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Report Title
Graphene-based Nanostructures and DNA-based Biomolecule Sensors

ABSTRACT

This research work contains three main parts. The rst part is to investigate the electri-

cal conductivity and dielectric properties of PMMA/Graphene Nanoplatelet composites with
an emphasis on the percolation threshold. The second part is the study of a graphene-based
FET structure including modelling the FET characteristics based on device theory calculation
and simulation, and utilizing Raman Spectroscopy and Surface-Enhanced Raman Spectroscopy
to verify active molecular components inside synthesized nanostructures. The third part is

the sensor experiment part, which includes design, fabrication and testing of two biomolecu-
lar sensors using optical photolumescence measurements and graphene-based electrochemical
measurements, respectively.

In the rst part, we prepared poly(methyl methacrylate) (PMMA)/Graphite nanoplatelet

(GNP) ensembles by in situ polymerization of MMA in the presence of GNPs with the aid of
sonication and heating. Electrical conductivity and dielectric properties of the ensembles were
measured using the four-point probe resistivity measurement method and a network analyzer.
The results showed that the electrical behavior of PMMA/GNP ensembles can be described well
by percolation theory. The percolation threshold of PMMA/GNP at room temperature was

only about 1 wt% ller content, much lower than that of the ensembles lled with conventional
graphite particles.

In the second part, we rst modelled a graphene-based FET-like aptamer sensor for the case

of an aptamer that binds to a cocaine surrogate. A voltage shift caused by electron trapping on the graphene surface is
expected from the proposed charge sheet capacitance model and

con rmed by experimental results. We then conducted Raman Spectroscopy and Surface-
Enhanced Raman Spectroscopy measurements on the device surface, identi ed the signature
spectrum of Methylene Blue (MB), and veri ed the successful functionalization of the DNA
aptamer (terminated with MB) to the graphene surface.

In the sensor experiment part, we designed and fabricated a nanosensor comprised of throm-
bin binding aptamer (TBA) with 700NC InGaP QD on the 5' terminus and an Au nanoparticle
quencher on the 3' terminus. Both potassium and lead ions bind to TBA, resulting in a confor-
mational change that brings the Au quencher closer to the QD. Based on this mechanism we
conducted Photolumescence measurements to detect potassium and lead ions. We also designed
and fabricated a graphene-based FET structure to electrochemically detect these two ions. The
sensor consists of a graphene-covered Si/S102 wafer with TBA attached to the graphene layer
and terminated by a methylene blue molecule. Based on the same mechanism, when K+ and
Pb2+ bind to TBA and cause a conformational change, MB will move closer to the graphene
surface and donate an electron. The abundance of K+ and Pb2+ can be determined by mon-
itoring the current across the source and drain channel. Experimental results con rmed that
drain current decreased as ion concentration increased.
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SUMMARY

This research work contains three main parts. The first part is to investigate the electri-
cal conductivity and dielectric properties of PMMA /Graphene Nanoplatelet composites with
an emphasis on the percolation threshold. The second part is the study of a graphene-based
FET structure including modelling the FET characteristics based on device theory calculation
and simulation, and utilizing Raman Spectroscopy and Surface-Enhanced Raman Spectroscopy
to verify active molecular components inside synthesized nanostructures. The third part is
the sensor experiment part, which includes design, fabrication and testing of two biomolecu-
lar sensors using optical photolumescence measurements and graphene-based electrochemical
measurements, respectively.

In the first part, we prepared poly(methyl methacrylate) (PMMA)/Graphite nanoplatelet
(GNP) ensembles by in situ polymerization of MMA in the presence of GNPs with the aid of
sonication and heating. Electrical conductivity and dielectric properties of the ensembles were
measured using the four-point probe resistivity measurement method and a network analyzer.
The results showed that the electrical behavior of PMMA /GNP ensembles can be described well
by percolation theory. The percolation threshold of PMMA /GNP at room temperature was
only about 1 wt% filler content, much lower than that of the ensembles filled with conventional
graphite particles.

In the second part, we first modelled a graphene-based FET-like aptamer sensor for the case

of an aptamer that binds to a cocaine surrogate. A voltage shift caused by electron trapping
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SUMMARY (Continued)

on the graphene surface is expected from the proposed charge sheet capacitance model and
confirmed by experimental results. We then conducted Raman Spectroscopy and Surface-
Enhanced Raman Spectroscopy measurements on the device surface, identified the signature
spectrum of Methylene Blue (MB), and verified the successful functionalization of the DNA
aptamer (terminated with MB) to the graphene surface.

In the sensor experiment part, we designed and fabricated a nanosensor comprised of throm-
bin binding aptamer (TBA) with 700NC InGaP QD on the 5’ terminus and an Au nanoparticle
quencher on the 3’ terminus. Both potassium and lead ions bind to TBA, resulting in a confor-
mational change that brings the Au quencher closer to the QD. Based on this mechanism we
conducted Photolumescence measurements to detect potassium and lead ions. We also designed
and fabricated a graphene-based FET structure to electrochemically detect these two ions. The
sensor consists of a graphene-covered Si/SiOy wafer with TBA attached to the graphene layer
and terminated by a methylene blue molecule. Based on the same mechanism, when KT and
Pb?t bind to TBA and cause a conformational change, MB will move closer to the graphene
surface and donate an electron. The abundance of K+ and Pb?* can be determined by mon-
itoring the current across the source and drain channel. Experimental results confirmed that

drain current decreased as ion concentration increased.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

For the past forty years, the semiconductor industry has been growing exponentially based
on Moore’s law (1) which described the development path of Si-based semiconductor industry.
Moore’s law states that the number of transistors in integrated circuits doubles every two years
(2). The entire electronics industry has been pushing the boundaries of innovation in order to
make devices with higher speed, smaller size and increased complexity while at the same time
maintaining low power consumption and low cost. However, when the device scale approaches
tens of nanometers, Moore’s law reaches the physical limitation and thermal management issue.
In 2012, Intel employs the newest 22 nm process technology in its latest i3, i5 and i7 CPU series
called "Ivy-Bridge”, it already starts to encounter the difficulties and slowdown in speed of
making faster processors. The scaling limitations motivate the research on new nanomaterials
and technologies that have the potential to replace or enhance current silicon systems.

After the first appearance of CNT in 1990 (3) carbon has emerged as a front-runner under-
lying carbon-based nanotechnology. Carbon has various crystalline allotropes such as diamond,
graphite, graphene, nanotubes and Buckminsterfullerenes. Since the discovery of the technique
to produce graphene flakes called mechanical exfoliation in 2004 (4; 5), graphene has been

claimed as the saviour of Moore’s law. The consensus in the scientific community is that tran-



sistor linewidth cannot be reduced for much longer without increasing fabrication costs to such
a level that the cost of transistors would be too high. 2010 has been claimed as the year of
graphene, not only because the Nobel Prize in Physics in 2010 were awarded to Andre Geim and
Konstantin Novoselov for their discovery of graphene, but also due to the fact that around 3000
graphene related articles were published and roughly 400 patent applications filed. Graphene
research has been mostly focused on transistors and thin film applications, but the interest in
different applications of graphene is growing rapidly (6). Of all of the suggested applications
of graphene, the use of graphene to make graphene-based field effect transistor seems the one

most closest to emerge.

1.2  Polymer/Graphite nanoplatelet composites

Polymer ensembles based on disperse conducting fillers, such as natural graphite flakes
and metal powders, embedded in insulator matrices have been sought in an effort to prepare
electrically conducting ensembles that are of great interest to scientists and researchers in
the past few decades. Their unique electrical and mechanical properties combined with the
light weight, flexibility, and transparency of polymers has resulted in efforts underlying a wide
range of practical applications in electromagnetic shielding, light-emitting diodes, batteries,
etc. (7; 8; 9). Research efforts on polymer nanoensembles in the past decades have resulted
in advancements in improving mechanical properties, thermal stability, electrical and thermal
conductivities, dielectric performances and other attributes (10; 11; 12). Among the variety

of conducting fillers, natural graphite flakes have been widely studied. They are abundant in



natural sources and possesses excellent electrical conductivity in the range of about 10* S/cm
at room temperature (13).

Complex ensembles of nanostructures have been studied in a variety of media including
aqueous media (14); moreover, thin graphite-based structures (15) and graphene-based nanos-
turctures have been analyzed in terms of their novel heat transport and confined phonon prop-
erties, respectively. In this work, ensembles of nanometer-thickness graphite structures are
considered in PMMA medium.

