (Figure 3.1a). However, in the presence of ATP, aptamers
result folded into a three-dimensional G-quadruplex structure [108] stabilized by the
target [29, 109, 110], which is less likely to hybridize with the linker. From a
thermodynamic viewpoint, such stabilization means that in the presence of its cognate
target, the overall free energy of the hybridization reaction between an aptamer and its
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complementary sequence becomes less negative [109]. Thus, the target molecule behaves
like an inhibitor, and the resulting affinity constant Keq' of the aptamer for its
complementary strand is reduced by an amount depending on the target concentration [T]
and the affinity constant of aptamer-target binding Ka, and it can be expressed as
Keq'=Keq/(1+[T]×Ka). Consequently, as the target concentration increases, the likelihood
of forming linker-aptamer hybrids decreases, and thus the degree of clustering between
apt-MNPs and linker-MNPs also decreases.

Figure 3.1. Principle of aptamer-based inhibitive clustering assay for ATP detection
using MNPs. (a) When two types of MNPs (apt-MNPs and linker-MNPs) are mixed
without ATP, hybridization between ATP-specific aptamers and linker DNA molecules
induce agglutination of MNPs, resulting in the clustering of MNPs. (b) When apt-MNPs
are first incubated with ATP followed by addition of linker-MNPs, aptamer binding to
ATP reduces the likelihood of cluster formation based on an inhibition mechanism.

Size-Selective Optomagnetic Measurement of Clusters. To quantitatively
determine the clustering state of MNPs, in the optomagnetic readout system, a sinusoidal
uniaxial magnetic field at a controlled frequency (f) is applied to an MNP-suspended
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solution while laser light (405-nm wavelength) passes through the sample solution along
the axis of the applied magnetic field, and is reflected back to the Blu-ray OPU by an
adjustable mirror. The MNPs have a small remnant magnetic moment. In the absence of
an external magnetic field, the thermal energy is sufficient to prevent formation of
particle clusters due to magnetic interactions. However, in an applied magnetic field,
MNPs (or clusters, if present) align preferentially with the magnetic field, and tend to
form chain-like structures in the field direction. Upon a change of the sign of the
magnetic field, the particles have to physically rotate to reform chain-like structures. The
time scale for these alternate processes is given by the Brownian relaxation dynamics of
the particles or the particle assemblies. The dynamic behavior, which forms and disrupts
the chain-like MNP suprastructures during a cycle of the magnetic field, results in the
modulation of the transmitted light intensity at twice the excitation frequency. The
transmitted light modulation vs. frequency of the applied field reflects the dynamic
behavior of MNPs in suspension. In a previous work, it was demonstrated that the 2nd
harmonic component of analyzed optical signals is closely related to the Brownian
relaxation dynamics of MNPs, which in turn gives information about the size of the
particles in suspension [111].

3.3.

Experimental

3.3.1. Materials
Streptavidin-coated

cross-linked

iron

oxide

(CLIO)

nanoparticles

with

hydroxyethyl starch and nominal sizes of 80, 250 and 500 nm were acquired from
Micromod Partikeltechnologie GmbH (Rostock, Germany). Biotinylated oligonucleotides:
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ATP-specific aptamer (5’-ACC TGG GGG AGT ATT GCG GAG GAA GGT AAA
AAA A-3’), DNA linker (5’-CAA TAC TCC CCC AGG TAA AAA AA-3’) and control
oligonucleotide (5’-ACC TGG GGG AGT ATT AAA AAA AAA AAA AAA AAA A-3’)
were obtained from Integrated DNA Technologies, Inc. (Coralville, IA). Other chemical
reagents including ATP, CTP, GTP, UTP, PBS buffer, MgCl2 were purchased from
Sigma-Aldrich (St. Louis, MO).

3.3.2. Experimental Setup and Procedure

Figure 3.2. A schematic (a) and a photo (b) of the optomagnetic readout setup

Magnetic Nanoparticle Surface Functionalization. MNPs were repeatedly
washed with PBS buffer four times using centrifugation followed by magnetic separation
and resuspended at a concentration of 1 mg/ml. The MNP-suspended solution was then
mixed with the aptamer or the linker solution, and incubated for 30 min under shaking at
room temperature. After the incubation, the oligonucleotide-functionalized MNP
solutions were washed with PBS with 5 mM MgCl2 (PBSM, pH 7.4) three times, and
resuspended at a concentration of 1 mg/ml for experiments.
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Experimental Protocol. Standard ATP samples at various concentrations were
prepared in PBSM buffer solution (pH 7.4). An apt-MNP solution (1 mg/ml, 6 µl) was
first mixed with a 6 µl of ATP sample (or with a PBSM buffer for blank experiments),
and incubated for 1 h at room temperature. A linker-MNP solution (1 mg/ml, 6 µl) was
then added into the sample followed by placing the sample tube in the magnetic rack for
5 min, accumulating MNPs together. 15 min after removing the tube from the rack, 42 µl
of PBSM buffer was added to make the final volume as 60 µl, which fills up the
measuring chamber of the optical cuvette.
Optomagnetic Readout. The optomagnetic readout system was developed by coworkers at Technical University of Denmark (DTU). The lens on the Blu-Ray OPU was
removed, and a customized circuitry was used to control the OPU laser and to extract the
total signal arising from the OPU photodetector. Once the MNP sample solution was
ready to measure with a volume of 60 µl, the cuvette was mounted on the sample loading
stage located between the adjustable mirror and the Blu-ray OPU (Figure 3.2). During the
optical signal acquisition, alternating magnetic actuation at sweeping frequencies (26
different frequencies, from 1928 to 0.33 Hz) was applied through the MNP-suspended
solution in the direction parallel to the light beam. The light passed through the solution
was reflected on the mirror and returned to the photodetector of the OPU. The collected
optical signals were analyzed using lock-in technique.

3.4.

Results and Discussion

3.4.1. MNP Clustering via Aptamer-Based Inhibition
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We first confirmed aptamer-based inhibitive clustering of MNPs for ATP
detection by taking images of the clustering state of MNPs. Figure 3.3 shows images of
(a) a single type of MNPs, (b) apt-MNPs mixed with an equal amount of linker-MNPs,
and (c) apt-MNPs incubated with 10 mM ATP followed by addition of an equal amount
of linker-MNPs. The top images in the figure were obtained by fluorescence microscopy
in suspension and the bottom images were obtained by scanning electron microscope
(SEM) after drying of a droplet. Both imaging techniques showed consistent results as
follows. For a single type of MNPs, the MNPs were uniformly dispersed with some small
clusters (<1 m) formed by non-specific interaction between MNPs (Figure 3.3a). For the
mixture of apt-MNPs and linker-MNPs, large (>10 m) clusters were observed (Figure
3.3b). When the apt-MNPs were incubated with a high concentration of ATP (10 mM)
prior to addition of the linker-MNPs, only intermediate-sized (<5 m) clusters were
observed (Figure 3.3c). Results showed that MNP clustering was significantly suppressed
in the presence of a high ATP concentration, confirming that ATP acted as an inhibitor
and prevented aptamers from hybridizing with linkers.
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Figure 3.3. Inhibitive MNP clustering-based ATP detection. The top row shows
fluorescence images acquired on MNP-suspended sample solutions and the bottom row
shows SEM images acquired on dried spots of MNP samples. Both images were obtained
from (a) a single type of MNPs, (b) a 1:1 mixture of apt-MNPs and linker-MNPs, and (c)
apt-MNPs incubated with 10 mM APT followed by addition of linker-MNPs. The white
and black scale bars indicate 20 µm and 5 µm, respectively.

3.4.2. Characterization of Optomagnetic Readout
We characterized the optomagnetic readout system using MNPs with various
sizes. Spectra of the complex 2nd harmonic photo detector signal 𝑉2 = 𝑉2′ + i𝑉2′′ with inphase component (𝑉2′ ) and out-of-phase component (𝑉2′′ ) were recorded at 26
logarithmically equidistant frequencies from f = 1928 Hz to 0.33 Hz. Figure 3.4 shows 𝑉2′
vs. f for three different particle sizes with nominal diameters of 80, 250 and 500 nm. For
the three particle sizes, the spectra present peaks at distinct frequencies fp = 171.7, 10.7
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and 1.9 Hz, respectively. These peak frequencies are related to the Brownian relaxation
frequency, i.e., the frequency with the maximum out-of-phase response with respect to
the external magnetic field. Consequently, the peak frequency varies depending on the
hydrodynamic size of particles as larger particles tend to rotate out-of-phase at
comparatively lower frequency with respect to smaller nanoparticles. Interestingly, the
peak for 250 nm MNPs has an opposite sign compared to the other particle sizes,
indicating that the chain formation/disruption dynamics of the particles modulate the 405
nm light with an opposite sign compared to the particles with nominal sizes of 80 nm and
500 nm. As observed in previous work [111], this phenomenon is related to the size
dependence of the optical scattering of the individual MNPs in the Mie regime.

Figure 3.4. Characterization of size-selective optomagnetic readout. Frequency spectra
obtained from MNPs with diameters of 500, 250 or 80 nm, respectively.

Next, we demonstrated the use of the method to quantify relative amounts of
respective MNP sizes in a mixture by examining peak ratios. MNPs with two different
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sizes (80 and 250 nm) were mixed at various concentration ratios with a fixed amount of
80 nm MNPs and a variable amount of 250 nm MNPs. In the frequency spectra, two
peaks at about 10 and 170 Hz were observed, representing 250 and 80 nm MNPs,
respectively (Figure 3.5a). The relative magnitude of the peak at 10 Hz was found to
increase in proportion with the relative amount of 250 nm MNPs (Figure 3.5b). Therefore,
analysis of the peak magnitudes in frequency spectra enables us to quantify relative
amounts of MNPs with various sizes.

Figure 3.5. (a) Frequency spectra obtained from a mixture of 30 l 80 nm MNPs and the
indicated volumes of 250 MNPs. Both suspensions were prepared with an MNP
concentration of 1 mg/ml. (b) 𝑉2′ (10 Hz)/𝑉2′ (171.7 Hz) vs. concentration ratio of 250 nm
MNPs to 80 nm MNPs.

3.4.3. Optomagnetic Detection of ATP via Aptamer-Based Inhibitive MNP
Clustering
We then utilized the optomagnetic system to test the aptamer-based inhibition
mechanism for ATP detection. First, we obtained the characteristic frequency spectrum
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from the mixture of two types of 80 nm MNPs without ATP (Figure 3.6a, black squares).
The spectrum exhibited three distinct peaks indicating that variously-sized clusters were
present in the suspension. Based on the results shown in Figure 3.4, we hypothesize that
the three peaks at 0.47, 2.67 and 170 Hz represent large clusters, intermediate-sized
clusters and individual MNPs, respectively. Upon pre-incubation of apt-MNPs with 10
mM ATP followed by the addition of linker-MNPs (Figure 3.6a, red circles), the peak
occurring at 0.47 Hz nearly disappeared, showing that the formation of large clusters was
dramatically suppressed by high aptamer occupancy with ATP molecules. However,
when apt-MNPs solely existed in a sample, no appreciable difference was observed
between the spectra with or without addition of ATP (Figure 3.6b). Both spectra showed
the peak due to single MNPs with a shoulder appearing at around 10 Hz. This shoulder
was attributed to small clusters generated from non-specific interactions between MNPs.
These results are well consistent with the images presented in Figure 3.3, which also
verify the cluster-size selectivity of the optomagnetic readout.
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Figure 3.6. Inhibition-based ATP detection via optomagnetic readout. (a) Frequency
spectra obtained from a mixture of apt-MNPs and linker-MNPs without (black square)
and with (red circle) the pre-incubation with 10 mM ATP. (b) Frequency spectra obtained
from apt-MNPs without (black square) and with (red circle) the pre-incubation of 10 mM
ATP.

3.4.4. Optomagnetic Detection of ATP
Control Experiments. To study the specificity of the aptamer-ATP binding
system, aptamer- and analyte-control experiments were conducted. First, a DNA strand,
as a control aptamer, was designed to hybridize with the linker, but not to specifically
recognize ATP. MNPs functionalized with the control aptamer (ctrl-MNPs) were
premixed with ATP samples followed by addition of linker-MNPs. The addition of ATP
did not incur any appreciable signal change from the blank sample, indicating that ATP
did not bind specifically to the control aptamer (Figure 3.7a). It is also noted that the ctrl-
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MPNs (Figure 3.7a, black squares) did not form the large clusters upon mixing with
linker-MPNs observed for the apt-MNPs (Figure 3.6a, black squares). This can be
attributed to that the affinity constant (Keq) for the hybridization is reduced by decreased
number of base pairing between the control aptamer and the DNA linker (16 base pairs
with the ATP-specific aptamer, 15 base pairs with the control aptamer).
Next, analyte-control experiments were performed with analogues of ATP (CTP,
GTP and UTP). When the control analytes at 500 µM were allowed to interact with aptMNPs followed by the addition of linker-MNPs, the frequency spectra were virtually
identical to that of the blank sample (Figure 3.7b) indicating that the control analytes
were not recognized by the ATP-specific aptamers. The control experimental results
demonstrate that the inhibition effect resulted from the adaptive binding of aptamers in
the presence of ATP.

Figure 3.7. Control experiments. (a) Aptamer control: Frequency spectra obtained from a
mixture of ctrl-MNPs and linker-MNPs with (red circle) and without (black square) 10
mM ATP. (b) Analyte control: Frequency spectra obtained from a mixture of apt-MNPs
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and linker-MNPs without (black square) and with ATP (red circle), CTP (blue triangle),
GTP (green diamond) or UTP (pink pentagon) at 500 µM.