Graphite nanoplatelets (GNPs), also known as expanded or exfoliated graphite (EG), serve
as a 2D graphite nanofiller having stacked graphene layers. The graphene layers are stacked
and bonded by weak van der Waals forces with a constant interval distance between layers
(16). The thicknesses of GNPs are usually in the range of nanometers while their diameters
may be in the micrometer scale, which results in high specific surface area and the high aspect
ratios of GNPs. Compared with other classic 2D nanofillers, such as clay platelets or rubber,
GNPs have lower mass density and higher electrical and thermal conductivity. Polymer/GNP
ensembles have been the subjects of research ever since the fabrication of monolayer graphene

with extraordinary electronic and mechanical properties in 2004 (17; 18).

1.3 Graphene and graphene-based field effect transistor

Graphene is a two-dimensional network of single layer sp>-bonded carbon atoms arranged on
a honeycomb lattice. The name graphene is sometimes misleadingly used to describe multiple
layers. Multilayer graphene can have up to ten layers and still be called graphene. It should be

noted that the variation in properties of graphene is quite significant when going from one layer



to several. Ten layers is the limit where graphene becomes graphite, which is stack of graphene
sheets bound by weak van der Waals forces.

Graphene has exceptional electrical, optical, mechanical and thermal properties due to its
atomic structure and special band structure (19). Graphene is a zero-bandgap semiconductor.
In other words, it can be considered both as a semiconductor and as a semi-metal. Wallace (20)
first studied the band structure of graphene in theory and revealed its unusual semi-metallic
behavior. While the zero-bandgap in intrinsic graphene makes graphene uniquely interesting,
the lack of a bandgap can be a major engineering issue. Due to its zero-bandgap, graphene
is particularly difficult to be switched off from a conductive state to a non-conductive state,
and thus difficult to be used as a solid state switch. Bilayer graphene or graphene nanoribbon
(GNR) can avoid this problem because both of them can have a band gap under the right
condition. It is to be noted that the zero-bandgap of large area graphene is not an issue in
radio frequency (RF) applications.

Among Graphene’s electrical properties, high electron mobility (21; 22) and ballistic trans-
port of charge carriers (23) are of the most interest to researchers. Similar as in carbon nan-
otube (CNT), the pseudo spin nature of the charge carries in graphene can cause the absence
of backscattering and resulting in the high mobility (21; 22). In the meantime, weak electron-
phonon coupling, the near defect-free lattice, and high sound velocity can also contribute to
the high current density and current sustainability of graphene. Graphene can sustain cur-
rent density up to 510% A/cm?, which is about 1 pA per atomic row of carbon atoms (24).

The high mobility and the quantization of conductance in narrow channels can contribute to



ballistic transport of charge carriers in the sub-micron range (23; 25). Graphene technology
is especially promising because it can be easily integrated into the existing planar processing
infrastructure, grown on various substrates including silicon dioxide which can processed by
conventional semiconductor methods. Thanks to graphene’s exceptional electronic properties,
ultrafast electronic devices operating in the frequencies range of up to THz are expected.
Graphene has practical applications in various fields including graphene thin film electrodes,
graphene-based nanocomposites and graphene-based field-effect transistor (GFET). The struc-
ture of a Graphene-based FET is identical to a silicon FET. A typical field-effect transistor
is an electronic device with three terminals. A terminal known as gate can create an electric
field to control the conductivity between the other two of the terminals known as source and
drain. The free carrier density in the channel between source and drain can be tuned by gate
voltage, leading to a current change controlled directly by gate voltage. This shift of current
functions as a switch which indicates an ”On” state when the current value is in high and an
7Off” state when current in the channel is very low. The operation principle of a graphene-
based field effect transistor is based on the ambipolar electric field effect in single and few-layer
graphene (4). The ambipolar field effect is due to a small overlap in the valence and conductance
bands. Graphene-based FET, Carbon Nanotube (CNT)-based FET and Nanowire-based FET
are being considered by the semiconductor industry as a possible alternative to replace the con-
ventional silicon field-effect transistor (26; 27). In the case of carbon nanotubes, all constituent
atoms are at the surface and any small change on the surface can lead to a large change in

electrical current, which made possible of developing sensors with exceptional sensitivity. While



offering similar electronic properties as CNTs, the fact that graphene has planar geometry and
its ability to be processed with current complementary metal oxide semiconductor (CMOS)

technology gives graphene a significant advantage over CNTs.
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Figure 1. Voltage-current characteristic of a graphene-based FET structure.



Figure 1 shows a typical source-drain current (I45)/source-drain voltage (V4s) characteris-
tics of graphene-based FET sensors. Single layer and bilayer graphene were used as sensing
substrate. Graphene were grown in collaboration with Army Research Laboratory using low
pressure chemical vapor deposition (LPCVD) on copper foil and transferred onto Si/SiO2 sub-
strate. The Si/SiOy substrate consists of 525 pum of n** Si wafer coated with 296 nm of
SiOs. The thickness of graphene layers was later confirmed with Raman spectroscopy to be
consisting of 6% single layer and 94% bilayer graphene. The FET structure was fabricated on
top of graphene surface with 5 nm thick chromium and 45nm thick gold as source and drain
electrodes. Channel length and width were both set at 2 mm for easy application in future
measurement. Voltage was applied on degenerately doped silicon which was used as the gate
terminal. Conductivity between source and drain can be effectively modulated by gate voltage.
When the gate voltage varied from -50 V to 50 V, the conductance of the device decreased,

indicating a p-type semiconductor behavior under ambient conditions.

1.4 Graphene- and aptamer-based biosensors

1.4.1 Aptamer and aptamer-based biosensors

Aptamers are short strands of featured oligonucleic acid sequences typically 90-200nm long
containing about 30-80 oligonucleotides. Aptamers can recognize specific ligands or molecules
in analytes and bind to those target molecules. Aptamers can detect a wide range of molecules
including ions, nucleic acids, small molecules, proteins, and even tissues, cells, and organisms.
Within a short period of time in 1990, three separate groups independently developed in vitro

selection and amplification technique for the isolation of specific nucleic acid sequences able to



bind to target molecules with high affinity and selectivity (28; 29; 30). Both RNA and DNA
aptamers are found by a process called SELEX (Selection Evolution of Ligands by Exponential
Enrichment). During the process, aptamers are selected and isolated from vast populations of
random sequences, and engineered through repeated rounds of in vitro selection to be able to
bind to specific molecular targets. Aptamers are sometimes called synthetic antibodies because
they have similar properties in a number of applications.

Biosensors are integrated devices capable of detecting the existence of target molecules
or ligands by using a particular recognition element and then providing semi-quantitative or
quantitative analytical information. Biosensors detect the presence of target by monitoring the
optical, electronical or mass changes generated from the interaction between the recognition
component and the target analyte. When aptamers are used as the recognition element it is also
called an aptasensor (31). Aptamer-based biosensors can takes advantage of the high selectivity
and tunable properties of aptamers. Comparing with antibodies, aptamers have a wide range
of advantages such as smaller size, chemically stable, able to bind to drugs and toxic substance,
ability to be labeled without affecting affinity, low cost compared with antibodies, etc.

Based on different sensing mechanism, two types of biosensors are most widely used known as
optical biosensor and electrochemical biosensor. Optical biosensors utilize fluorescent detection
technique to detect optical bioassays. Thanks to aptamers ability to be labeled without affecting
affinity, fluorescent dyes, different fluorophores and quenchers can be easily functionalized on
the end of aptamers. Fluorescent detection also has the advantage of inherent capability for

real-time detection. One of the first examples of an optical aptamer-based sensor was reported



by Kleinjung et al. for the detection of L-adenosine. They manage to immobilize a biotinylated
RNA aptamer on streptavidin-derivatized optical fibers (32). The approach evaluated the
association and dissociation kinetic and showed the capability of aptamers for the sub-micron
scale detection of specific analytes. Several other approaches have been developed for converting
aptamers into fluorescent sensing probes. A frequently adopted method is using aptamer-based
molecular beacons. A molecular beacon is a nucleic acids probe that will undergo spontaneous
conformational change when encountering specific target or complementary nucleic acids and
translate the conformational change into a variation in fluorescent properties. An aptamer-
based molecular beacon is a modified version of traditional molecular beacon and usually called
aptabeacon (33). It places an aptamer sequence in a hairpin structure, and functionalizes the
two ends with a fluorophore and a quencher, respectively. Theoretically, any known aptamer
can be converted into a molecular aptamer beacon by adding a small sequence of nucleotides to
its 3’-end as well as to its 5’-end (33). For example, a quencher can be covalently attached to the
3’-end, and a fluorophore can then be added to the 5’-end. When the target ligand is absent, the
beacon will form into a stem structure placing the fluorophore and quencher to be close to each
other. In this state there will be no fluorescence signal because light energy is transferred to the
quencher and the fluorophore is quenched. In the presence of ligand, the aptamer will bind to
the target ligand and forming a probe. The binding of target is more stable and stronger than
the stem structure and thus it can disrupt the stem, open the aptamer, separate quencher from
the fluorophore and resulting in fluorescence signals that is able to be measured quantitively or

semi-quantitively (34).
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Different from optical biosensors, electrochemical biosensors monitor the electrical signal
generated during the interacting between the aptamers and target analytes. Typically the
amplitude of the electrical signal is proportional to the analyte concentration. Based on the
assay format and the method of detection, the electrochemical aptamer-based biosensors can be
divided into three major types. The first type is called sandwich and competition-type, which
involves the use of an electrode-bound aptamer to bring a complex composed of the target
and some redox-active targets to the electrode. In the second type electrochemical impedance
spectroscopy is used to detect targets adsorbed onto an aptamer-terminated electrode surface.
And the third type uses electrochemistry to monitor binding-related conformational changes in
an electrode-bound aptamer.

Xiao et al. (35) reported detection in a typical beacon format based on a 3-D conformational
change with thrombin binding aptamer. The aptamer undergoes a structural rearrangement
that allows thrombin detection using a beacon without a stem-loop. Thrombin is a proteolytic
enzyme which facilitates blood clotting by converting fibrinogen into fibrin, which can also be
used as a tumor marker in the diagnosis of pulmonary metastasis. The aptamer molecular
beacon was constructed by binding a methylene blue molecule to one end of the aptamer and
a thiol group to the other end. The thiol group functions as a linker that can be attached on
gold electrode surfaces. Before interaction with thrombin, the aptamer was elastic and able to
interact with the electrode surface and transferring electrons. However, after interaction oc-
curred, conformational change creates a longer electron-tunneling distance and thus decreasing

the signal. Similar aptamer molecular beacon approach was used by the team for the electro-
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chemical detection of platelet-derived growth factor in picomolar range, and demonstrated this
aptamer-based biosensor directly in blood serum (36).

Compared with the ”signal-off” structure in which the electrical signal decrease as a result
of binding, an improved ”signal-on” architecture was later discovered by Radi et al. (37) in
which the binding of the target analyte resulted in an increase in the signal. In this case, the
aptamer molecular beacon had a ferrocene label with shorter spacers on both end. Detection
was conducted using cyclic voltammetry, DPV and impedance measurements. Before thrombin
is introduced to the structure, the ferrocene label is far from the electrode surface and could not
provide any electron transfer to the surface. When thrombin is present, the aptamer would form
a G-quadruplex and ferrocene label would bend close to the electrode allowing effective electron
transfer as well as signal generation. With the use of DPV a detection limit of 0.5 nM can be
achieved with a linear range of 5-35 nM. Xiao et al. (38) made similar efforts to modify their
previous structure and fabricate ”signal-on” electrochemical aptamer sensor. They started with
double-stranded DNA consisted of a short DNA sequence tagged with methylene blue (MB)
that can hybridize with an aptamer, and a sequence complementary to it which contained the
anti-thrombin aptamer sequence. The duplex of DNA maintained the redox label at ”standing”
position with a long enough distance from the electrode surface. When thrombin is added to
the complex, the complementary sequence would displace and the single stranded DNA with
methylene blue tagged in one end would approaches near the electrode surface and producing

electric current.
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1.4.2 Aptamer-based biosensors using graphene-based FET structure

The merit of using aptamers in graphene-based biosensor with FET structure lies in their
small size. One critical definition here is called Debye length which is the typical distance
required for screening the surplus charges contributed by the mobile electric carriers present
in a nanostructure. Antibodies are widely used as sensing elements. However, the size of
antibodies is about 10 nm, which is much larger than the Debye length or electrical double
layer that is about 3 nm in 10 mM ionic concentration. As a result, the recognition of target
binding process might occur outside the electrical Debye length and lead to very weak potential
changes observed on the electrical contacts. Aptamers, on the other hand, have an average of
2 nm for 30 bases, which is within the Debye length and can enable the perturbation of gate
potential by target analytes that interact with the aptamers.

Before graphene-based FET structure is integrated into biomolecule sensors, carbon nanotube-
based FET structure has been massively researched in developing chemical and biological sen-
sors. So et al. fabricated a single-walled carbon nanotube (SWNT) field-effect transistor to
monitor the binding processes between aptamer and thrombin (39). It is known that SWNTs
behave as p-type semiconductors in ambient atmosphere. SWNTs were immobilized between
source and drain electrodes, and anti-thrombin aptamers were attached on the SWNTs. The
reaction between aptamer and thrombin altered conductance between source and drain, thus
enabling electrical detection of thrombin.

However, the applications of CNTs are often plagued with several problems. For example,

it is difficult to separate semiconducting nanotubes from metallic nanotubes. Also, when only
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a few CNTs are used, it is in many cases challenging to manipulate them for device fabrica-
tion because they are too small compared with large-sized biomolecules. On the other hand,
Graphene, with similar properties as CNT but comes in a flat structure, is an ideal substrate
for fabricating biosensors.

Xu et al. reported a graphene-based and aptamer-based biosensor with cocaine as detecting
target (37). One end of the aptamer is attached with methylene-blue (MB) which functions
as an electron donor. 1-pyrenebutanoic acid, succinimidyl ester (merchandise name: P130)
as the red dot in the figure is used as linker molecule which contains the pyrene group that
can noncovalently bind to the graphene surface. Due to the overlapping of -bonds between
aromatic side chains, the highly aromatic pyrene group could interact strongly with the basal
plane of graphene via -stacking. Thanks to the small size of cocaine aptamer which is about
2-nm in length with 30 bases, the whole structure is within the Debye length. When the target
cocaine molecule is present, the aptamer will undergo a conformation change and lead to a closer
distance between the MB and the graphene surface. When the MB bends within the proximity
of graphene surface, it can provide electrons and cause a current shift in the I-V characteristics
of the graphene-FET.These results from current graphene-based and aptamer-based biosensors
show exceptional electronic response and the ability to support cell adhesion and growth, which
proves the promising potentials of graphene in making nanoscale biomolecule sensers as well as

applications in detecting dynamic bimolecular analytes.



CHAPTER 2

ELECTRICAL CONDUCTIVITY AND DIELECTRIC PROPERTIES OF

PMMA /GRAPHITE NANOPLATELET ENSEMBLES

2.1 Introduction

Poly(methyl methacrylate) (PMMA)/Graphite nanoplatelet (GNP) ensembles were pre-
pared by in situ polymerization of MMA in the presence of GNPs with the aid of sonication
and heating. The polymers were locked into the pores of the exfoliated/expanded graphite
nanosheets and remained in them after polymerization took place. The objective of our work
is to investigate the electrical conductivity and dielectric properties of PMMA /GNP ensembles
with an emphasis on the percolation threshold. The graphite flakes from XG Sciences, Inc.
are used as a means of providing a comparison with previous studies. Electrical conductivity
and dielectric properties of the ensembles were measured using the four-point probe resistivity
measurement method and a network analyzer. The results showed that the electrical behavior
of PMMA /GNP ensembles can be described well by percolation theory. The electrical con-
ductivity of the ensemble was found to exhibit an insulator-conductor transition at a very low
percolation threshold for GNPs. The percolation threshold of PMMA /GNP at room temper-
ature was only about 1 wt% filler content, much lower than that of the ensembles filled with

conventional graphite particles. Results showed that the difference in filler geometry (high as-
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pect ratio and surface area) has a very significant effect on forming a conducting network in

the PMMA matrix and improves both electrical and dielectric properties.