Quantitative Detection of ATP. Several experiments were carried out to
evaluate the ability of the aptasensor to quantitatively measure ATP. Frequency spectra
were obtained by the pre-incubation of apt-MNPs (1 mg/ml) with ATP at varying
concentrations, (cATP, 0-10 mM) followed by the addition of linker-MNPs (1 mg/ml). For
a detailed interpretation of the signals, the spectra were divided into two regions (lowand high-frequency regions) with peaks representing the clustered and single MNPs,
respectively. We had the following observations of the frequencies and magnitudes of the
peaks in the two regions with changing cATP:
(1) Low-f region in Figure 3.8a and b: The magnitude of the negative peak at 0.47
Hz was observed to decrease upon increasing cATP, meaning that more ATP resulted in
fewer large clusters. The formation of large clusters was significantly impeded by high
aptamer-occupancies for cATP ≥ 500 M. The magnitude of the positive peak at 2.67 Hz
decreased with increasing cATP for cATP ≥ 500 M, suggesting that even the formation of
intermediate-sized clusters was gradually hindered in this concentration regime.
Additionally, the position shift of the positive peak with cATP may be due to that the peak
was interwoven with the negative peak in the low-f region.
(2) High-f region in Figure 3.8a and c: Upon increasing cATP, the magnitude of
the negative peak at about 127 Hz attributed to single MNPs increased. This indicates
that more ATP resulted in higher aptamer occupancies, hence impeding the agglutination
between the apt-MNPs and the linker-MPNs.
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By comprehensively examining the above qualitative observations, we
demonstrated that the degree of MNP clustering strongly depends on the ATP
concentration in a sample and is consistent with the presented interpretation.

Figure 3.8. (a) Frequency spectra obtained for ATP detection at varying concentrations,
0-10 mM. The spectra are divided into two sections (low- and high-f regions) shown in
magnified views in (b) and (c), respectively. Red arrows indicate the changes of the
spectra for increasing ATP concentration. (d) Relative signal fraction Rfree from free
MNPs as a function of ATP concentration. The red solid line shows the blank signal plus
3 standard deviations.
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We further quantified the measured frequency spectra to obtain a calibration
curve relating the degree of MNP clustering to the ATP concentration. To simplify the
quantitative analysis from the fact that clusters of a variety of sizes co-exist in a sample,
we assumed that the intensity integrals of the peaks in low- and high-f regions were
proportional to the amount of clustered and single MNPs, respectively. We then defined
the relative fraction of the signal from free MNPs to the total signal, Rfree, as (3.1).
𝑅free

∑high−𝑓|𝑉2′ |
free MNP signal
=
=
Total MNP signal
∑all 𝑓|𝑉2′ |

(3.1)

Applying the quantification method to the frequency spectra in Figure 3.8a, we
obtained a calibration curve plotting Rfree as a function of ATP concentration on a semilog scale. Rfree was found to monotonically increase for increasing ATP concentration
(Figure 3.8d). For blank samples, we obtained Rfree = 0.037  0.005, where the
uncertainty indicates one standard deviation. The horizontal red line in Figure 3.8d
showed the signal from the blank sample plus 3 standard deviations, which determined
the limit of detection (LOD) of the aptasensor as 74 M. We found the dynamic range of
at least 2 orders of magnitude where Rfree depends linearly on log(cATP). It was noted that
the clustering was not completely inhibited even at mM ATP levels, which may be
attributed to that clusters formed during the random motion and collision between aptMNPs and linker-MNPs may not be disassembled by competitive ATP binding to
aptamer because the MNPs were linked by multiple hybrids. The results demonstrate the
potential of the aptasensor as a simple tool for measuring ATP concentrations in the
range from 0.1 mM to 10 mM. It could be further noted that the error bars obtained from
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triplicates of the experiment were larger for low concentrations because large clusters
tend to sediment during an optomagnetic measurement in the readout configuration.

3.5.

Conclusion
In this chapter, we have demonstrated an aptamer-based inhibitive MNP

clustering assay for ATP via size-selective measurements of MNP clusters on an
optomagnetic readout system. A simple aptamer-based inhibition mechanism was utilized
for MNP clustering-based detection of ATP, wherein ATP binding to aptamers affected
the degree of MNP clustering. The degree of MNP clustering was measured vs. ATP
concentration using an optomagnetic readout, which collects the 2nd harmonic optical
transmission signal vs. frequency of an applied magnetic field. The acquired frequency
spectra offer information regarding cluster sizes and relative amounts from peak
frequencies and magnitudes, respectively. The size-selective measurements, resolving
signals in terms of respective particle sizes, enabled us to effectively relate optical signals
to degrees of MNP clustering, from which ATP concentrations can be estimated. Finally,
a calibration curve was acquired by further analyzing the spectra, demonstrating that the
extent of MNP clustering strongly depends on the ATP concentration. Moreover, the
optomagnetic readout setup was simplified and miniaturized by implementation with a
compact and low-cost Blu-ray OPU. We conclude that the inhibitive MNP clustering
assay on the Blu-ray assisted optomagnetic system can be further developed as a pointof-care diagnostic device for detection of various low molecular weight biomarkers in
clinical settings.
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Based on the proof-of-concept study using ATP as a model analyte in this chapter,
the optomagnetic aptasensor can in the future be extended to enable detection of AVP or
other low molecular weight analytes in human bodily fluids. To construct an AVP assay
using the optomagnetic aptasensor, an existing DNA aptamer [112], or a new aptamer
isolated specially for this purpose using microfluidic methods [113], could be used; such
aptamers, unlike the Spiegelmer used throughout this thesis, are composed of natural
nucleotides and hence would readily allow for the design of complementary sequences to
implement the inhibition assay principle required by MNP clustering-based detection.
Furthermore, because the magnetic-based signals are not susceptible to interference from
the presence of other biological components in a sample, this approach should readily
allow AVP measurements in human bodily fluids. Combining such AVP detection
capabilities with its compact and low-cost readout instrumentation, the optomagnetic
aptasensor may ultimately enable point-of-care detection of AVP in clinical settings.
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Chaper 4. A

Surface-Enhanced

Raman

Spectroscopic

Aptasensor Using Leaning Nanopillars
The mass spectrometric and optomagnetic approaches of Chapter 2 and 3, while
showing much promise, are still faced with significant challenges in reliable and
reproducible detection of AVP at low picomolar concentrations as required in clinical
care. In this chapter, we present an aptasensor that is based on surface-enhanced Raman
spectroscopy (SERS) to enable such ultrasensitive AVP detection with improved
reproducibility. In SERS, a substrate densely packed with leaning nanopillars, whose
surface is functionalized with an aptamer specific to AVP, is used as a SERS-active
substrate that transduces aptamer-AVP binding into greatly enhanced Raman signals,
allowing sensitive and specific detection of AVP labeled with a Raman tag. A large spotto-spot variation in SERS signals is overcome by performing large area Raman mapping
on the substrate, thus enabling reproducible quantification of AVP in the picomolar
range, with improved statistical reliability. Additionally, to facilitate the substrate
handling and experimental operation, the substrate is integrated into a microdevice with
temperature control units. Using the microchip incorporating the nanopillar substrate, we
finally demonstrate competition-based indirect measurement of unlabeled AVP, showing
its potential applicability to clinical diagnostics.

4.1.

Introduction
Surface-enhanced Raman spectroscopy (SERS) has been widely used as an

analytical tool in biosensing applications [114-118] due to its powerful advantages
including amplifying Raman signals by factors up to 10-14 orders of magnitude
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providing ultrahigh sensitivity, with the potential for single-molecule detection, and
featuring the specificity of Raman spectra based on the unique molecular fingerprinting
information [119-124]. Nevertheless, the reliable quantification of biomolecules (e.g.,
DNA, peptides, and proteins) [125-130] using SERS has been hindered by poor
uniformity and reproducibility of SERS-active nanostructured platforms [131-133].
Furthermore, lack of specific binding and spot-to-spot fluctuations in signal intensities
[134, 135] impede the development of SERS-based biosensors for quantitative detection
of biomolecules.
To overcome the aforementioned challenges in SERS-based biomolecular
quantification, we here develop a new approach using large area Raman mapping on a
SERS-active substrate that is densely packed with aptamer-functionalized leaning
nanopillars, thereby enabling specific and quantitative detection of low abundance
analytes without any limitation on molecular sizes. Large area Raman mapping on a
substrate with uniformly distributed nanostructures allows reliable SERS quantification
with improved reproducibility, accounting for spot-to-spot signal intensity fluctuation, a
major drawback in conventional SERS quantification. In addition, microfluidic
integration of the SERS-active substrate allows the entire procedure (e.g., biochemical
surface functionalization, sample incubation, and surface washing) to be performed in an
integrated manner without manual handling of the substrate, with minimized reagent
volume. By applying this approach to the detection of AVP, we obtain concentrationdependent responses in the picomolar range (1-1000 pM) when AVP is labeled with a
Raman tag, and in the nanomolar range (1-1000 nM) for competition-based indirect
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measurement of label-free AVP, showing great potential of the aptasensor for detection
of AVP at picomolar concentrations in clinical settings.

4.2.

Principle, Design, and Fabrication

4.2.1. Principle
Figure 4.1 illustrates the basic principle of SERS-based detection of AVP on
aptamer-functionalized nanopillars. An AVP-specific aptamer is first immobilized onto
the gold (Au) surface of silicon (Si) nanopillars via gold-thiol covalent bonding to
selectively recognize AVP molecules (Figure 4.1a). To deliver amplified signals, a
Raman signal reporter molecule, 5-carboxytetramethylrhodamine (TAMRA) is labeled to
AVP, consequently TAMRA-labeled AVP (TVP) is the analyte in quantitative SERS
analysis. The aptamer-functionalized nanopillar substrate is incubated with a TVP sample
solution at 37 °C, the optimal temperature for aptamer-AVP binding (Figure 4.1b). After
sequential washing steps using a buffer solution and purified water to remove
nonspecifically adsorbed impurities and salt residuals respectively, the wetted substrate is
allowed to completely dry (Figure 4.1c) for following Raman spectroscopy. Due to the
surface tension between nanopillars during liquid evaporation [136], the nanopillars lean
towards each other, forming micro-sized clusters and inducing near-field coupling effects
between electronic excitations on gold surfaces of nanopillars known as localized surface
plasmons (LSPs). In small metallic junctions (less than 10 nm) between adjacent
nanostructures, the coupling effect of LSPs produces even larger plasmonic fields, socalled hotspots (Figure 4.1d) [137-139]. Raman scattering of the incident light from
molecules located in these regions are greatly enhanced by additional high order LSP
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modes. Since the inter-pillar distances after liquid evaporation are clearly less than 10 nm
(Figure 4.1f), TVP molecules trapped within these clusters exhibit a pronounced Raman
scattering signal from TAMRA tags even with a small number of molecules.

Figure 4.1. Principle of SERS-based AVP detection on aptamer-functionalized leaning
nanopillars. Schematic representation of aptamer-functionalized leaning nanopillar-based
AVP detection: (a) aptamer-functionalized nanopillars; (b) sample incubation for
aptamer-TVP binding at 37 °C; (c) surface tension force is applied to the nanopillars
while the substrate is being dried; (d) the generation of SERS hotspot by leaning
nanopillars. SEM images of (e) vertically standing before liquid contact and (f) leaning
nanopillars after liquid evaporation. Both scale bars indicate 500 nm.
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4.2.2. Design
A microfluidic device integrating the aptamer-functionalized SERS-active
substrate is shown in Figure 4.2. The SERS-active substrate incorporates gold (Au)
coated silicon (Si) nanopillars (width: 50-80 nm; height: 600-800 nm), with the highest
obtainable density (~20 pillars/µm2) to maximize the SERS signal based on the previous
study which revealed that as the pillar density increases, the SERS signal increases in an
exponential fashion [140]. The high uniformity of the nanostructure distribution over a
substrate minimizes the variation within a scanning area on which the Raman mapping is
performed. A diced substrate (3 mm × 3 mm) is inserted into a microdevice that consists
of a polymeric reaction chamber (volume: ~ 10 µl) with an inlet and an outlet, a resistive
microheater and temperature sensor (Cr/Au) integrated on the bottom glass substrate, a
top PDMS-passivated glass window for leakage prevention and PMMA frames to hold
the device together (Figure 4.2a and b). For the specific detection of biomolecules,
aptamer molecules are immobilized on a gold surface of nanopillar structures via goldthiol covalent bonding. In addition, a monolayer of 6-mercapto-1-hexanol (MCH) spacer
molecules is self-assembled onto the gold surface to prevent non-specific adsorption of
molecules and to improve the capturing efficiency of the aptamer. Consequently, the
surface functionalization helps analyte molecules to be uniformly distributed over the
substrate area. Also, an electron beam evaporation process was developed to coat the
silicon pillars with gold, such that the metallization thickness (~30 nm) was optimized for
a laser excitation wavelength of 633 nm. The metal deposition on the pillar heads resulted
in oval-shaped gold clusters (Figure 4.1e), which can be approximated as an ellipsoid or
sphere for the purposes of electromagnetic modeling in our study.
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Figure 4.2. (a) A schematic and (b) a photo of the microdevice incorporating a nanopillar
substrate (scale bar = 10 mm). (c) A SEM image of SERS-active nanopillars integrated in
the device (scale bar = 2 µm).

4.2.3. Fabrication
Substrate Fabrication. Gold-coated silicon nanopillar structures developed by
co-workers at Technical University of Denmark (DTU) were fabricated by maskless
reactive ion etching of a silicon wafer followed by electron beam evaporation for gold
deposition. Specifically, the nanostructured pattern was created on an undoped polished
<100> silicon wafer surface with free standing vertical silicon pillars of 50-80 nm width.
High-density nanopillars were formed using a reactive ion etching (RIE) method without
any lithographic steps. After the RIE step the nanopillars were exposed to argon plasma
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for 1 min to completely remove the etchant gas residuals and the decomposition products.
Finally, gold with a thickness of 30 nm was deposited on the heads of the nanopillars by
electron beam evaporation to obtain the plasmonic property needed for SERS
enhancement. Its simple and fine-tuned nanofabrication processes ensure reproducible
production of substrates, which was demonstrated in their previous work [140].
Microfluidic Device Fabrication. The microfluidic device consists of a substrate
mounting hole (layer 1), a chamber and microchannels to inlet and outlet (layer 2), a
glass substrate integrating a patterned microheater and temperature sensor, a glass
window and plastic frames. To fabricate the layer 2, a layer of SU-8 was spin-coated onto
a cleaned silicon wafer followed by UV exposure-initiated cross linking and baking steps.
polydimethylsiloxane PDMS pre-polymer (Sylgard 184, Dow Corning) was then poured
onto the mold and baked for 1 hr at 75 °C. The microstructured PDMS layer was then
peeled off from the mold (Figure 4.3a), and was then punched through to make an open
chamber in the center of the layer. In the meantime, the layer 1 was simply fabricated by
pouring and baking PDMS on a bare silicon wafer, and was peeled off followed by
punching through to allow the substrate insertion. Chrome (Cr, thickness: 5 nm) and gold
(Au, thickness: 150 nm) layers were consecutively deposited on a cleaned glass substrate
by thermal evaporation. Following the photolithographic patterning of the metal layers,
the substrate was passivated with a thin PDMS layer using spin coating (Figure 4.3b). For
packaging the device (Figure 4.3c), the layer 1 and 2 were bonded onto the substrate
sequentially via oxygen plasma surface treatment. After the substrate was placed in the
hole in the layer 1, a glass slide passivated with PDMS (glass window) is placed onto the
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layer 2. Poly-methyl methacrylate (PMMA)-based plastic frames were used to hold the
stack together, preventing liquid leakage.

Figure 4.3. Fabrication and packaging of the device. (a) Fabrication of a PDMS layer 2
using soft lithography with a SU-8 mold. (b) Micro-patterning of a metallic bilayer
(Cr/Au) on a glass substrate using photolithography for a resistive microheater and a
temperature sensor. (c) Packaging of the microdevice by bonding PDMS layers
(passivation layer, layer 1 and 2) and inserting a diced SERS-active substrate.

Surface Functionalization. The substrate was repeatedly cleaned with ethanol
and deionized water rinsing. Aptamer solution (5 µM) was mixed with a stable reducing
agent, TCEP (500 µM) for 30 min at pH 4 to expose the HS groups at the terminal of the
aptamer sequences. PBS solution was added to the solution right before the substrate
incubation to adjust the pH to 7. Then the substrate was incubated in the prepared
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aptamer solution for 1 h followed by immersion in MCH solution (2 mM) for 2 h. After
the functionalization, the substrate was rinsed with the mixture of 4 M urea and 15 mM
EDTA, and water sequentially.

4.3.

Experimental

4.3.1. Materials
AVP and 5-TAMRA labeled AVP (TVP) were obtained from American Peptide
Company (Sunnyvale, CA). An AVP-specific aptamer (5’-GGG GUA GGG CUU GGA
UGG GUA GUA CAC GUG UGC GUG GU-HS-3’), termed a Spiegelmer, was custom
synthesized, and thiolated by ChemGenes Corporation (Wilmington, MA). A thiolated
IgE-specific aptamer (5’-HS-TTT TTT TTG GGG CAC GTT TAT CCG TCC CTC CTA
GTG GCG TGC CCC-3') was acquired from Integrated DNA Technologies, Inc.
(Coralville, IA). Other chemicals used in buffer preparation and surface functionalization,
TCEP (tris(2-carboxyethyl)phosphine hydrochloride), MCH (6-mercapto-1-hexanol),
Tris-HCl, NaCl, KCl, CaCl2, MgCl2, urea, EDTA (ethylenediaminetetraacetic acid) and
PBS (phosphate buffered saline, 1X), were all obtained from Sigma-Aldrich (St. Louis,
MO).

4.3.2. Experimental Setup and Procedure
Experimental Protocol. Standard samples with TVP only or with TVP and AVP
were prepared in binding buffer (pH 7.4) consisting of deionized water, Tris–HCl (20
mM), NaCl (150 mM), KCl (5 mM), CaCl2 (1 mM), and MgCl2 (1mM). A sample
solution (volume: 15 µl) was introduced and incubated with the aptamer-functionalized
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nanopillars in the reaction chamber for 5 min while the chamber temperature was kept at
37 °C using closed-loop temperature control. After the incubation, a buffer solution
(volume: 100 µl; flow rate: 10 µl/ min) and purified water (volume: 20 µl; flow rate: 10
µl/ min) was sequentially flushed through the chamber to remove unbound or nonspecifically adsorbed TVP molecules and salt residual, respectively. The substrate was
then allowed to dry, forming leaning nanopillars, for subsequent Raman measurements.
Raman Mapping Measurement. Raman mapping measurements were
performed under the 632.8 nm excitation line of a He−Ne laser on an inVia Raman
microscope (Renishaw, UK) in a standard backscattering configuration. The Raman
signal was collected through a confocal pinhole of 25 μm diameter by using a 0.75 NA
(numerical aperture) dry objective of ×50 magnification (Leica Microsystems, Germany).
A computer controlled XY translation stage was used to acquire a total of 1000 SERS
spectra within the scan area of 40 μm × 25 μm divided into an acquisition grid by 1 μm
step size in both dimensions. All spectra in this work were obtained with an exposure
time of 1 sec and at 0.3 mW laser power before the objective. The SERS intensity maps
of each major TAMRA vibration mode (1370 cm-1 and 1510 cm-1) were derived using the
signal to baseline map generation algorithm of WiRE 3.2 software (Renishaw, UK) for
spectral ranges of 1350-1390 cm-1 and 1490-1530 cm-1, respectively.
Our experimental data were represented as intensity distributions to develop a
theoretical model by expanding previously reported single-hotspot theory [141] to a
large-scale SERS mapping model. The analytical model developed here has the potential
to be used as a calibration curve in assay validation. Statistical tests between two heat
maps (treatment vs. control samples) were also employed to determine the minimum
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mapping area required to unambiguously (at 95% confidence level) distinguish those two
samples. Once the mapping area was calculated, multi-modal analysis, i.e., simultaneous
monitoring of different frequency peaks, was also introduced as a useful tool to further
reduce the overall assay time, maintaining statistical significance in analyte quantification
measurements.

4.4.

Results and Discussion

4.4.1. Characterization of Nanopillar Surface Functionalization
Aptamer-Based Raman Signal Enhancement. We first investigated the effect
of aptamer functionalization by comparing Raman spectra from untreated and aptamerfunctionalized substrates using manual signal acquisition. A substrate was incubated with
a TVP sample solution (volume: 200 µl) in a tube for 1 hr, while the liquid temperature
was maintained at 37 °C in a thermal-cycler (Eppendorf AG, Germany). The substrate
was transferred into a buffer solution, and kept at 37 °C for 15 min to remove unbound
molecules. Lastly, the substrates were quickly rinsed with water to remove salt residuals
that induce the salt aggregation on a dried substrate. Four substrates at various conditions
were prepared: (1) 10 µM TVP with untreated nanopillars, (2) 10 nM TVP with untreated
nanopillars, (3) 10 nM TVP with aptamer-functionalized nanopillars, and (4) a blank
sample with aptamer-functionalized nanopillars. As illustrated in Figure 4.4, the SERS
signal from the aptamer-functionalized gold nanopillars (blue trace) treated with 10 nM
TVP displays two dominant vibration modes at 1370 cm-1 and 1510 cm-1 that can be
assigned to the stretching vibrations of the xanthene ring moiety of the molecule [130,
141-143], and these two peaks were chosen as our diagnostic peaks for subsequent
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analysis. However, the spectrum of the same analyte concentration without aptamers
(yellow trace) is comparable to the aptamer background (red trace) in which no
significant peaks is observed. It can be concluded that the aptamer effectively captures
TVP molecules, and helps positioning the analyte molecules close to the hotspots,
referred to as aptamer-based Raman signal enhancement. Due to the SERS effect in the
hotspot, the magnitude of peak intensities for the 10 nM TVP sample with aptamers (blue
trace) were even higher than those of the 10 µM one without aptamers (green trace). We
hypothesize that at µM concentrations the SERS effect is hindered by a thick layer of
analyte molecules formed on top of the pillars, and the measured signal at 10 µM
possibly results from bulk Raman scattering rather than SERS.
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Figure 4.4. Raman spectra acquired on untreated and aptamer-functionalized substrates.
When nonspecific adsorption of TVP on the substrate surface occurs (no aptamers),
signal is only obtained at very high concentrations (10 μM TVP, green trace). At low
concentrations (10 nM TVP, yellow trace) the signal enhancement is very low, indicating
that very few molecules actually reside close to a hotspot. On the other hand, when the
pillars are functionalized with an aptamer specific to AVP, the signal intensity greatly
increases. Several possible diagnostic peaks with two of the most dominant Raman peaks
(1370 cm-1 and 1510 cm-1) of TAMRA were observed during experiments with different
analyte concentrations.

The Effect of Backfilling with MCH. In order to optimize the aptamer-analyte
binding conditions on the nanopillars, the gold surface was backfilled with MCH
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immediately after aptamer immobilization. Because MCH forms a well-organized selfassembled monolayer (SAM), it prevents nonspecific adsorption of analyte molecules by
blocking access to the gold surfaces [144-146]. This layer also improves the capture
efficiency of the aptamers by preventing them from collapsing and adhering to the
substrate surfaces [146, 147]. By comparing peak intensities obtained from two substrates
functionalized with and without the MCH SAM, we were able to show that MCH is
capable to reorient the thiolated aptamers into a vertical position favorable for aptameranalyte binding (Figure 4.5). 10 nM TVP samples were reacted with the two surfaces
respectively. The result shows that the intensities from the surfaces functionalized with
MCH are greater than those without for both diagnostic peaks, thus confirming that the
MCH SAM makes the majority of surface-bound aptamers more accessible for aptameranalyte binding.
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Figure 4.5. The effect of 6-mercapto-1-hexanol (MCH) self-assembled monolayer (SAM)
for aptamer-TVP binding. TVP molecules are bound on the aptamer-functionalized
substrate (a) with and (b) without a monolayer of MCH. Due to the backfilling of MCH
molecules, binding efficiency of aptamers is improved, and nonspecific adsorption of
analyte is minimized. This effect is verified by experimental results shown in (c) and (d).
The experiments were performed with 10 nM TVP samples on different substrates:
aptamers with MCH layer (green), aptamers without MCH layer (red), and MCH only
(blue).

4.4.2. SERS-Based Quantitative Detection via Large Area Raman Mapping
Large Area Raman Mapping. Several experiments with varying TVP
concentrations (1-1000 pM) were run to evaluate the ability of mapping analysis to
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quantify low-abundance molecules on the functionalized substrates. For each experiment,
a large area of the substrate (101 µm × 33 µm) was scanned with 1 µm step size to collect
Raman spectra from each pixel (1 µm × 1 µm). Recorded signals over the area were then
displayed as heat maps rendering intensities by degrees of color. Mapping measurements
were performed with three independent substrates at each concentration. The intensities
of the characteristic TAMRA vibrational peaks (1370 cm-1 and 1510 cm-1) were extracted
independently, and their spatial dependencies (Raman maps) were displayed in the format
of pixel-based images at various TVP concentrations (Figure 4.6). For each measurement,
all positive intensities were ranked, and the hotspots were defined as the top 20% among
such set of measurements. This percentage threshold was chosen based on the Pareto
principle [148, 149]. Our experimental results showed that the higher the analyte
concentration, the more abundant and brighter hotspots were detected for both frequency
peaks, visually represented as heat maps (Figure 4.6a and b), and graphically as
histograms (Figure 4.6c and d).
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Figure 4.6. Large area Raman mapping of SERS intensity distribution. (a, b) Intensity
maps of diagnostics TAMRA peaks 1370 cm-1 (left) and 1510 cm-1 (right) in a series of
mapping experiments for quantification of intensities with 1 nM, 100 pM, 10 pM, and 1
pM TVP. A substrate area of about 101 μm × 33 μm is shown in each case, along with
the two intensity scale bars labeled with the maximum intensity values (in arbitrary units)
for each diagnostic peak. The inset highlights a 1 µm2 area, which corresponds to a
typical cluster of leaning nanopillars forming hotspots. The Raman map pixel size is 1
µm × 1 µm. (c, d) Histogram representation of SERS intensity distributions of hotspots at
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different concentrations of TVP. Four histograms are displayed in overlaid configuration
for both TAMRA dominant peaks, (a) 1370 cm-1 and (b) 1510 cm-1, corresponding to
various analyte concentrations.