Graphite Nanosheet

(a) Graphite Nanoplatelets (b) PMMA/GNP ensembles

Figure 2. Illustrative model for morphology development during in situ polymerization of the
PMMA /GNP ensemble.
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2.2 Experimental Procedure

2.2.1 Material

PMMA was prepared by the in situ polymerization using the methyl methacrylate (MMA)
monomer (Sigma-Aldrich, USA). Graphite Nanoplatelets with an average thicknesses of ap-
proximately 15 nanometers and diameters of 25 microns were supplied by XG Science, Inc. and
used for the source of conducting filler. The conductivity of the Graphite Nanoplatelets(GNP)
is 10° S/m with a surface area of 50-80 m?/g. Benzoyl peroxide (BPO) was obtained from

Sigma-Aldrich as the free radical initiator and was used as received.

2.2.2 In situ polymerization and Preparation of PMMA /GNP ensembles

Initially, MMA monomer was mixed with various ratios of GNPs in a tightly sealed test
tube. To achieve a more uniform dispersion of GNPs in the MMA liquid, the test tube was
put into high power sonication in the ultrasonic bath for 20 minutes at a temperature of 55 °C.
Sonication was continued and was followed by adding the initiator BPO (0.5 wt% of monomer).
The whole mixture was kept heated and sonicated for another 3 hours. Continuous sonication
provides better dispersion of GNPs in the subsequent polymerization process. The test tube
was transferred to a heated oil bath at 60 °C for 10 hours for the polymerization process to
take place. Constant heating is required for a uniform polymerization rate. After 10 hours,
the suspension became sticky and turned into a black solid. Circular samples with diameters
of about 2.5 cm and thicknesses of around 0.8 cm were cut down from the black solid for

measurement.
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2.2.3 Characterization and Measurement

2.2.3.1 Conductivity Measurement

Both surfaces of the sample were polished with sandpaper to remove the undesirable polymer
surface layer and to eliminate surface unevenness. The electrical conductivity of PMMA /graphite
ensembles was measured at room temperature by four probe techniques using a HP 34401A
digital multimeter. The sample was cut into slim specimens with diameters of 2.5 ¢cm and
thicknesses of 0.4 cm for testing. Conductive brass wires were hot pressed to the surface as
electrode for good contact. For the pure PMMA matrix and for the ensembles with low filler
content (where the conductivities of samples were lower than the detectable range of the four-
probe resistivity test system), the resistivities were determined by a FLUKE45 digital model
resistivity meter.

2.2.3.2 Dielectric Measurement

Dielectric measurements were conducted using a HP /Agilent 8753ES Network Analyzer. In
order to have better contact with the sample, an 8060 MicroManipulator Probing System was
used to connect the Network Analyzer with the sample surface. After polishing, silver paint
was brushed on both planar surfaces of the sample to be used as an electrode and provide good
conductivity. The measurement was carried out in Parallel Plate mode under room temperature
conditions. The impedance of the sample as well as the S1; reflection coefficient were measured
in the frequency range of 5 KHz—1 MHz. Calibration was done with a 2.4 mm calibration
kit. Several resistances and capacitances with known values were tested before measurement

to make sure the calibration is accurate.
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2.3 Result and Discussion

Electrical Conductivity of PMMA /GNP ensembles

Figure 3 shows the variations of the electrical conductivity (o) of PMMA /GNP with respect
to filler content between 0% (PMMA only) and 5% GNP. In the initial stage the conductivity
of the materials is in the magnitude of 107'¢ S/cm when no GNP had been added. This
is consistent with the magnitude typical of an insulator. A feature of interest in this figure
is that there is an abrupt conductivity transition that occurs at a critical filler content of
about 1.2 wt%, which can be designated as the percolation threshold. After arriving at this
critical value the conductivity levels remain almost stable with little increase with the filler
content. The ensembles’ conductivities are about 107° S/cm at 3 wt% and 10~* S/cm at 5
wt%, which is nearly consistent with the magnitude of a semiconductor. According to
the percolation theory, the percolation threshold (¢) corresponds to the onset of the transition
from an insulator to a semiconductor. The electrical conductivity of PMMA /GNP ensembles
exhibited a significant transition with regard to the increase of filler content. This transition
could also be explained by the formation of a conductive network in the nanoensembles.

The advantage of graphite nanoplatelets over conventional graphite flakes as conductive
fillers is conspicuous, including low electrical percolation threshold and high level-off electrical
conductivity after percolation. On the one hand, the low electrical percolation threshold can
be ascribed to the filler shape and the surface area per gram of filler. For example, though the
natural graphite flakes also contain layering structure the same as the GNPs, the surface area

of each particle is much smaller than the GNPs, which results in much lower aspect ratio. So
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Figure 3. Electrical conductivity of PMMA /GNP as a function of weight fraction.

for polymer/GNP ensembles, higher aspect ratio and surface area of fillers will lead to a lower
percolation threshold because the fillers with high aspect ratio can rapidly form conductive
networks throughout the ensembles (40).

On the other hand, the PMMA /GNP ensembles synthesized by ”wet” methods, such as
in situ polymerization with the assistance of ultrasonication, usually have a lower percolation
threshold (41). This could be attributed to two major factors: dispersion quality and level
of exfoliation in GNPs. In the in situ polymerization technique, the monomers and polymer
molecular chains can get into the porous GNPs, and with the help of ultrasonication treatment

not only can the dispersion quality be improved, but also the number of exfoliated GNPs will
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increase and result in higher exfoliation degree. Accordingly, the conductive network can be
formed at a lower level. One thing to point out is that sufficient adsorption of the PMMA
molecular chains into pores of the GNPs was also affected by solution concentration. If the
concentration is too high, the higher viscosity may impede the polymer chains from entering

the smaller pores of the graphite and thus lead to poor dispersion of GNPs in the polymer.

Power Law Model

It had been well known that a power law model is applicable to explain the critical relation-
ship between the conductivity of ensemble and concentrations of conducting filler around the

percolation threshold (42; 43); herein, the conductivity is modeled using the following equations:

g = O'(](Qb - ¢C)t7

logo =logog + tlog(¢ — ¢c).

In these equations, o is the conductivity of the ensemble, oy is the conductivity of the conducting
filler, ¢ is the volume fraction of conducting filler, ¢, is the percolation threshold concentration
of filler and ¢ is a critical exponent indicating the power of the electrical conductivity increase.
In order for these equations to be valid, all the calculations must be conducted above but not far
from the percolation threshold. The universal value for critical exponent in a three dimensional

lattice is between 1.5 and 2.0 (44; 45).



21

As shown in Figure 4, the log (o) vs. log (¢-¢.) plot is obtained by converting the mass
fraction of the GNPs in the polymers to volume fraction of the GNPs in the polymers, using
the densities of the polymer monomers and GNPs. From the best linear fit of the experimental
data presented in the previous section and the log-log plot of the power laws, both ¢ and o
may be estimated from the slope and intercept of the line, respectively. The value of ¢ is found
to be 2.41 which is higher than the value predicted by the power law model. However, similar
high value is reported by many other researchers such as Srivastava et al. (46) with polystyrene

as nanofiller and Liu et al.(47) with carbon nanotubes.
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Figure 4. Log(o) versus log(¢-¢.) and best linear fit of experimental data.
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This higher than universal value of critical exponent may be due to the non-universal trans-
port behavior of the PMMA /GNP ensembles. It had been found that high values of ¢ usually
occur in extreme geometries of conductive particles, with the accompany of tunneling conduc-
tion that result in non-universal exponent (42). In this study, the high aspect ratio of GNPs
provides a relatively extreme geometry in the first place. Also it is entirely possible that the
acid groups on the GNP surface, which contains oxygen within themselves, could cause GNPs
to be coated by PMMA films. Consequently, non-universal transport will occur as a result of

tunneling conduction through the insulating PMMA barrier.