Quantitative Raman Mapping Analysis. For quantitative analysis of each peak,
peak intensities from hotspots (top 20 % of all the positive values) were integrated and
plotted as a function of TVP concentration (Figure 4.7). To further understand the
relationship between integrated signal intensities and analyte concentrations, we here
developed a theoretical model as described follows. Histograms constructed for both
diagnostic peaks and different TVP concentrations (Figure 4.6c and d) are observed to
follow a highly skewed or long-tailed truncated Pareto distribution (TPD), with
coefficient of determination values greater than 0.95. TPDs have previously been
discovered to describe the intensity distribution characteristics of closely spaced SERS
hotspots [135]. Since our experimentally obtained hotspot intensity distribution fits the
predicted long-tailed TPD well, we can adapt an analytical framework for single hotspot
theory [141] into our large-scale SERS mapping model. Now, by arbitrarily defining
α=1+k, we can rewrite the intensity distribution function for a given analyte
concentration (C) as:
𝑑(𝐼) ≈ 𝐴𝐶 𝐼 −𝛼𝐶

(4.1)

where parameters α and A can depend on the analyte concentration. In particular, α
determines how fast the enhancement decreases when moving away from the hotspot,
while A is an indicator of how probable it is for a molecule to be located close to the
hotspot. Parameter A is generally assumed to be an intrinsic characteristic of the SERS
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substrate [141]. We observed that for both diagnostic peaks there is a strong power
relationship between the experimentally obtained parameters, α and A, and the analyte
concentration, C. Now, since both α and A are a power function of the analyte
concentration, we have general forms.
𝛼(𝐶) = 𝑏𝐶 𝑑

𝐴(𝐶) = 𝑒𝐶 𝑓

(4.2)

where b, d, e and f are constants whose values are determined by the power fitting.
Subsequently, we can express the hotspot intensity distribution analytically as a function
of concentration by substituting (4.2) into (4.1). Then, the integral of the intensity
distribution between the minimum (Imin) and maximum (Imax) intensity values gives the
sum of all hotspot intensities (Isum) in a given mapping experiment. This integral can be
expressed as a function of analyte concentration (C) such that:
𝐼𝑚𝑎𝑥

𝐼𝑚𝑎𝑥

𝐼𝑚𝑎𝑥

𝐼𝑠𝑢𝑚 = ∫ 𝑑(𝐼) 𝑑𝐼 = ∫ 𝐴(𝐶)𝐼 −𝛼(𝐶) 𝑑𝐼 = 𝐴(𝐶) ∫ 𝐼 −𝛼(𝐶) 𝑑𝐼
𝐼𝑚𝑖𝑛

𝐼𝑚𝑖𝑛

(4.3)

𝐼𝑚𝑖𝑛

By substituting (4.2) into (4.3), we obtain an analytical expression for the total
intensity of hotspots as a function of TVP concentration:
𝑒𝐶 𝑓
𝑑
𝑑
𝐼𝑠𝑢𝑚 = [
] [𝐼𝑚𝑎𝑥 1−𝑏𝐶 − 𝐼𝑚𝑖𝑛1−𝑏𝐶 ]
𝑑
1 − 𝑏𝐶

(4.4)

This expression is believed to properly describe the collection of SERS signals
measured on the uniform nanopillar substrates for different analyte concentrations. Figure
4.7 shows the experimentally obtained intensity integrals of hotspots for both diagnostic
peaks along with their respected power fit (black lines). The high coefficient of
determination (R2) values (> 0.93) demonstrates a strong power relationship between
TVP concentration and SERS intensity integrals. It is also observed that the
experimentally fitted power curves reasonably agree with the theoretical ones (red lines)
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calculated using the analytical expression shown in (4.4) with low percentage error
values. The theoretical model is found to be more accurate for the 1370 cm-1 peak, with
R2 value of 0.98. The fitting for the 1510 cm-1 peak is believed to be less accurate due to
the broader shape of the band associated with this vibrational frequency, compared to the
sharper 1370 cm-1 peak. The result shows that the analytical model developed here agrees
with the experimental data, particularly well in the low concentration regimes. Thus, it
can potentially be utilized to predict experimental hotspot intensity distributions on the
substrate for quantitative measurements of low-abundance biomolecules.

Figure 4.7. Experimental hotspot intensity integral plots for the diagnostic TVP peaks, (a)
1370 cm-1 and (b) 1510 cm-1, as a function of analyte concentration on a semi-log scale
(dotted curves). The error bars represent 2 standard deviations. Both curves fit power
functions (solid black lines). The red curves are calculated from the hotspot intensity
distribution of mapping experiments using the statistical model of equation (4.4).

4.4.3. Control Experiments
Aptamer Controls. Several control experiments were performed to confirm the
specific detection capability of aptamers. Functionalization dependent controls were
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performed on substrates functionalized without aptamers and with a nonspecific aptamer
(immunoglobulin E (IgE)-specific aptamer) and compared with substrates functionalized
with the AVP-specific aptamer; each substrate was reacted with 1 nM TVP sample.
Using the Raman mapping on the substrate, 1000 spectra were collected at each condition
and top 20% of the SERS signals at each diagnostic TAMRA peak were integrated and
averaged for intensity comparison. Our results (Figure 4.8a) demonstrated that substrates
functionalized with AVP-specific aptamers have superior specificity to TVP to the others.
Signals from two control substrates could be attributed to nonspecific adsorption to
surfaces and electrostatic attraction to charged DNA strands.
Analyte Controls. Competition-induced analyte-dependent controls were
compared between samples with TVP only, TVP with VP (unlabeled AVP which induces
competition binding to AVP-specific aptamer with TVP) and TVP with DVP (Denantiomer of VP which has little affinity to the AVP-specific aptamer, which minimally
interfere with TVP-aptamer binding). The results (Figure 4.8b) showed that the SERS
signals from TVP were suppressed only when the sample includes VP, implying that
TVP-aptamer binding must be competed with VP-aptamer one.
b)
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Blank

IgE aptamer

3.5E+06

Vasopressin aptamer

Intensity Integrals (Counts)
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Figure 4.8. Experimental results for various controls are shown. (a) Surface
functionalization-dependent controls were performed on 3 kinds of substrate without
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aptamer (light grey) and with nonspecific aptamers (dark grey) / specific aptamers (black).
(b) Competition-induced analyte-dependent controls were tested for 3 samples, TVP only
(dark blue), TVP with VP (light blue) and TVP with DVP (blue). Analyte concentration
is constant at 1 nM for all control experiments.

4.4.4. Determination of Minimum Mapping Area
Next, we aim to determine the statistically significant minimum mapping area
required to unambiguously distinguish between treatment and control samples. The pvalues from KS (Kolmogorov–Smirnov) tests were calculated comparing a collection of
SERS signals measured on two substrates treated with 1 nM TVP samples, each
functionalized with AVP-specific aptamers and with IgE-specific aptamers respectively.
Figure 4.9 indicates that when using the one-dimensional KS test (1d-KS) in which each
peak is independently investigated, a total of 838 and 539 pixels are required to reach the
p-value threshold (p = 0.05) for the 1370 cm-1 and 1510 cm-1 peaks respectively (Figure
4.9c and d).
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Figure 4.9. Advantages of combined sensory readings using the two-sample 2d
Kolmogorov–Smirnov test. P-values of the KS test as a function of μm2 area (number of
pixels) collected from heat maps based on the comparison of IgE-specific aptamer
(control) and AVP-specific aptamer (treatment) data sets at 1 nM concentration. Hotspot
intensity maps obtained for diagnostic TVP peaks, (a) 1370 cm-1 and (b) 1510 cm-1, in the
treatment experiments. The insets show a green (1370 cm-1), orange (1510 cm-1) and
yellow (combined) rectangular area, which correspond to unit areas determined by the
KS tests. (c) 1d-KS test for diagnostic frequency of 1370 cm-1, (d) 1510 cm-1 and (e) 2dKS test for the combined diagnostic TAMRA frequencies (1370 cm-1 and 1510 cm-1).
Unit area intensity plots corresponding to individual peaks (f) 1370 cm-1, (g) 1510 cm-1
and (h) the combined multi-modal analysis as a function of analyte concentration on a
semi-log scale. The error bars represent 2 standard deviations on 100 different unit areas
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for the same concentration and are all less than 5% of measured data values. All curves
fit power functions (solid red line).

Furthermore the two-dimensional KS test (2d-KS) [150] was utilized to evaluate
the effect of the combined multi-modal analysis. Using 2d-KS test in which the two
distinct frequency peaks (1370 cm-1 and 1510 cm-1) were evaluated simultaneously, only
209 pixels were needed to be 95% confident that the treatment is distinguishable from the
control (Figure 4.9e). These results suggest that the combined multi-modal sensory
analysis outperforms the analysis where just one frequency shift is used. Using 1 s
exposure time during acquisition, the mapping time can be reduced from 10-15 minutes
(539-838 pixels) to less than 4 minutes (209 pixels) by applying the multi-modal analysis.
Thus, this SERS mapping technique has great potential to be integrated into a rapid
bioassay. Figure 4.9 also shows the intensities of hotspots obtained for various analyte
concentrations per unit area, where the unit area is defined as the statistically significant
minimum mapping area (Figure 4.9f-h). The intensities per unit area averaged over 100
randomly selected unit areas are presented for both individual peak analysis (Figure 4.9f
and g) and the combined multi-modal analysis (Figure 4.9h) along with their respected
power fit (solid red lines). Both analyses show concentration-dependent SERS intensity
integrals over the unit area in the sub-nanomolar range. The error bars are less than 5%
of the measured data for all analyses. Similarly to the theoretically derived equation (4) to
fit the experimental data, the high experimental R2 values (> 0.95) indicate a strong
power relationship between the unit area intensity and the TVP concentration as shown in
the insets. These findings demonstrate that one can employ multi-modal analysis without

90

any observable change in final SERS result. The multi-modal analysis allows one to
significantly reduce time to perform a reliable and statistically significant analyte
quantification experiment.

4.4.5. AVP Detection in a Microfluidic SERS Aptasensor
Based on the characterization results in previous sections (Section 3.4.1-3.4.4),
which determined the optimal surface functionalization condition and mapping area, the
AVP detection within our microfluidic SERS aptasensor was tested following the
experimental protocol presented in Section 3.3.2.
TVP Detection. To first demonstrate the ability to quantitatively measure TVP
using our device, several experiments were performed at varied concentrations (10-200
pM). As the concentration increases, more and brighter signals were detected for both
peaks (Figure 4.10a and b). It was also observed that the intensity integrals of SERS
signals for both peaks were linearly proportional to TVP concentrations in this low
picomolar range (Figure 4.10c and d). The calibration curves in the regime confirm the
concentration-dependent SERS response behavior of our aptasensor, demonstrating that
our approach is suitable for the quantitative measurement of such a low molecular weight
oligopeptide at clinically relevant low levels.
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Figure 4.10. Heatmaps at various concentrations (10/ 50/ 100/ 200 pM) for 1370 cm-1 (a)
and 1510 cm-1(b) peaks. Calibration curves for 1370 cm-1 (c) and 1510 cm-1 (d) peaks.

Label-Free AVP Detection. Finally, quantitative analysis of label-free AVP
molecules was attempted via competition binding assay between unlabeled AVP and
TVP. For this proof-of-concept test, experiments were conducted in the range between 1
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and 100 nM. While the TVP concentration was kept at 10 nM for all the experiments, the
concentration of AVP was varied from 1 nM to 100 nM. As can be seen in Figure 4.11,
the intensity integral of SERS signals from TVP decreases as the AVP concentration
increases, which could be attributed to that TVP binding to the aptamer were impeded by
the presence of AVP based on competitive binding principle. In particular, more
distinguishable signals for both peaks were detected between 1 nM and 10 nM, indicating
that the dynamic range of the assay resides in the regime. These results demonstrate the
potential utility of our microfluidic SERS aptasensor as a quantitative assay for naturally
occurring AVP. Label-free detection of AVP at picomolar levels was not achieved (data
not shown) because of inherently lowered detection sensitivity on a competitive binding
assay format.

Figure 4.11. Experimental results for the quantitative detection of unlabeled AVP using
SERS-based competition binding assay for 1370 cm-1 (a) and 1510 cm-1(b) peaks. TVP
concentration was kept at 10 nM.

4.5.

Conclusion
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In this chapter, we have demonstrated a SERS-based quantitative detection of
AVP on aptamer-functionalized nanopillars, integrated into a microfluidic system,
utilizing large area Raman mapping technique. Highly-sensitive and specific detection of
TAMRA-labeled AVP (TVP) was achieved at picomolar levels by collecting
significantly enhanced Raman signals emanating from nano-junctions formed between
the leaning nanopillars and functionalizing surfaces with target-specific aptamers.
Statistical reliability and reproducibility of quantitative SERS analysis were improved by
large area Raman mapping on the highly uniform substrates. Based on our experimental
mapping results, we successfully developed a theoretical model to be utilized as an
analytical tool for biomolecular quantification on the aptamer-functionalized nanopillar
substrates. Furthermore, for the assay optimization, we determined the minimum size of
mapping area providing statistical reliability by applying a KS test between treatment and
control data. Finally, by employing a competitive binding assay configuration, we
showed that one can measure label-free AVP in the nanomolar range (1-100 nM) using
the microfluidic SERS aptasensor, and we believe that our approach is a promising
technique for specific and sensitive detection of AVP in clinical diagnostics.
In the future, a more practically viable biosensor system could be produced by
microfluidic integration of in-situ Raman tag labeling with SERS-based aptasensing. For
example, in-situ labeling could be achieved by incubating NHS-terminated TAMRA with
AVP on aptamer-functionalized microbeads within a microchamber. The reaction
between NHS ester and amine within AVP results in TAMRA-labeled AVP (TVP), and
TVP molecules bind to aptamer on microbead surfaces. After the removal of unreacted
molecules, TVP is thermally released and transferred to the other microchamber in which
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TVP interacts with the aptamer on leaning nanopillars and is analyzed by large area
Raman mapping as described above. The effects of interference from biological
impurities on the detection sensitivity and reproducibility could also be addressed by
either concentrating AVP during or prior to the in-situ labeling step (as described in
Section 2.4.3.), suitably enlarging a map size in Raman mapping, or combining both of
these methods. Such a totally integrated system would ultimately enable ultrasensitive
detection of endogenous AVP at low picomolar concentrations from human patient
samples in clinical settings.
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Chaper 5. An Integrated Aptasensor Combining AptamerBased Preconcentration and Graphene Nanosensing
In this chapter, we present a graphene-based aptasensor that achieves sensitive
detection of AVP at clinically relevant picomolar concentrations without the labeling of
the analyte. This label-free device, which complements the sample labeling-based SERS
aptasensor presented in Chapter 4, combines aptamer-based selective analyte
preconcentration, isocratic elution and conductance-based graphene nanosensing within a
microfluidic device. An AVP-specific aptamer specific is immobilized on microbeads for
selective preconcentration and isocratic elution of the analyte. A conductance-based
graphene nanosensor using a competitive assay format achieves rapid, label-free
detection, with a high sensitivity due to surface binding-induced changes in carrier
concentration in the bulk of graphene. Microfluidic integration of

analyte

preconcentration and graphene nanosensing on a single chip eliminates the need for offchip sample handling, thus minimizing potential sample contamination or loss.
Experimental results show that our device is capable of detecting label-free AVP at
clinically relevant picomolar levels (1-500 pM).

5.1.

Introduction
Graphene is a one-atom thick nanomaterial consisting of carbon atoms arranged

as a two-dimensional (2D) hexagonal crystalline form, first reported in 2004 [151]. The
monoatomic structure of graphene offers unique physical properties such as high
mechanical strength and flexibility [152], excellent thermal [153] and electrical [154]
conductivities, tunable optical transition properties [155]. In particular, with its charge
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carriers confined within an atomically thin layer, graphene exhibits high carrier mobility,
fast saturation and low charge scattering [156, 157]. Owing to these properties and the
large surface-area-to-volume ratio [158], graphene has been used in various biosensors
(e.g., electrochemical [159-161], optical [162-164], and plasmonic [165, 166]). In
particular, conductance-based graphene biosensors using a field-effect transistor (FET)
configuration [167-169] have received increasing attention because of their simple
designs, rapid and sensitive detection capabilities, and low-cost implementation. Notably,
due to the fact that every carbon atom is located on the graphene surface with its twodimensional structure, molecular binding to the surface induces changes in carrier
concentration in the bulk of graphene, enabling sensitive conductance-based detection of
analytes.
For specific analyte detection in conductance-based sensing scheme, graphene has
been functionalized with molecular probes, such as antibodies [170, 171] or aptamers
[168, 172]. However, their applicability is still limited to macromolecules (e.g., protein,
and nucleic acids) with high electrical charge, while the development of conductancebased graphene biosensors for detection oligopeptides and small molecules is particularly
challenging as the weakly-charged molecular binding does not directly induce detectable
changes in graphene conductivity.
We here present an integrated microfluidic aptasensor which combines aptamerbased specific preconcentration and conductance-based graphene nanosensing, allowing
highly sensitive detection of a low charged oligopeptide target. An aptamer specific to a
target analyte is immobilized on microbeads for solid phase-based selective
preconcentration and isocratic elution of the analyte. A field-effect transistor (FET)
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configuration is used to measure changes in graphene conductance, related to the analyte
concentration. Microfluidic integration of analyte preconcentration and detection on a
single chip eliminates the need for off-chip sample handling, thus minimizing potential
sample contamination or loss. Experimental results show that our integrated aptasensor is
capable of detecting label-free AVP at clinically relevant low concentrations (1-500 pM),
demonstrating its great promise as a clinical AVP assay.

5.2.

Principle, Design, and Fabrication

5.2.1. Principle
The principle of AVP detection in our device is schematically shown in Figure 5.1.
Aptamer-Based Selective Preconcentration. AVP molecules in a sample
solution (“sample AVP”) are selectively captured and enriched on microbead surfaces via
affinity binding to the surface-immobilized aptamer (Figure 5.1a) during continuous
sample infusion into the device at 37 °C. After the removal of nonspecifically adsorbed
AVP molecules and impurities through buffer washing (Figure 5.1b), the concentrated
AVP molecules are released into an eluent containing solution-borne aptamer molecules
(“free aptamer”) by thermally-induced disruption of aptamer-AVP complexes at 55 °C
(Figure 5.1c).
Aptamer-Based Competitive Assay on Graphene. The eluate, a mixture of the
free aptamer and released AVP originally captured from the sample (“sample AVP”), is
then incubated with graphene pre-functionalized with reagent AVP (“standard AVP”) at
37 °C (Figure 5.1d). The graphene-bound standard AVP competes with the solutionphase sample AVP to bind to and capture some of the free aptamer molecules, causing an
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increase in the charge on the graphene (Figure 5.1e). Hence, more sample AVP eluted in
a mixture results in less aptamer molecules bound on the graphene surface, inducing
smaller changes in graphene conductivity.

Figure 5.1. Principle of AVP detection. Sample AVP is enriched on microbead surfaces
by aptamer binding (a). After the buffer washing (b), the temperature is raised to 55 °C,
which disrupts aptamer-AVP complexes and release sample AVP into a free aptamer
solution (c). The mixture of the free aptamer and released sample AVP is incubated with
graphene functionalized with standard AVP (d), inducing the binding of the free aptamer
to the

standard AVP on graphene via competitive binding (e), thus changing the

graphene conductance.
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Conductance-Based Graphene Nanosensing. For the measurement of changes
in graphene conductivity, we employ a FET configuration in which graphene serves as a
conducting channel. In aqueous media, molecular binding on the graphene surface creates
a self-assembled monolayer (SAM) and forms an electrical double layer (EDL), which is
a thin layer at the interface of an electrolyte solution and a charge surface in which
counter ions dominate co-ions in concentration. Here, the EDL can be represented as a
parallel-plate capacitor on the graphene surface, across which a top-gate voltage is
applied and controls the carrier density and the electrical conductivity of graphene. Since
the free aptamer is highly charged oligonucleotides, its adsorption generates changes in
graphene conductivity which can be determined by measuring drain current in the FET
configuration.

5.2.2. Design
As shown in Figure 5.2, our integrated microdevice consists of a preconcentration
microchamber (height: 200 µm, volume: 2.5 µl), a graphene-based sensing microchamber
(height: 1 mm, volume: ~5 µl) combined with a graphene nanosensor, three temperature
control units (Cr/Au resistive microheater and temperature sensor), and a flow gate
connected to a serpentine channel (width: 500 µm, height: 20 µm) for sample transfer to
the sensing microchamber. A weir structure (height: 20 µm) in the preconcentration
microchamber retains microbeads (diameter: 50 to 80 µm) within the chamber during the
selective preconcentration process. Three sets of a resistive heater and a temperature
sensor separately control temperatures inside two microchambers and the serpentine
channel for forming or disrupting aptamer-AVP complexes.
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Figure 5.2. (a) Schematics and (b) a photo of the device. (c) Demonstration of flow
gating. By plugging the waste outlet, a fluorescein solution is guided to the graphene
sensing chamber.

A graphene nanosensor of a FET configuration is shown in Figure 5.3. The source
and drain electrodes are connected by a graphene conducting channel. A top-gate voltage
is applied on the gate electrode forming a top-gate voltage (Vgs) through a sample
solution. In this standard FET configuration, the electric conductance of graphene, which
depends on the charge on the graphene surface, was measured from the drain current (Ids)
at a fixed drain voltage (Vds).
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Figure 5.3. (a) A schematic and (b) a micrograph of the graphene nanosensor.

5.2.3. Fabrication
The integrated microdevice was fabricated of a polydimethylsiloxane (PDMS)
microfluidic layer bonded onto a glass substrate integrated with a resistive microheater
and sensor via standard microfabrication processes such as photolithography and soft
lithography (Figure 5.4). To prepare an SU-8 mold for the PDMS layer, a silicon wafer
was cleaned by soaking in piranha solution (a mixture of 98% sulfuric acid and 30%
hydrogen peroxide, 3:1, v/v) for 1 hour. The wafer was then rinsed with deionized water
and baked at 150°C for 10 minutes. Two layers of SU-8 were spin-coated on the silicon
wafer, exposed to ultraviolet (UV) light through photomasks to initiate polymer
crosslinking. The wafer was immersed into a SU-8 developer solution to dissolve
unexposed area and baked to define a mold for generating PDMS microstructures (Figure
5.4a-c). PDMS pre-polymer (Sylgard 184, Dow Corning) was then spread onto the SU-8
mold, cured at 75°C for 1 hour on a hotplate, and peeled off from the mold (Figure 5.4d).
A thick PDMS piece was bonded onto the preconcentration microchamber region to
allow stable inlet and outlet port connection to plastic tubes for sample handling
following oxygen plasma treatment of the bonding surfaces (Figure 5.4e). In the
meantime, chrome (thickness: 5 nm) and gold (thickness: 100 nm) layers were
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consecutively deposited on a piranha cleaned glass substrate using a thermal evaporator
(Auto 306, BOC Edwards). After the metal layers were patterned using positive
photolithography (Figure 5.4g-i), they were passivated with a thin PDMS layer (thickness:
20 μm) through spin coating (Figure 5.4j). After punching holes for inlets (Figure 5.4f),
outlets and to allow a sensing chamber in the PDMS layer, it was bonded to the glass
substrate via oxygen plasma surface treatment (Figure 5.4k). A syringe needle (gauge 26)
was inserted through the side of the PDMS layer into the sensing microchamber, used as
a sample outlet (Figure 5.4l). A prepared graphene FET substrate was then placed onto
the sensing chamber and pressed by plastic holders to ensure complete sealing of the
chamber (Figure 5.4m).
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Figure 5.4. Fabrication processes of the integrated microdevice.

The graphene-based FET was fabricated on a glass substrate [173]. CVDgraphene was synthesized by heating annealed Cu foil in a quartz tubing furnace. The Cu
foil was first sharply heated to 1000 °C in Argon (Ar) environment (200 mTorr), and
annealed in hydrogen (H2) environment (10 mTorr). The mixture of methane (CH4) and
H2 were then introduced and allowed to react for 18 min (CH4: 170 mTorr, H2: 10 mTorr),
after which the sample was cooled down to room temperature in Ar flow at 200 mTorr
and then retrieved from the tube. After graphene growth, 500nm polymethylmethacrylate
(PMMA) was spin coated on top for protection and a PDMS stamp was attached by
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pressing. Cu was removed by wet etching and graphene was transferred onto the substrate
at 170 °C to realize the graphene conducting channel stretching over patterned
drain/source electrodes on a glass substrate.
For the AVP functionalization, graphene was first incubated for 1 h in a linker
solution (2 mM PASE in methanol). PASE serves as a linker as its pyrenyl group was
irreversibly attached to the basal plane of pristine graphene via π-π stacking. The
graphene was then sequentially rinsed with methanol and PBS followed by the incubation
in an AVP solution (1 μM in PBS) for 12 h. The amino group of AVP was conjugated
with the linker as PASE releases N-hydroxysuccinimide (NHS) forming a stable amide
bond. 100 mM ethanolamine was then incubated in the channel for 1 h to deactivate the
non-reacted PASE linker followed by PBS rinsing.

5.3.

Experimental

5.3.1. Materials
AVP and TAMRA (5-carboxytetramethylrhodamine)-labeled AVP (TVP) were
purchased from American Peptide Company Inc. (Sunnyvale, CA). An AVP-specific
aptamer (5’-GGG GUA GGG CUU GGA UGG GUA GUA CAC GUG UGC GUG GU3’), i.e., Spiegelmer, and an ATP-specific aptamer (5’-ACC TGG GGG AGT ATT GCG
GAG GAA GGT AAA AAA A-3’) were obtained from ChemGenes Corporation
(Wilmington, MA) and Integrated DNA Technologies Inc. (Coralville, IA) respectively.
Streptavidin-coated polyacrylamide beads were acquired from Thermo Fisher Scientific
Inc. (Rockford, IL) and functionalized with aptamers via streptavidin-biotin links. Buffer
solution (pH 7.4) was prepared in deionized water with Tris-HCl (20 mM), NaCl (150
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mM), KCl (5 mM), CaCl2 (1 mM), MgCl2 (1mM) from Sigma-Aldrich (St. Louis, MO).
Annealed Cu foil (99.8%, 25 μm thick) was purchased from Alfa Aesar (Ward Hill, MA)
for CVD-graphene synthesis. 300 nm SiO2 coated Si wafer was obtained from Si-Tech
(Topsfield, MA) for device substrate. PASE linker purchased from Life Technologies
(Carlsbad, CA)

5.3.2. Experimental Setup and Procedure
The device was initially rinsed with buffer (10 µl/min), and the sensing
microchamber was filled with a buffer solution to measure a reference signal (Ids,ref). A
sample solution (10 µl/min for 2 hrs) prepared in buffer with varying AVP concentrations
was continuously introduced into the preconcentration microchamber using a syringe
pump (KD210P, KD Scientific Inc.) while the chamber was maintained at 37 °C using a
temperature control unit (an integrated microheater and a temperature sensor controlled
by LabVIEW) integrated on the bottom glass substrate. Following the preconcentration,
the chamber was thoroughly rinsed with a buffer solution (10 µl/ min) at 37 °C. After the
waste outlet was closed, a plug of the free aptamer solution at 25 nM was flowed through
(10 µl at 10 µl/ min) the preconcentration microchamber at an elevated temperature,
60 °C. The eluted mixture of enriched sample AVP molecules and free aptamer
molecules was then transferred to the sensing microchamber whose temperature is kept at
37 °C by activating the flow gate with the plugged waste outlet.
The measurement circuit used a triple DC power supply (E3631A, Agilent) to
provide the DC drain voltage Vds, a function generator (33220A, Agilent) to supply the
DC top-gate voltage Vgs, and a digital multimeter (34410A, Agilent) to measure the drain
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current (Ids). Measurements were automatically controlled through a PC-based LabVIEW.
During the electrical measurement, Ids values (at a fixed Vgs and Vds) were automatically
collected once per second for a determined period.