Dielectric Properties of PMMA /GNP ensembles

The complex dielectric constant is a function of the frequency (f) and is defined by

e(w) = €'(w) — je"(w) = |ele™, (2.1)

where w= 27 f is the angular frequency of the measuring electric field. The real part e(w) is
mostly known as the relative permittivity or dielectric constant and the imaginary part ¢”(w)
generally referred as the loss factor. 9§ is the dielectric loss angle which is used in defining
loss tangent or dissipation factor (DF). The dissipation factor tan d is expressed as the ratio of
e’ (w) to &'(w). Tt is a measure of loss-rate of energy of a mode of oscillation, either mechanical,

electrical or electromechanical, in a dissipative system.
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In dielectric analysis, the loss factor corresponds to the conductivity of the materials. In
parallel plate electrodes mode which we used in our experiment, the loss factor (¢”) can be

calculated as follows:

e"(w) i’ESR
DF —tané = = = -F 2.2
an (@) 27X, wC - ESR, (2.2)

where C' is the lossless capacitance and ESR is the Equivalent Series Resistance. Equivalent Se-
ries Resistance represents losses in a capacitor/inductor-containing system that may be caused
by dielectric conduction electrons and dipole relaxation phenomena. Typically in a dielectric
material, only one of the above two causes dominates the loss. For the case of the conduction

electrons being the dominant loss, then

o
ESR=——, 2.3
ew?C (2:3)
thus,
,, o o
- — = 2.4
© =€ ew  2nf (24)

So the loss factor is related to the conductance (o) and frequency.
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Figure 5 shows the loss factor (¢”) versus graphite content when we convert the conduc-
tance value we obtained into loss factor using the formula above. Also if we do some simple
simulation of the loss factor with respect to frequency change, the result can be shown on the
same graph. Both the loss factor value and the decreasing trend with frequency are consistent
with the results of some other research groups (48; 49), who use a dynamic mechanical analyzer

to determine the loss factor change with filler content. In order to measure the dielectric
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Figure 5. Loss factor ¢” of PMMA /GNP vs. graphite filler content with frequency from 1 Hz
to 1M Hz.

constant and dissipation factor we have used a Network Analyzer. The network analyzer can
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measure the scattering coefficient of the system. If measured in single port system, the scatter-
ing coefficient is the same as the value of reflection coefficient (I'). The relationship between

reflection coefficient of complex impedance of the measurement sample is

1)

Z: ) — Z

@ — 2(7{) “0. (2.5)
Zin + ZO

With the characteristic impedance Zy known to be 50 ohms, complex impedance as well as the
real and imaginary part of S1; of the sample measurement may be obtained by the network an-
alyzer. The complex impedance remains stable in the range of 103-10° Hz, with the real part of
impedance having a magnitude of about 10°. This value agrees with our previous measurement
of conductivity and a similar result had been reported by others studying PMMA /Graphite

nanofillers (49).

2.4 Conclusion

Conductive PMMA /GNP ensembles were prepared by in situ polymerization of the monomer
in the presence of graphite nanoplatelets. The electrical conductivity and dielectric properties
of the materials were measured via the four-probe method and a network analyzer. An electrical
conductivity of 107% S/cm and dielectric loss factor of 1078 were obtained for the ensemble with
5 wt% GNP. The results showed that the electrical behavior of PMMA /GNP ensembles can
be described well by percolation theory. Both the conductivity and dielectric loss factor were
greatly enhanced near the percolation threshold. Due to the plentiful pores and the high aspect

ratio of GNPs, molecular chains of polymers could easily penetrate into the pores by adsorp-
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tion mechanisms. The unique structure of graphite nanoplatelets has a great effect on forming
conducting network in PMMA matrix and improves both electrical and dielectric properties

significantly.



CHAPTER 3

GRAPHENE-BASED FET STRUCTURE: MODELING FET

CHARACTERISTICS FOR AN APTAMER-BASED ANALYTE SENSOR

3.1 Introduction

Graphene have been the subjects of research ever since the fabrication of monolayer graphene
in 2004 (50). Its unique electrical and mechanical properties have resulted in efforts underlying
a wide range of applications such as graphene-based nanocomposites and graphene-based FET
structures (51; 52; 53). In addition to its electronic properties, graphene exhibits ballistic
transport of electrons and holes on the sub-micron scale (54), which makes it a promising
candidate for next-generation nanoelectronic devices (51).

Aptamers are artificial short DNA or RNA molecules, which perform as receptors for binding
to targets of interest such as proteins, cells, DNA, inorganic ions, and small molecules with high
specificity (55). Aptamers are usually selected from combinatorial libraries of synthetic nucleic
acids by a process of adsorption, recovery and amplification coined SELEX for systematic
evolution of ligands by exponential enrichment (56). An aptamer-based analyte sensor is a
device converting a biological or chemical response into an electric signal.

In this chapter, a graphene-based FET-like aptamer sensor is modelled. The aptamer mod-
ified with methylene-blue (MB) is used as a conformational change reporter. 1-pyrenebutanoic

acid, succinimidyl ester is used as a linker molecule to noncovalently bind the aptamer to the
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graphene surface by the pyrene group. The graphene in these structures exhibits p-type semi-
conductor behavior due to residual hydroxyl groups. Electron trapping on the graphene surface
is studied and a sheet charge capacitance model is established to explain the observed voltage

shift in the I-V characteristics of the FET structure.

3.2 Theory and Model

3.2.1 Electron trapping on graphene surface

It is known that electrical contacts to a graphene surface typically exhibit high resistance
(57; 58; 59). This is possibly due to the weak electron conduction on the interface. The
electronic structure and the weak van der Waals binding cause relatively small matrix elements
for electrons to cross the interface (57). Figure 6 shows the Brillouin zone and Fermi-level points
of graphene. A simple tight-binding computation yields a spectrum with two Fermi points
located at k—f = -291/3-93/3 and ,14:_2> = —1?1, which are just the corners of the two dimensional
Brillouin zone (60). In order to have good conduction there must be states near the Fermi level
that extend through both sides of the interface. If the Fermi level states do not overlap at the
interface, there can be no extended states and thus no transfer of electrons. Another possible
factor is that the conduction on the interface may be forbidden by the wave vector conservation
or the Bloch symmetry of electrons. A perfect graphene sheet has one electron per carbon in
the 7 orbital. In methylene blue molecules, m-electronic structure with C9, symmetry is also
the major contributor to the nonlinear polarizability (61). When the target molecule is present,

MB undergoes a conformational change and could bend in all directions. If the wavevectors do
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not overlap in the same direction, it is very likely that the electrons contributed by MB will be

trapped on the graphene surface.
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Figure 6. Two-dimensional Brillouin zone of graphene and Fermi-level points.

3.2.2 Charge sheet capacitance model of graphene-based FET analyte sensor

3.2.2.1

Graphene-based p-type MOSFET model

Graphene has a unique electronic structure with a zero gap and quasiparticles behaving like

massless Dirac fermions. A graphene sheet has one electron per carbon in the 7-levels and the
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Fermi level is between the two symmetrical bands. However, band-structure calculations reveils
that the electronic structure of a single graphene plane is not strictly symmetrical in energy.
This asymmetry of electron-hole can shift the energy of the states localized near impurities
above or below the Fermi level (62).

Graphene synthesized by different processing method could lead to different electronic be-
havior in the graphene-based FET structure. Researchers have reported the observation of
p-type behavior of graphene in the FET structure (63; 64; 65). This may due to the resid-
ual hydroxyl groups inhibiting the n-type behavior of electrons. It had been well documented
that hydroxyl groups can inhibit the electrons from functioning as free carriers in silicon FETs
(63; 66). Other researcher have also reported that the electronic structure of graphene on SiO»
strongly depends on the surface polarity and interface geometry. In the case of an interface
geometry where graphene is weakly bonded to an O-polar surface, graphene behaves as p-doped
material (67). Based on the above analysis, we conduct the device characteristic calculations

for p-type MOSFET model.

3.2.2.2 Charge sheet capacitance model

When the cocaine molecule is present, cocaine aptamers with methylene blue at the end will
fold to form a three way junction. The methylene blue could provide excess electron charges to

the graphene surface and in turn modify the I-V characteristics of the P-MOS model.
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After the inversion layer is formed, the net charge carrier density will reduce due to the

external excess charge. We can assume,

Q(Net) = Qp — Qeat, (3.1)

where @), is the inversion charge and Q¢ is the extra electron charge provided by methylene
blue. At equilibrium, the inversion layer charge in MOS-C will balances the charge added to

the gate when Vi exceeds Vp. Therefore,

Qp = _ante = _COAVG = _CO(VG - VT)' (3'2>

The external charge Q.,: depends on the concentration of cocaine. More cocaine molecules
near the structure will cause more aptamers to make the conformational change, leading to
additional electron charge at the surface.