5.4.

Results and Discussion

5.4.1. Characterization of Graphene Nanosensing
We first characterized the aptamer binding-induced change in graphene
conductance using our graphene nanosensor. A free aptamer solution at different
concentrations in the range of 0-1000 nM was incubated with the graphene nanosensor
until Ids reached a saturated level. The magnitude of the conductance difference, δIds=|IdsIds,ref|, was found to increase with the free aptamer concentration and saturate above 100
nM, indicating that the increase of surface charge arises from the affinity binding of
highly-charged nucleic acid aptamer molecules to standard AVP on the graphene surface
(Figure 5.5). Least square fitting of a monovalent binding model to the experimental data
yielded a dissociation constant (Kd) of 16.7 nM for aptamer-AVP binding, approximately
10 times higher than the value previously obtained in solution (1.7 nM [73]), which could
be attributed to the restriction of configurational freedom of surface-immobilized AVP,
that substantially reduces their binding kinetics [98].
To confirm the specificity of the aptamer-AVP binding, we also conducted
control experiments with an ATP-specific aptamer (nonspecific to AVP) following the
same protocol. δIds was found to be less than 1 µA, much smaller than its value with the
AVP-specific aptamer and irrelevant to the aptamer concentration. This indicates that
when the ATP-specific aptamer interacts with the AVP-functionalized graphene, the

107

aptamer does not adsorb onto the graphene surface via aptamer-standard AVP binding,
but nonspecifically adsorbs onto the graphene surface, confirming that our approach is
highly specific to AVP.

Figure 5.5. Characterization of the graphene nanosensor by measuring changes in
graphene conductivity with varying free aptamer concentrations (0-1000 nM).
Experiments were respectively conducted with AVP-specific free aptamer (test, black
square) and ATP-specific free aptamer (control, blue diamond).

The nanosensor was then tested with standard mixtures of the free aptamer at a
fixed concentration (25 nM) and sample AVP at a varying concentration (cAVP, 1-100
nM). Results showed that δIds decreased with increasing cAVP in the range of 1-100 nM,
which is attributed to that a higher AVP concentration in a standard mixture causes a
higher aptamer occupancy, which impeded the aptamer binding to surface-immobilized
standard AVP (Figure 5.6). However, no appreciable variation in δIds with varying cAVP
was observed below 1 nM (data not shown), necessitating the preconcentration of sample

108

AVP prior to graphene nanosensing to achieve the AVP detection in the low picomolar
range, required in clinical settings.

Figure 5.6. Measurements with standard mixtures of free aptamer at 25 nM and sample
AVP at varying concentrations (1-100 nM).

5.4.2. Characterization of Aptamer-Based Selective Preconcentration
To achieve AVP detection at picomolar levels, we here combine a selective
analyte preconcentration, enabled by solid-phase aptamer-based recognition, with
graphene

nanosensing.

We

first

characterized

the

aptamer-based

selective

preconcentration of AVP on microbead surfaces via fluorescence measurements. A
TAMRA (as a fluorophore)-labeled AVP (TVP) solution at 100 pM was continuously
infused into the preconcentration microchamber (10 μl/min) while the chamber
temperature was maintained at 37 °C, and the fluorescence intensity of the bead surface
was measured every 15 min. It was observed that mean fluorescence intensities increased
over time and saturated after 1.5 hr (Figure 5.7), suggesting that continuous sample
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infusion for more than 1.5 hr is needed to attain sufficient analyte preconcentration. The
thermally activated release of captured AVP molecules was also tested by flushing beads
with a free aptamer solution at 55 °C. The fluorescence intensity was quickly (< 1 min)
dropped down to the baseline, indicating that enriched sample AVP molecules were
released from aptamer at 55 °C which disrupts aptamer-AVP complexes. This
temperature-dependent behavior of aptamer-AVP binding enables isocratic elution of the
analyte, allowing subsequent graphene nanosensing.

Figure 5.7. Fluorescence based time resolved measurements of aptamer-based specific
preconcentration during continuous introduction of a 100 pM TAMRA-labeled AVP
(TVP) solution at 37 °C, followed by infusing a free aptamer solution at 55 °C for
thermally-activated release of AVP.
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5.4.3. AVP Detection
To confirm the specificity of aptamer-based preconcentration of AVP, we tested
integrated devices with and without aptamer on microbead surfaces for detection of AVP
at 100 pM. Tests with the devices with bare-beads produced higher δIds values than those
with aptamer-functionalized bead-packed devices (Figure 5.8). This indicates that the
sample AVP was significantly enriched by repeated aptamer-based affinity binding on
the bead surface, resulting in the higher sample AVP concentration in a mixture.

Figure 5.8. Bead-control experiments. Integrated devices with and without aptamers on
microbeads were tested with 100 pM AVP to verify the specificity of aptamer-based
analyte preconcentration.

We finally tested detection of AVP at clinically relevant picomolar concentrations
(1-500 pM) using the integrated device. To account for experimental variability caused
by device-to-device variation of the graphene nanosensor, we normalized δIds with

111

respect to δIds,max, i.e., the maximum conductance change of an individual graphene
nanosensor. Experimental results showed that δIds decreased with increasing cAVP (Figure
5.9), implying that a higher cAVP results in a higher aptamer occupancy in the mixture,
thus less free aptamer molecules can bind to standard AVP on graphene. The results also
confirmed

the

effectiveness

of

aptamer-based

selective

preconcentration

by

demonstrating the picomolar detection that was difficult to attain without the
preconcentration process. It can thus be concluded that our approach is capable of
quantitatively detecting AVP at picomolar levels, confirming the potential of our device
as a quantitative AVP assay in clinical diagnostics. We speculate that the large error bars
could arise from a variation of microbead packing density in the preconcentration
microchamber between devices.

Figure 5.9. Normalized signals obtained from experiments with varying sample AVP
concentrations (1-500 pM).
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5.5.

Conclusion
We have developed a microfluidic aptasensor for conductance-based graphene

nanosensing of AVP with high sensitivity. The device integrates aptamer-based specific
preconcentration and graphene nanosensing on a single chip, achieving label-free
detection of low-abundance AVP. A bead-immobilized AVP-specific aptamer conducted
the selective preconcentration of AVP molecules from a dilute sample, thus improving the
detection sensitivity of the graphene nanosensor. After the analyte preconcentration, the
AVP concentration was measured by graphene nanosensing via competitive aptamer
binding between enriched sample AVP in solution and standard AVP immobilized on
graphene. Following their individual characterization, the processes of aptamer-based
preconcentration and graphene nanosensing were combined to enable quantitative
detection of label-free AVP at clinically relevant concentrations (1-500 pM), showing its
great potential as a clinical AVP assay.
In the future, our device can be further extended to the detection of AVP from
human bodily fluids. The fundamental concept of the microfluidic device should be
readily applicable to such complex samples. The likely decrease in detection sensitivity
and reproducibility, which may arise from low analyte abundance in bodily fluids with
high biological complexity, could be addressed by optimizing the device design (e.g.,
shape and dimensions) and experimental protocols (e.g., infused sample volume and flow
rate) to effect sufficient and selective preconcentration of endogenous AVP, thus
ultimately enabling detection of low-abundance AVP in clinical diagnostics.
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Chaper 6. Concluding Remarks
6.1.

Summary of the Thesis
In this thesis, we presented four different aptasensors for label-free and sensitive

detection of low molecular weight analytes, addressing a major challenge facing existing
aptasensing approaches that commonly require detailed and precise information on
aptamer structures and binding characteristics. Our aptasensors utilized different microand nanomaterials, each of which provides unique properties such as high surface-areato-volume ratio, sensitivity, and low signal interference. Combined with nucleic acid
aptamers as highly specific recognition elements, the micro- and nanodevices could
selectively detect their target analytes in the concentration range of clinical importance.
We first presented an integrated microfluidic aptasensor coupled to mass spectrometry,
which demonstrated sensitive and label-free detection of arginine vasopressin (AVP), an
oligopeptide hormone and a clinically important biomarker for prevention of late-phase
hemorrhagic shock, from human plasma ultrafiltrate. We then introduced an
optomagnetic aptasensor for detection of adenosine triphosphate (ATP) via magnetic
nanoparticle clustering assay, which could be further adapted to AVP detection. Next, we
presented a surface-enhanced Raman spectroscopic aptasensor which can specifically and
reliably quantify AVP with high sensitivity. Lastly, we described a microfluidic
aptasensor that integrates integrating aptamer-based selective preconcentration and
graphene nanosensing on a single chip, demonstrating label-free and sensitive detection
of AVP at clinically relevant picomolar levels.
In Chapter 2, we presented an integrated microfluidic aptasensor for mass
spectrometric detection of AVP from human plasma ultrafiltrate samples. In the
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purification chamber of the integrated device, an aptamer specifically captured and
enriched AVP on microbead surfaces via affinity binding. After bead washing steps with
buffer and water sequentially, thermally-activated release of enriched AVP molecules
enabled the collection of AVP in purified water. The purified AVP sample was then
repeatedly deposited on a spot using a piezoelectric-driven nanoliter-droplet ejector in the
device. Finally, the dried sample spot was analyzed by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry to determine the AVP level
in an original sample. Experimental results demonstrated that our approach is capable of
label-free mass spectrometric detection of AVP from human plasma ultrafiltrate samples
at clinically relevant picomolar concentrations.
In Chapter 3, we presented an optomagnetic aptasensor for detection of ATP
using oligonucleotide-conjugated magnetic nanoparticles (MNPs). To determine the
concentration of ATP from the degree of MNP clustering, we employed an inhibition
assay configuration with two mutually exclusive binding reactions (aptamer-ATP binding
and aptamer-linker DNA hybridization), where the aptamer and the linker were
immobilized onto separate MNPs. Consequently, the ATP addition hindered the MNP
clustering induced by aptamer-linker hybridization, thus enabling us to relate the degree
of MNP clustering to the ATP concentration. The clustering state was measured using an
optomagnetic readout system that provides information on the distribution of
hydrodynamic sizes of MNP clusters. Using this technique, we demonstrated that the
change of the optical response was well correlated with the ATP concentration in the
range of 10 µM to 10 mM.
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Aiming to achieve reliable and reproducible detection of AVP at low picomolar
concentrations, which was the aptasensors presented in Chapter 2 and 3, we introduced in
Chapter 4 an aptasensor that uses surface-enhanced Raman spectroscopy (SERS) as an
ultrasensitive detection technique. A SERS-active substrate bearing gold-decorated
silicon nanopillars was functionalized with an aptamer for specific detection, and used for
generating enhanced Raman signals through nanopillar leaning mechanism for sensitive
detection. Large area Raman mapping ensured reliable quantification of AVP molecules
adsorbed on the nanopillar surface via aptamer-based affinity binding. Microfluidic
integration enabled efficient detection of the analyte, and competitive binding assay
allowed label-free quantification of the analyte. Experimental results showed that our
aptasensor could quantitatively measure Raman tag-labeled AVP in the picomolar range
and unlabeled AVP in the nanomolar range.
As a complementary approach to SERS which requires Raman tag labeling of
AVP molecules in the sample to achieve picomolar sensitivities, graphene nanosensing
was employed in an integrated aptasensor in Chapter 5. The integrated aptasensor
combined aptamer-based selective preconcentration on microbeads and conductancebased graphene nanosensing, allowing detection of a low-abundance analyte. An aptamer
specific to AVP was immobilized on microbeads for selective preconcentration and
isocratic elution of the analyte. A conductance-based graphene nanosensor using a
competitive assay format achieved label-free detection, with a high sensitivity due to
surface binding-induced changes in carrier concentration in the bulk of graphene.
Microfluidic integration of selective preconcentration and graphene nanosensing on a
single chip eliminated the need for off-chip sample handling, thus minimizing potential
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sample contamination or loss. Experimental results showed that the graphene-based
nanosensor could achieve detection of AVP at picomolar concentrations (1-500 pM) in a
label-free manner, thus demonstrating its potential utility in clinical settings.

6.2.

Future Work
This thesis research has demonstrated the development of micro and nanoscale

aptasensors for detection of various low molecular weight analytes. In particular, we have
identified SERS- and graphene-based aptasensors as highly promising to enable detection
of AVP at clinically relevant low concentrations from human plasma ultrafiltrate.
Therefore, future work will be focused on further improvement on these two aptasensing
approaches using microfluidic technology.
SERS-Based Aptasensor. To enable AVP detection by SERS in clinical
diagnostics, a more practically viable biosensor system could be developed by combining
in-situ Raman tag labeling and SERS-based detection within a microfluidic device, which
takes advantage of the highly sensitive and reliable quantification capability of the SERSbased aptasensor. For example, bead-based labeling of AVP with a TAMRA tag can be
performed by incubating a mixture of AVP and NHS ester-TAMRA with aptamerfunctionalized microbeads, resulting in TAMRA-labeled AVP (TVP) captured by
aptamer on microbead surfaces. After the removal of unreacted molecules, TVP is
thermally released and transferred to the sensing microchamber in which TVP interacts
with the aptamer on leaning nanopillars and is analyzed by large area Raman mapping as
described in Chapter 4. The effects of interference from biological impurities on the
detection sensitivity and reproducibility could also be mitigated by either AVP
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concentration during or prior to the in-situ labeling step (as described in Chapter 2 and 5),
or suitable enlargement of a map size in Raman mapping, or combination of both. Such a
totally integrated system would ultimately enable ultrasensitive detection of AVP at low
picomolar concentrations from human patient samples in clinical settings, achieved by
labeling endogenous AVP in a rapid and selective manner followed by SERS-based
detection of the labeled AVP.
Graphene-Based Aptasensor. In the complementary approach of using graphene
nanosensing to SERS, we presented an integrated microfluidic device that combines
aptamer-based selective preconcentration and conductance-based graphene nanosensing.
Using the graphene-based aptasensor, we demonstrated label-free detection of AVP in
buffer at picomolar concentrations (1-500 pM). In the future, our graphene-based
aptasensor can be further extended to the detection of AVP from human bodily fluids. The
fundamental concept of the integrated microfluidic device should be readily applicable to
such complex samples. The likely decrease in detection sensitivity and reproducibility,
which may arise from low analyte abundance in bodily fluids with high biological
complexity, could be addressed by optimizing the device design (e.g., shape and
dimensions) and experimental protocols (e.g., infused sample volume and flow rate) to
effect sufficient and selective preconcentration of endogenous AVP, thus ultimately
enabling detection of low-abundance AVP in clinical diagnostics.
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Svedlindh, M. Strømme, et al., "Sensitive Detection of Bacterial DNA by
Magnetic Nanoparticles," Analytical Chemistry, vol. 82, pp. 9138-9140,
2010/11/15 2010.

[79]

M. Liong, A. N. Hoang, J. Chung, N. Gural, C. B. Ford, C. Min, et al., "Magnetic
barcode assay for genetic detection of pathogens," Nat Commun, vol. 4, p. 1752,
2013.

[80]

Y. Zhang, C. Pilapong, Y. Guo, Z. Ling, O. Cespedes, P. Quirke, et al., "Sensitive,
Simultaneous Quantitation of Two Unlabeled DNA Targets Using a Magnetic
Nanoparticle–Enzyme Sandwich Assay," Analytical Chemistry, vol. 85, pp. 92389244, 2013/10/01 2013.

[81]

A. Ranzoni, G. Sabatte, L. J. van Ijzendoorn, and M. W. J. Prins, "One-Step
Homogeneous Magnetic Nanoparticle Immunoassay for Biomarker Detection
Directly in Blood Plasma," ACS Nano, vol. 6, pp. 3134-3141, 2012/04/24 2012.

[82]

X. Zhang, D. B. Reeves, I. M. Perreard, W. C. Kett, K. E. Griswold, B. Gimi, et
al., "Molecular sensing with magnetic nanoparticles using magnetic spectroscopy
of nanoparticle Brownian motion," Biosensors and Bioelectronics, vol. 50, pp.
441-446, 12/15/ 2013.

[83]

G. Liang, S. Cai, P. Zhang, Y. Peng, H. Chen, S. Zhang, et al., "Magnetic
relaxation switch and colorimetric detection of thrombin using aptamerfunctionalized gold-coated iron oxide nanoparticles," Analytica Chimica Acta, vol.
689, pp. 243-249, 3/18/ 2011.

125

[84]

K. Aurich, S. Nagel, G. Glöckl, and W. Weitschies, "Determination of the
Magneto-Optical Relaxation of Magnetic Nanoparticles as a Homogeneous
Immunoassay," Analytical Chemistry, vol. 79, pp. 580-586, 2007/01/01 2006.

[85]

S. Bamrungsap, M. I. Shukoor, T. Chen, K. Sefah, and W. Tan, "Detection of
Lysozyme Magnetic Relaxation Switches Based on Aptamer-Functionalized
Superparamagnetic Nanoparticles," Analytical Chemistry, vol. 83, pp. 7795-7799,
2011/10/15 2011.

[86]

J. K. Herr, J. E. Smith, C. D. Medley, D. Shangguan, and W. Tan, "AptamerConjugated Nanoparticles for Selective Collection and Detection of Cancer
Cells," Analytical Chemistry, vol. 78, pp. 2918-2924, 2006/05/01 2006.

[87]

E. Y. Sun, R. Weissleder, and L. Josephson, "Continuous Analyte Sensing with
Magnetic Nanoswitches," Small, vol. 2, pp. 1144-1147, 2006.

[88]

S. Zhang, Y. Yan, and S. Bi, "Design of Molecular Beacons as Signaling Probes
for Adenosine Triphosphate Detection in Cancer Cells Based on
Chemiluminescence Resonance Energy Transfer," Analytical Chemistry, vol. 81,
pp. 8695-8701, 2009/11/01 2009.

[89]

M. V. Yigit, D. Mazumdar, H.-K. Kim, J. H. Lee, B. Odintsov, and Y. Lu, "Smart
“Turn-on” Magnetic Resonance Contrast Agents Based on AptamerFunctionalized Superparamagnetic Iron Oxide Nanoparticles," ChemBioChem,
vol. 8, pp. 1675-1678, 2007.

[90]

S. Wu, N. Duan, Z. Wang, and H. Wang, "Aptamer-functionalized magnetic
nanoparticle-based bioassay for the detection of ochratoxin a using upconversion
nanoparticles as labels," Analyst, vol. 136, pp. 2306-2314, 2011.

[91]

D. M. Bruls, T. H. Evers, J. A. H. Kahlman, P. J. W. van Lankvelt, M. Ovsyanko,
E. G. M. Pelssers, et al., "Rapid integrated biosensor for multiplexed
immunoassays based on actuated magnetic nanoparticles," Lab on a Chip, vol. 9,
pp. 3504-3510, 2009.

[92]

J. Wang, A. Munir, Z. Zhu, and H. S. Zhou, "Magnetic Nanoparticle Enhanced
Surface Plasmon Resonance Sensing and Its Application for the Ultrasensitive
Detection of Magnetic Nanoparticle-Enriched Small Molecules," Analytical
Chemistry, vol. 82, pp. 6782-6789, 2010/08/15 2010.

[93]

L. Wang and X.-X. Gan, "Biomolecule-functionalized magnetic nanoparticles for
flow-through quartz crystal microbalance immunoassay of aflatoxin B1,"
Bioprocess and Biosystems Engineering, vol. 32, pp. 109-116, 2009/01/01 2009.

[94]

M. A. Nash, J. N. Waitumbi, A. S. Hoffman, P. Yager, and P. S. Stayton,
"Multiplexed Enrichment and Detection of Malarial Biomarkers Using a StimuliResponsive Iron Oxide and Gold Nanoparticle Reagent System," ACS Nano, vol.
6, pp. 6776-6785, 2012/08/28 2012.

126

[95]

V. Mani, B. V. Chikkaveeraiah, V. Patel, J. S. Gutkind, and J. F. Rusling,
"Ultrasensitive Immunosensor for Cancer Biomarker Proteins Using Gold
Nanoparticle Film Electrodes and Multienzyme-Particle Amplification," ACS
Nano, vol. 3, pp. 585-594, 2009/03/24 2009.

[96]

H. C. Tekin, M. Cornaglia, and M. A. M. Gijs, "Attomolar protein detection using
a magnetic bead surface coverage assay," Lab on a Chip, vol. 13, pp. 1053-1059,
2013.

[97]

C. Chun, J. Joo, D. Kwon, C. S. Kim, H. J. Cha, M.-S. Chung, et al., "A facile and
sensitive immunoassay for the detection of alpha-fetoprotein using gold-coated
magnetic nanoparticle clusters and dynamic light scattering," Chemical
Communications, vol. 47, pp. 11047-11049, 2011.

[98]

J. Baudry, C. Rouzeau, C. Goubault, C. Robic, L. Cohen-Tannoudji, A. Koenig, et
al., "Acceleration of the recognition rate between grafted ligands and receptors
with magnetic forces," Proc. Natl. Acad. Sci. U.S.A., vol. 103, pp. 16076-16078,
October 31, 2006 2006.

[99]

I. Koh, R. Hong, R. Weissleder, and L. Josephson, "Nanoparticle−Target
Interactions Parallel Antibody−Protein Interactions," Analytical Chemistry, vol.
81, pp. 3618-3622, 2009/05/01 2009.

[100] M. T. Castañeda, A. Merkoçi, M. Pumera, and S. Alegret, "Electrochemical
genosensors for biomedical applications based on gold nanoparticles," Biosensors
and Bioelectronics, vol. 22, pp. 1961-1967, 4/15/ 2007.
[101] Y. Ling, C. C. Vassiliou, and M. J. Cima, "Magnetic relaxation-based platform
for multiplexed assays," Analyst, vol. 135, pp. 2360-2364, 2010.
[102] D. Eberbeck, F. Wiekhorst, U. Steinhoff, and L. Trahms, "Quantification of
biomolecule agglutination by magnetorelaxometry," Applied Physics Letters, vol.
95, pp. -, 2009.
[103] C. Min, H. Shao, M. Liong, T.-J. Yoon, R. Weissleder, and H. Lee, "Mechanism
of Magnetic Relaxation Switching Sensing," ACS Nano, vol. 6, pp. 6821-6828,
2012/08/28 2012.
[104] C. Kaittanis, S. Santra, O. J. Santiesteban, T. J. Henderson, and J. M. Perez, "The
Assembly State between Magnetic Nanosensors and Their Targets Orchestrates
Their Magnetic Relaxation Response," Journal of the American Chemical Society,
vol. 133, pp. 3668-3676, 2011/03/16 2011.
[105] H. Michael, H. Thomas, Z. Martin, B. Christiane, E. Lothar, B. Jörg, et al.,
"Magnetically triggered clustering of biotinylated iron oxide nanoparticles in the
presence of streptavidinylated enzymes," Nanotechnology, vol. 23, p. 355707,
2012.

127

[106] M. Leist, B. Single, A. F. Castoldi, S. Kühnle, and P. Nicotera, "Intracellular
adenosine triphosphate (ATP) concentration: a switch in the decision between
apoptosis and necrosis," The Journal of experimental medicine, vol. 185, pp.
1481-1486, 04/ 1997.
[107] T. Traut, "Physiological concentrations of purines and pyrimidines," Molecular
and Cellular Biochemistry, vol. 140, pp. 1-22, 1994/11/01 1994.
[108] D. E. Huizenga and J. W. Szostak, "A DNA Aptamer That Binds Adenosine and
ATP," Biochemistry, vol. 34, pp. 656-665, 1995/01/01 1995.
[109] J. B. Da Costa, A. I. Andreiev, and T. Dieckmann, "Thermodynamics and
Kinetics of Adaptive Binding in the Malachite Green RNA Aptamer,"
Biochemistry, vol. 52, pp. 6575-6583, 2013/09/24 2013.
[110] S. D. Gilbert, F. E. Reyes, A. L. Edwards, and R. T. Batey, "Adaptive ligand
binding by the purine riboswitch in the recognition of guanine and adenine
analogs," Structure, vol. 17, pp. 857-68, Jun 10 2009.
[111] M. Donolato, P. Antunes, R. S. Bejhed, T. Z. Gómez de la Torre, F. W. Østerberg,
M. Strömberg, et al., "Novel readout method for molecular diagnostic assays
based on optical measurements of magnetic nanobead chaining dynamics," vol.
submitted.
[112] K. P. Williams, X.-H. Liu, T. N. Schumacher, H. Y. Lin, D. A. Ausiello, P. S.
Kim, et al., "Bioactive and nuclease-resistant L-DNA ligand of vasopressin,"
Proceedings of the National Academy of Sciences, vol. 94, pp. 11285-11290, 1997.
[113] J. H. Kim, "A Microfluidic Approach to Selection and Enrichment of Aptamers
for Biomolecules and Cells," COLUMBIA UNIVERSITY, 2013.
[114] G. F. Wang, H. Y. Park, and R. J. Lipert, "Mixed Monolayers on Gold
Nanoparticle Labels for Multiplexed Surface-Enhanced Raman Scattering Based
Immunoassays," Analytical Chemistry, vol. 81, pp. 9643-9650, Dec 2009.
[115] J. H. Kim, J. S. Kim, H. Choi, S. M. Lee, B. H. Jun, K. N. Yu, et al.,
"Nanoparticle probes with surface enhanced Raman spectroscopic tags for cellular
cancer targeting," Analytical Chemistry, vol. 78, pp. 6967-6973, Oct 2006.
[116] H. Y. Wu, C. J. Choi, and B. T. Cunningham, "Plasmonic Nanogap-Enhanced
Raman Scattering Using a Resonant Nanodome Array," Small, vol. 8, pp. 28782885, Sep 2012.
[117] H. C. Lo, H. I. Hsiung, S. Chattopadhyay, H. C. Han, C. F. Chen, J. P. Leu, et al.,
"Label free sub-picomole level DNA detection with Ag nanoparticle decorated
Au nanotip arrays as surface enhanced Raman spectroscopy platform," Biosensors
& Bioelectronics, vol. 26, pp. 2413-2418, Jan 2011.