To analyze the current-voltage behavior, we begin with

Jp = qupp& — qDpVp. (3.3)

Since the current flow in the conducting channel is almost exclusively in one direction
aken to be irection), and since the diffusion current is usually negligible compared wi
taken to be y directi d si the diffusi t i lly negligibl d with

more numerous carriers at a certain point, we could simplify the equation to
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d
Jp = qupp& = —quppd—j, (3.4)

where pi,, is the mobility of holes. Thus the current flow in the conduction channel may be

expressed as

Ip = / / Jpdzdz (3.5)
do

The effective mobility 7z, may be defined as

ze(y)
fip =~ / pip(z,y)p(z, y)dz. (3.7)
QN() Jo

Equation 6 may be further simplified as

d
I =~ 250y (3.5)
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where (), is the positive charge/ cm? in the channel. Integrating Ip over the length of channel

gives

L -Vp
|ty =tor=-z [ mayde (3.9)
0 0
Zm, [~VP
Ip = —% Q,do. (3.10)
0

In our model, due to the existence of excess electron charges provided by methylene blue,

QP(Net) = _CO(VG - Vr — ¢) — Qeut) (311)

where ¢y is the trapped external charge from MB. From the two equations above, we obtain

the Ip-Vp relation

AT 2 Zn,
= D0 vy — vy - Vo) BV

Ip >

Qext- (3.12)

3.3 Results and Discussion

3.3.1 Graphene-based FET Structure

We use cocaine as a target to test our graphene-FET aptamer sensor as shown in Figure
7. The aptamer modified with methylene-blue (MB) as engineered by Baker et al. (68) is
used as a conformational change reporter. MB is an electron donor, while chemical oxidation-

reduction synthesized graphene usually shows p-type semiconductor behavior with holes as
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carriers. 1-pyrenebutanoic acid, succinimidyl ester (merchandise name: P130) as the red dot in
Figure 7, is used as linker molecule to noncovalently bind the aptamer to the graphene surface
by the pyrene group as in the protocol used for Carbon nanotube (69). The pyrene group,
being highly aromatic in nature, is known to interact strongly with the basal plane of graphite
via m-stacking, due to the overlapping of m bonds between aromatic side chains. The cocaine
aptamer is about 2-nm in length with 30 bases, which is less than the Debye length (70) that
defined as the typical distance required for screening the surplus charge by the mobile carrier
present in a material. When the target molecule, cocaine, is present, the aptamer will undergo a
conformation change and thus change the distance between the MB and the graphene surface.
When the MB approaches the surface, it can provide excess electrons that changed the I-V

characteristics of the graphene-FET as described previously.

3.3.2 Comparison of the model with the measured data

After device fabrication, cocaine initially dispersed in water is sensed. Figure 8 shows the
current-voltage relationship in the FET structure. The original Igp curve shows typical p-type
graphene behavior and agrees well with previous results (65; 71), where the current decreases
with increasing Vpg from -60 V to 60 V. After the cocaine aptamer is immobilized on the
graphene surface, the Igp current experiences a current decrease from 20.5 uA to 15.8 pA at
-60 V and from 19.7 pA to 15 pA at 60 V. Further, when cocaine is present, the Igp continues
to reduce with increasing concentration of cocaine. At -60 V, the current drops from 15.8
uA to 10.5 pA, 9.7 pA, and 9.4 pA for cocaine solution of 0, 1 M, 10 pM, and 100 uM,

respectively; while at 60 V, the corresponding currents are 15.0 pA, 10.0 pA, 9.2pA, and 9.0



35

Methylene blue

Cocaine

Source Drain
electrons

«— Graphene
< sio,

Figure 7. Scheme of graphene-based FET structure for detecting charges from MB close to
the graphene surface.

uA, respectively. The current decrease or conductance reduction is very stable in the variable
VBa, as it is expected from the charge sheet capacitance model. The device appears to be
saturated up to 100 M with a nonlinear current drop to about 45% of original value.

These phenomena can be well explained by the charge sheet capacitance model. As can
be seen from the device scheme in Figure 7, when the graphene surface is exposed to cocaine
and causes the conformation change of the aptamers, MB will approach the graphene surface
and contribute electrons. While ox-re graphene is a p-type semiconductor with hole as car-
riers, the electrons from MB will lower the carrier concentration of graphene, and thus lower
the conductance. Increasing the cocaine concentration will cause more aptamers to make the

configurational change, and lead to more electrons being trapped on the surface. The current
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Figure 8. Igp versus Vg curves of different conditions: original device, aptamer-immobilized,

1 M, 10 M, and 100 M cocaine-in-water-tested with the arrow indication.

or conductance exhibits a stable decrease in the variable Vgg. This is because the structure

will act like a capacitor as explained in the model. The charges trapped at the interface will be

compensated in the graphene which acts as p-type semiconductor. If charges have been trapped

on the surface the threshold voltage will be shifted. The change in threshold voltage depends

on the amount of electron charge trapped at the interface. The relationship between trapped
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electron charges and shift of voltage may be written as: AVrgCy = Qezt. Thus, electrons
contributed by MB will directly lead to a shift of voltage.

Similar results had been reported for unfunctionalized graphene (65; 71), where a larger
current decrease was observed. It is to be noted that the slope of Igp-Vgg curve is related to
the dimensions of the FET device (Z/L) in the triode regime. Taking the derivative of Equation
12,

dIp . Zu_pCO

Ve~ L (3.13)

In our structure the length of the channel (15 pm) is twice the length (7 pm) in Dr. Yang’s
device, and the width may also be relatively smaller due to rough (non-parallel) electrodes.

Thus the conductance decreasing rate in our device is relatively lower.

3.4 Conclusion

In this chapter, the characteristics of a graphene-based FET aptamer sensor have been
modelled and compared with experiment. The device performs as a signal-off sensor and detects
cocaine in the micromole concentration regime. The graphene-based FET structures exhibits
typical p-type semiconductor behavior due to residual hydroxyl groups. Methylene blue can
serve as electron donor to the graphene FET structure. Electron trapping on graphene surface
is studied as well as the I-V characteristics of the FET structure. A shift in voltage is clearly
observed as expected in the sheet charge capacitance model. These results demonstrate the

effectiveness of the model to understand the use of this device as a sensor of molecular analytes.



CHAPTER 4

SURFACE-ENHANCED RAMAN SPECTROSCOPY AS A TOOL FOR
CHARACTERIZING NANOSTRUCTURES CONTAINING

MOLECULAR COMPONENTS

4.1 Introduction

Raman spectroscopy, which is based on inelastic scattering of light that interacts with
phonons or molecular vibrations in the nanostructure, has been widely used to identify chemi-
cal and biological molecules. Surface-Enhanced Raman Spectroscopy (SERS) greatly enhanced
the sensitivity of conventional Raman spectroscopy by a factor of > 105 through the use
of a plasmon-generating substrate. In this chapter we investigated the use of Raman spec-
troscopy/SERS to verify that synthesized nanostructures contain active molecular components
critical to their functioning. In particular, we uses SERS to identify the signature spectrum of
Methylene Blue (MB) and uses standard Raman spectroscopy to verify the fictionalization of

a DNA aptamer terminated with MB.

4.2 Raman spectroscopy and SERS

Raman spectroscopy has been widely used to identify chemical and biological molecules for
its ability to differentiate the spectral fingerprint of molecules, resulting in very high multiplex-
ing capabilities. Raman spectroscopy is based on inelastic scattering of light that interacts with

phonons or molecular vibrations in the nanostructure. The potential for remote sensing makes
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Raman spectroscopy especially useful in sensor development. Since the Raman spectra contains
information on the vibrational modes or phonons that’s between and within molecules, each
single molecule have its unique spectra. The conventional Raman spectroscopy suffers from a
small scattering cross section. Surface-enhanced Raman Spectroscopy (SERS) technique greatly
enhances the sensitivity of standard Raman spectroscopy.

Surface-enhanced Raman scattering (SERS) is a technique used to enhance the signal
strength during Raman scattering. SERS is based on the use of substrates that has nanometer
scale geometries of metals (such as silver, gold, and copper) on top of it. Among the metals,
silver has the best performance for frequencies in the visible range and has the lowest damping
rate. When excited by incident laser light, the metals produce surface plasmons in the form of
oscillating electrons. SERS enhancement of Raman signals can be explained by the electromag-
netic behaviors inside nanostructures (72). Briefy, laser light excites the electrons and generate
strong localized surface plasmons which can enhance the Raman scattering effect of molecules
near metal surface. The Raman signal is proportional to the number of molecules in the field
of detection and the Raman cross section. With the help of SERS, fewer molecules are required
to obtain the same Raman signal.

SERS can give comprehensive information about the target structure, its vibrational and
electronic properties, and even orientation of a single molecule absorbed on metallic nanoma-
terial surface (73). A variety of matallic nanomaterial have been proved to be SERS-active,
such as metal electrodes, colloidal metal films and metal coated nano-arrays (74). Among those

nanostructures, silver has been found to exhibit good Raman response and give strong enhance-
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ment effect due to its large dielectric constant and high thermal conductivity (75). Methylene
blue (MB) is a widely studied dye in photodynamic reactions. The electrical and mechanical
properties of MB had been investigated with different electrodes such as gold, graphite and
silver. It have been shown that MB adsorbed on silver electrodes can produce very strong
SERS signal (76). Techniques for fabricating SERS substrate including nanosphere lithography
to produce a silver film over nanospheres (77) and silver nanorod (AgNR) arrays fabricated
with the Oblique Angle Deposition (OAD) technique (78).

Standard Raman spectroscopy and SERS are used to investigate the functionalization pro-
cess of synthesized nanostructures contain active molecular components. In particular, we uses
Surface-enhanced Raman spectroscopy to identify the signature spectrum of Methylene Blue
(MB) and compares the enhancement factor of different concentration. Standard Raman spec-
troscopy is also used to verify the functionalization of a DNA aptamer terminated with MB to

the surface of a graphene-based FET structure.

4.3 Experiment

SERS substrates consisting of silver nanorod arrays were prepared by oblique angle deposi-
tion (OAD). OAD is a physical vapor deposition technique that produce SERS-active nanorod
arrays of varying aspect ratios. Compared with other technique such as electron-beam lithog-
raphy which is expensive and requires elaborate preparation protocols, OAD can be performed
on any standard thermal evaporation system equipped with a holder capable of rotation in the

polar direction.
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The substrate was first created by applying a titanium adhesion layer and a 200 nm silver
film base layer onto a piece of glass slide. In order to gorw silver nanorods, the substrate was
positioned such that it formed such that the vapor from the source is incident on the substrate
close to the grazing angle (79). This specific angle results in the growth of the nanorod arrays
aligned in a specific direction on the substrate. During this process, the length, diameter, and
the aspect ratio of the nanorods can be controlled. A higher aspect ratio lead to a larger
enhancement factor (80). The enhancement factor is also affected by the lateral arrangement
of the silver nanorods. The more overlapping between nanorods, the greater the SERS signal
(78; 80; 81). The silver nanorods used here were fabricated by our collaborator from University
of Georgia using a custom-designed electron-beam /sputtering evaporation system. More details
are described in previously published papers (82).

Methylene Blue is selected as the probing molecule in order to determine the SERS activity.
MB solutions were diluted in deionized H2O to reach concentrations of 1.5 mM and 0.15 mM,
respectively. A drop of each concentration of MB was pipette onto on SERS substrate and
left dry at room temperature. The samples were then incubated overnight. Before making the
measurements, each sample was rinsed using Milli-Q water and dried with compressed air.

All SERS samples were then imaged with a Renishaw Ramascope 2000 spectrometer using
0.23 mW power and 514 nm excitation wavelength (Ar™ -ion laser). The system was equipped
with a high performance microscope and CCD camera. The spectra were recorded using a
specialized microscope objective (Olympus, 50X) to focus the laser on the sample and to collect

the backscattered signal. The power density for each sample was 13,000 W /cm? and the acqui-
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sition time was 30 seconds. It is to be noted that background signal was subtracted to obtain
the signal spectrum of target molecule. Standard Raman spectra was obtained by placing a 1.5

mM drop of the sample on a silicon substrate and imaging with 2.3 mW laser power.

Methylene Blue

Aptamer

Figure 9. Scheme of graphene-based structure for detecting charges from MB close to the
graphene surface.
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Another sample was prepared by attaching cocaine aptamer terminated with MB to the
surface of a graphene-based structure as shown in Figure 9. Standard Raman spectroscopy is
used to identify the immobilization of the DNA aptamer. MB is used as an electron donor in
the structure, while chemical oxidation-reduction synthesized graphene usually shows p-type
semiconductor behavior with holes as carriers. The cocaine aptamer is about 30 bases. When
the target molecule, cocaine, is present, the aptamer will undergo a conformation change and
thus change the distance between the MB and the graphene surface. By comparing the Raman
spectra before and after adding the cocaine to the structure, we could obtain information of

the immobilization process of DNA aptamer as well as the characterization of sample surface.

4.4 Results and Discussion

The SERS spectra of MB absorbed on silver nanorods substrate with different concentrations
of 1.5 mM and 0.15 mM are presented in Figure 10. Standard Raman spectra of 1.5 mM MB
drop on Si substrate are also showed in the figure as a comparison of SERS enhancement factor.
The main absorption peaks of MB solution are located at 293 (not shown), 610 and 656 nm (83),
which are all away from the excitation wavelength of 514 nm. Thus the resonant Raman effect
is expected to be very weak. Standard Raman spectrum indicates that many Raman scattering
signal of MB without enhancement is too weak to be observed. This is due to the small amount
of Raman scattering from the material deposited on the Si surface. Spectrum (b) shows visible
enhancement activity from the silver nanoparticles with only 0.15 mM concentration of MB.
When increasing the Methylene Blue concentration to 1.5 mM as in spectra (a), the Raman

intensity increases drastically. The characteristic peak of MB at about 1628 cm ™!, which has
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Figure 10. SERS spectrum of MB with different concentration of (a) 1.5 mM, (b) 0.15 mM,
and (c) standard Raman spectrum of 1.5 mM MB drop on Si Substrate. An inset shows the
enhanced SERS spectrum of (a) from 400 to 1200 (cm™!) with main peaks identified.

been assigned to the C-C stretching and C-N-C skeletal bending (83), was well observed. An
inset shows the enhanced SERS spectrum of (a) from 400 cm~! to 1200 cm~! with main peaks
identified. This proves that the SERS substrate has the ability to reveal molecular details of
the MB molecules absorbed on substrate surface.

Figure 11 shows the whole Raman spectra of the same graphene sheet of original graphene,
aptamer-immobilization, and cocaine-tested, respectively. These three Raman spectra are iden-
tical and agree with the typical Raman spectrum of multiple layer graphene. The processed
Raman spectra on the right side of Figure 11 are produced by subtracting between the two

spectra on the left. Since most DNA Raman shifts are in area of 1000 cm ™! to 1800 cm™! (84),
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Figure 11. (a) Raman spectrum of the structure and (b) substrate deducted Raman spectra of
original, aptamer-attached, and cocaine-tested structure with peaks identified.

we focus on this specific area. The reduced Raman spectrum labeled as ”apt-ori” displays the
difference between the spectrum of the original and the aptamer-immobilized graphene sheet.
The peaks include typical Raman peaks of graphene sheet, like 1367 cm™! for D peak, 1598
cm™! for G peak. The other noted peaks are typical peaks of DNA, which have been carefully
studied in Ref. (84; 85).

The Raman shifts and peak assignments of the main vibrational modes observed in SERS
spectra and standard Raman spectra are listed in Table 1. The observed MB band positions
are in well agreement with previously published results (83; 86; 87; 88). Some of the bands
in SERS spectra shift a little in position as compared to the corresponding bands in standard

Raman spectrum. Such as the main peak of 1626 cm ™! in standard Raman spectrum shifted to
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TABLE I

RAMAN SHIFTS AND PEAK ASSIGNMENTS FOR MB, DNA APTAMER AND

GRAPHENE
Methylene Blue (cm™!) Band assignment
1628 v(CC) ring+v(CNC) ring
1442 Vasym(C — N)
1393 a(C —H)
1302 v(C — C) ring
1155 B(C — H)
1075 Vasym(C' — S — C)
1037 B(C — H)
673 ~v(C — H)
449 y(C—-N-=-0C)
DNA or Graphene (cm™!) Band assignment
1598 G peak of graphene
1541 base Thymine
1498 NC — NC stretching in guanine
1424 stretching of C'— N bonds
in Thymine
1367 D peak of graphene
1235 ring stretching mode in Thymine
1084 symmetric stretching mode of
PO, backbone

1628 cm™! in SERS spectrum. This is maybe due to the fact that methylene blue molecules are
chemisorbed on the silver nanorods particles surface (89), and chemical effects cause the shift
in SERS signal. Raman spectra of the cocaine aptamer with MB shows typical peaks of both
DNA and MB, which proves that the aptamers have been successfully attached to the graphene

surface.
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4.5 Conclusion

Raman spectroscopy and SERS are used to verify that synthesized nanostructures contain
active molecular components critical to their functioning. The SERS spectrum of MB was
observed clearly with all the main peaks consistent with previously published results. The
SERS technique provides significant enhancement in obtaining molecular details of methylene
blue molecule. Raman spectra of the cocaine aptamer with MB shows typical peaks of both
DNA and MB, which proves that the aptamers have been successfully attached to the structure
surface. These results demonstrate the effectiveness of the silver nanorod SERS substrate in
obtaining the Raman spectra of chemical and biological samples as well as the advantage of

using Raman spectroscopy to investigate biochemical reaction in nanostructure.