128

[118] Y. S. Huh and D. Erickson, "Aptamer based surface enhanced Raman scattering
detection of vasopressin using multilayer nanotube arrays," Biosensors &
Bioelectronics, vol. 25, pp. 1240-1243, Jan 2010.
[119] K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan, R. Dasari, et al.,
"Single molecule detection using surface-enhanced Raman scattering (SERS),"
Physical Review Letters, vol. 78, pp. 1667-1670, Mar 1997.
[120] E. C. Le Ru, E. Blackie, M. Meyer, and P. G. Etchegoin, "Surface Enhanced
Raman Scattering Enhancement Factors: A Comprehensive Study," The Journal
of Physical Chemistry C, vol. 111, pp. 13794-13803, 2007/09/01 2007.
[121] Y. C. Cao, R. Jin, and C. A. Mirkin, "Nanoparticles with Raman Spectroscopic
Fingerprints for DNA and RNA Detection," Science, vol. 297, pp. 1536-1540,
August 30, 2002 2002.
[122] S. Nie and S. R. Emory, "Probing Single Molecules and Single Nanoparticles by
Surface-Enhanced Raman Scattering," Science, vol. 275, pp. 1102-1106, February
21, 1997 1997.
[123] N. H. Kim, S. J. Lee, and M. Moskovits, "Aptamer-Mediated Surface-Enhanced
Raman Spectroscopy Intensity Amplification," Nano Letters, vol. 10, pp. 41814185, 2010/10/13 2010.
[124] G. Chen, Y. Wang, M. Yang, J. Xu, S. J. Goh, M. Pan, et al., "Measuring
Ensemble-Averaged Surface-Enhanced Raman Scattering in the Hotspots of
Colloidal Nanoparticle Dimers and Trimers," Journal of the American Chemical
Society, vol. 132, pp. 3644-3645, 2010/03/24 2010.
[125] K. Faulds, W. E. Smith, and D. Graham, "Evaluation of surface-enhanced
resonance Raman scattering for quantitative DNA analysis," Analytical Chemistry,
vol. 76, pp. 412-417, Jan 2004.
[126] M. A. Ochsenkuhn and C. J. Campbell, "Probing biomolecular interactions using
surface enhanced Raman spectroscopy: label-free protein detection using a Gquadruplex DNA aptamer," Chemical Communications, vol. 46, pp. 2799-2801,
2010.
[127] D.-K. Lim, K.-S. Jeon, J.-H. Hwang, H. Kim, S. Kwon, Y. D. Suh, et al., "Highly
uniform and reproducible surface-enhanced Raman scattering from DNAtailorable nanoparticles with 1-nm interior gap," Nat Nano, vol. 6, pp. 452-460,
07//print 2011.
[128] D. Graham, D. G. Thompson, W. E. Smith, and K. Faulds, "Control of enhanced
Raman scattering using a DNA-based assembly process of dye-coded
nanoparticles," Nat Nano, vol. 3, pp. 548-551, 09//print 2008.

129

[129] E. Papadopoulou and S. E. J. Bell, "Label-Free Detection of Single-Base
Mismatches in DNA by Surface-Enhanced Raman Spectroscopy," Angewandte
Chemie International Edition, vol. 50, pp. 9058-9061, 2011.
[130] T. Kang, S. M. Yoo, I. Yoon, S. Y. Lee, and B. Kim, "Patterned Multiplex
Pathogen DNA Detection by Au Particle-on-Wire SERS Sensor," Nano Letters,
vol. 10, pp. 1189-1193, 2010/04/14 2010.
[131] H. Im, K. C. Bantz, N. C. Lindquist, C. L. Haynes, and S.-H. Oh, "Vertically
Oriented Sub-10-nm Plasmonic Nanogap Arrays," Nano Letters, vol. 10, pp.
2231-2236, 2010/06/09 2010.
[132] W. Li, P. H. C. Camargo, L. Au, Q. Zhang, M. Rycenga, and Y. Xia, "Etching
and Dimerization: A Simple and Versatile Route to Dimers of Silver Nanospheres
with a Range of Sizes," Angewandte Chemie International Edition, vol. 49, pp.
164-168, 2010.
[133] T. A. Laurence, G. Braun, C. Talley, A. Schwartzberg, M. Moskovits, N. Reich,
et al., "Rapid, Solution-Based Characterization of Optimized SERS Nanoparticle
Substrates," Journal of the American Chemical Society, vol. 131, pp. 162-169,
2009/01/14 2008.
[134] E. C. Le Ru, M. Meyer, and P. G. Etchegoin, "Proof of Single-Molecule
Sensitivity in Surface Enhanced Raman Scattering (SERS) by Means of a TwoAnalyte Technique," The Journal of Physical Chemistry B, vol. 110, pp. 19441948, 2006/02/01 2006.
[135] P. G. Etchegoin, M. Meyer, E. Blackie, and E. C. Le Ru, "Statistics of SingleMolecule Surface Enhanced Raman Scattering Signals: Fluctuation Analysis with
Multiple Analyte Techniques," Analytical Chemistry, vol. 79, pp. 8411-8415,
2007/11/01 2007.
[136] A. Kim, F. S. Ou, D. A. A. Ohlberg, M. Hu, R. S. Williams, and Z. Li, "Study of
Molecular Trapping Inside Gold Nanofinger Arrays on Surface-Enhanced Raman
Substrates," Journal of the American Chemical Society, vol. 133, pp. 8234-8239,
2011/06/01 2011.
[137] M. Moskovits, "Imaging: Spot the hotspot," Nature, vol. 469, pp. 307-308,
01/20/print 2011.
[138] H. Cang, A. Labno, C. Lu, X. Yin, M. Liu, C. Gladden, et al., "Probing the
electromagnetic field of a 15-nanometre hotspot by single molecule imaging,"
Nature, vol. 469, pp. 385-388, 01/20/print 2011.
[139] T. Chen, H. Wang, G. Chen, Y. Wang, Y. Feng, W. S. Teo, et al., "HotspotInduced Transformation of Surface-Enhanced Raman Scattering Fingerprints,"
ACS Nano, vol. 4, pp. 3087-3094, 2010/06/22 2010.

130

[140] M. S. Schmidt, J. Hübner, and A. Boisen, "Large Area Fabrication of Leaning
Silicon Nanopillars for Surface Enhanced Raman Spectroscopy," Advanced
Materials, vol. 24, pp. OP11-OP18, 2012.
[141] E. C. Le Ru, P. G. Etchegoin, and M. Meyer, "Enhancement factor distribution
around a single surface-enhanced Raman scattering hot spot and its relation to
single molecule detection," The Journal of Chemical Physics, vol. 125, pp. -,
2006.
[142] J. Sarkar, J. Chowdhury, P. Pal, and G. B. Talapatra, "Ab initio, DFT vibrational
calculations and SERRS study of Rhodamine 123 adsorbed on colloidal silver
particles," Vibrational Spectroscopy, vol. 41, pp. 90-96, 5/30/ 2006.
[143] A. J. Lowe, Y. S. Huh, A. D. Strickland, D. Erickson, and C. A. Batt, "Multiplex
Single Nucleotide Polymorphism Genotyping Utilizing Ligase Detection Reaction
Coupled Surface Enhanced Raman Spectroscopy," Analytical Chemistry, vol. 82,
pp. 5810-5814, 2010/07/01 2010.
[144] S. Stewart and P. M. Fredericks, "Surface-enhanced Raman spectroscopy of
amino acids adsorbed on an electrochemically prepared silver surface,"
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, vol. 55,
pp. 1641-1660, 7// 1999.
[145] T. M. Herne and M. J. Tarlov, "Characterization of DNA Probes Immobilized on
Gold Surfaces," Journal of the American Chemical Society, vol. 119, pp. 89168920, 1997/09/01 1997.
[146] L. Tang, G. Zeng, G. Shen, Y. Li, C. Liu, Z. Li, et al., "Sensitive detection of lip
genes by electrochemical DNA sensor and its application in polymerase chain
reaction amplicons from Phanerochaete chrysosporium," Biosensors and
Bioelectronics, vol. 24, pp. 1474-1479, 1/1/ 2009.
[147] Y. S. Huh, A. J. Chung, B. Cordovez, and D. Erickson, "Enhanced on-chip SERS
based biomolecular detection using electrokinetically active microwells," Lab on
a Chip, vol. 9, pp. 433-439, 2009.
[148] M. E. J. Newman, "Power laws, Pareto distributions and Zipf's law,"
Contemporary Physics, vol. 46, pp. 323-351, 2005/09/01 2005.
[149] Y. Fang, N.-H. Seong, and D. D. Dlott, "Measurement of the Distribution of Site
Enhancements in Surface-Enhanced Raman Scattering," Science, vol. 321, pp.
388-392, July 18, 2008 2008.
[150] J. A. Peacock, "Two-dimensional goodness-of-fit testing in astronomy," Monthly
Notices of the Royal Astronomical Society, vol. 202, pp. 615-627, March 1, 1983
1983.

131

[151] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos,
et al., "Electric Field Effect in Atomically Thin Carbon Films," Science, vol. 306,
pp. 666-669, October 22, 2004 2004.
[152] C. Lee, X. Wei, J. W. Kysar, and J. Hone, "Measurement of the Elastic Properties
and Intrinsic Strength of Monolayer Graphene," Science, vol. 321, pp. 385-388,
July 18, 2008 2008.
[153] A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao, et al.,
"Superior Thermal Conductivity of Single-Layer Graphene," Nano Letters, vol. 8,
pp. 902-907, 2008/03/01 2008.
[154] A. K. Geim and K. S. Novoselov, "The rise of graphene," Nat Mater, vol. 6, pp.
183-191, 03//print 2007.
[155] F. Wang, Y. Zhang, C. Tian, C. Girit, A. Zettl, M. Crommie, et al., "GateVariable Optical Transitions in Graphene," Science, vol. 320, pp. 206-209, April
11, 2008 2008.
[156] A. Barreiro, M. Lazzeri, J. Moser, F. Mauri, and A. Bachtold, "Transport
Properties of Graphene in the High-Current Limit," Physical Review Letters, vol.
103, p. 076601, 08/12/ 2009.
[157] L. Tarruell, D. Greif, T. Uehlinger, G. Jotzu, and T. Esslinger, "Creating, moving
and merging Dirac points with a Fermi gas in a tunable honeycomb lattice,"
Nature, vol. 483, pp. 302-305, 03/15/print 2012.
[158] C. Liu, Z. Yu, D. Neff, A. Zhamu, and B. Z. Jang, "Graphene-Based
Supercapacitor with an Ultrahigh Energy Density," Nano Letters, vol. 10, pp.
4863-4868, 2010/12/08 2010.
[159] S. Ge, M. Yan, J. Lu, M. Zhang, F. Yu, J. Yu, et al., "Electrochemical biosensor
based on graphene oxide–Au nanoclusters composites for l-cysteine analysis,"
Biosensors and Bioelectronics, vol. 31, pp. 49-54, 1/15/ 2012.
[160] Y. Shao, J. Wang, H. Wu, J. Liu, I. A. Aksay, and Y. Lin, "Graphene Based
Electrochemical Sensors and Biosensors: A Review," Electroanalysis, vol. 22, pp.
1027-1036, 2010.
[161] L. Zhu, L. Luo, and Z. Wang, "DNA electrochemical biosensor based on
thionine-graphene nanocomposite," Biosensors and Bioelectronics, vol. 35, pp.
507-511, 5/15/ 2012.
[162] J. H. Jung, D. S. Cheon, F. Liu, K. B. Lee, and T. S. Seo, "A Graphene Oxide
Based Immuno-biosensor for Pathogen Detection," Angewandte Chemie
International Edition, vol. 49, pp. 5708-5711, 2010.

132

[163] X. Fu, L. Chen, J. Li, M. Lin, H. You, and W. Wang, "Label-free colorimetric
sensor for ultrasensitive detection of heparin based on color quenching of gold
nanorods by graphene oxide," Biosensors and Bioelectronics, vol. 34, pp. 227-231,
4/15/ 2012.
[164] S. He, B. Song, D. Li, C. Zhu, W. Qi, Y. Wen, et al., "A Graphene Nanoprobe for
Rapid, Sensitive, and Multicolor Fluorescent DNA Analysis," Advanced
Functional Materials, vol. 20, pp. 453-459, 2010.
[165] L. Wu, H. S. Chu, W. S. Koh, and E. P. Li, "Highly sensitive graphene biosensors
based on surface plasmon resonance," Optics Express, vol. 18, pp. 14395-14400,
2010/07/05 2010.
[166] J. C. Reed, H. Zhu, A. Y. Zhu, C. Li, and E. Cubukcu, "Graphene-Enabled Silver
Nanoantenna Sensors," Nano Letters, vol. 12, pp. 4090-4094, 2012/08/08 2012.
[167] S. Myung, A. Solanki, C. Kim, J. Park, K. S. Kim, and K.-B. Lee, "GrapheneEncapsulated Nanoparticle-Based Biosensor for the Selective Detection of Cancer
Biomarkers," Advanced Materials, vol. 23, pp. 2221-2225, 2011.
[168] Y. Ohno, K. Maehashi, and K. Matsumoto, "Label-Free Biosensors Based on
Aptamer-Modified Graphene Field-Effect Transistors," Journal of the American
Chemical Society, vol. 132, pp. 18012-18013, 2010/12/29 2010.
[169] X. Dong, Y. Shi, W. Huang, P. Chen, and L.-J. Li, "Electrical Detection of DNA
Hybridization with Single-Base Specificity Using Transistors Based on CVDGrown Graphene Sheets," Advanced Materials, vol. 22, pp. 1649-1653, 2010.
[170] S. Mao, K. Yu, J. Chang, D. A. Steeber, L. E. Ocola, and J. Chen, "Direct Growth
of Vertically-oriented Graphene for Field-Effect Transistor Biosensor," Sci. Rep.,
vol. 3, 04/22/online 2013.
[171] S. Mao, K. Yu, G. Lu, and J. Chen, "Highly sensitive protein sensor based on
thermally-reduced graphene oxide field-effect transistor," Nano Research, vol. 4,
pp. 921-930, 2011/10/01 2011.
[172] X. Ke, M. Xenia, M. N. Barbara, Z. Eugene, D. Mitra, and A. S. Michael,
"Graphene- and aptamer-based electrochemical biosensor," Nanotechnology, vol.
25, p. 205501, 2014.
[173] W. Cheng, K. Jinho, Z. Jing, P. Renjun, L. Guohua, J. Hone, et al., "A graphene
nanosensor for detection of small molecules," in Micro Electro Mechanical
Systems (MEMS), 2014 IEEE 27th International Conference on, 2014, pp. 10751078.

133