CHAPTER 5

OPTICAL DETECTION OF LEAD AND POTASSIUM IONS USING A

QUANTUM-DOT-BASED APTAMER NANOSENSOR

Quantum-dot (QD) based nanosensors can be used to detect a wide range of molecules. We
examined a nanosensor comprised of thrombin binding aptamer (TBA) with 700NC InGaP QD
on the 5’ terminus and an Au nanoparticle quencher on the 3’ terminus. Both Kt and Pb?*t
bind to TBA, resulting in a conformational change that brings the Au quencher closer to the
QD. Photolumescence measurements indicated a decrease in fluorescence corresponding to an
increase in either K* or Pb?* concentration. For healthy blood serum K+ concentrations (3.5-5
mM), the beacon exhibited 15-17% quenching efficiency. Pb?* concentration of 0.48 M, the
threshold for toxicity in serum, yielded 14% quenching. The beacon’s ability to detect changes

in ion levels in a critical range of concentrations can make it an effective diagnostic tool.

5.1 Introduction

5.1.1 Quantum dots

In recent years, quantum dots (QDs) have gained popularity in a wide variety of scien-
tific applications. Quantum dots (QDs) are nanocrystalline semiconductor materials with size
ranging from a few nanometers to a few hundred nanometers. Quantum dots have properties
between the bulk and the molecular forms of matter. Direct bandgap QDs, in particular, are

useful as detecting agents due to their extremely short excited-state lifetime (sub-nanosecond)
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and their ability to fluoresce in response to incident light. When excited with laser light equal to
or greater in energy than the QD’s bandgap, an electron moves to the conduction band, leaving
a hole in the valence band. The created electron-hole pair is called an exciton. Recombination
of the electron and hole results in the release of a photon.

The optical properties of quantum dots are highly dependent on the shape, size and compo-
sition of the quantum dot due to a phenomenon called quantum confinement. Electrons have
discrete energy levels inside quantum dots. Energy transition is only allowed between certain
levels. Due to this unique nature, the absorption spectra for quantum dots exhibit a series
of overlapping peaks. Short wavelength corresponding to large peaks. The wavelength of the
first exciton peak is called the absorption onset. Incoming light with a wavelength longer than
the first exciton transition will not be able to be absorbed by the quantum dot. The peak
emission wavelength is Gaussian shape and occurs at a wavelength larger than the lowest en-
ergy exciton peak. It is to be noted that the peak emission wavelength is independent of the
excitation light wavelength. The bandwidth of quantum dots’ emission spectra is defined as the
Full width at half maximum (FWHM). FWHM is mostly caused by inhomogeneous spectral
emission broadening due to inhomogeneous size distribution of the quantum dot.

Previous imaging techniques use natural molecules that fluoresce, such as proteins and
organic dyes that are found in jellyfish or fireflies. There are several disadvantages of using
these natural molecules. For example, each of the dyes emit light over a certain range of
wavelength, and their spectra overlap. This makes the use of multiple dyes to tag different

biomolecules at the same time very difficult. In addition, the fluorescence of dyes also tends to
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fade away quickly in a short time. Quantum dots, on the other hand, are brighter, live longer
than dyes, have a much narrower emission peaks and broader excitation range (90).

QDs can also be used as fluorescence probes for labeling cellular proteins thanks to its ability
to preserve enzyme activity. Since QDs have a 420-fold increase over the organic, labeling with
QDs is much more photo-stable than with organic dyes. In addition, the photo-stability and
high achievable signal-to-noise ratio achievable makes quantum dot an ideal probe for single
molecule tracking studies. Thanks to the extremely high photo-stability of QDs, real-time

monitoring and tracking of intracellular processes over long periods of time become possible.

5.1.2 Quantum-dot-based biosensors

QDs can be synthesized with a number of organic linkers and bound to biological structures
for optical detection. Nanocrystal quantum dots are emerging as a new class of fluorescent
labels for in vivo cellular imaging. With an inert layer of surface coating, the nanocrystals QDs
are less toxic than organic dyes. In recent years, non-toxic biocompatible QDs, such as the
indium gallium phosphate (InGaP) QDs that we used, became available as an alternative to
the widely-used cadmium-based QDs (91).

Gold nanoparticles were used as quenchers. When a QD is excited in close proximity to an
Au nanoparticle, the energy emitted by the QD is transferred to the Au nanoparticle instead of
being emitted as a photon. This process is known as nanosurface energy transfer (NSET). The
broad absorption spectrum of Au nanoparticles (around 300-800 nm) (92) makes them effective
at quenching light in a wide range of wavelengths, therefore, they can be used with a variety of

QDs. Quenching efficiency for NSET is proportional to 1/d*, where d is the distance between
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donor and quencher (93). NSET has an advantage over the more widely-known fluorescent
resonance energy transfer (FRET), which is largely limited by the dipole-dipole interactions
between the donor and acceptor. Because the dipole moments of the donor and acceptor have
to be close to parallel in order for FRET to occur (94), the quenching typically does not occur
if the donor and acceptor are farther than 10 nm apart, and quenching efficiency is proportional
to 1/d® (95). Instead of dipole-dipole interactions, NSET relies on the interaction between the
donor dipole’s electromagnetic field and the conduction electrons on the surface of the acceptor
(94). As a result, NSET can occur from as far as 22 nm, more than double the FRET distance
(95).

Thrombin binding aptamer (TBA) is the final component of the beacon discussed in this
chapter. DNA aptamers are man-made single stranded oligonucleotides that bind to a specific
target. Unlike traditional antibodies, they can be produced in vitro, have higher specificity,
and can be easily modified with functional groups for conjugation to other structures (96; 97).
In addition to binding to the peptide thrombin, TBA has been shown to bind to potassium and
lead (98; 99; 100). Upon binding, the 15-base DNA strand undergoes a conformational change
and forms a quadraplex structure, thereby bringing the two termini closer together (101). Thus,
a QD linked to an Au nanoparticle via TBA will undergo quenching in the presence of target
ions due to the increased proximity of the Au nanoparticle (Figure 12).

In this chapter, we investigates the effectiveness of a QD-TBA-Au beacon in optically detect-
ing Pb?* and K*. Both ions play an important role in human health, so accurately detecting

their levels is vital for diagnostic purposes. The CDC has defined the blood Pb%** level of
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Figure 12. KT and Pb?* detection via a QD-TBA-Au sensor. In the presence of the target
ions, the QD’s fluorescence is quenched by the Au nanoparticle.

10 g/dL as the threshold for toxicity (102). Exposure to Pb?* can cause intellectual deficits
in children and has been correlated with higher incidence of cancer and circulatory disease in
adults (102). KT plays a key role in the generation of action potentials and cell signaling, and
both excess and deficiency of K* can have serious detrimental effects (103). Therefore, a simple

optical sensor for KT and Pb?* would be beneficial to human health and diagnostics.

5.2 Experiment

TBA with 5’ amino and 3’ thiol modifications (5’-/Amino C12/GGTTGGTGTGGTTGG/Thiol
C6 SS/-3’) was purchased from Biosearch Technologies, Inc. (Novato, CA) and dissolved in Tris
ethylenediamine tetraethyl acetate (EDTA) buffer (10 mM Tris, 1 mM EDTA, pH 7.4) to a
concentration of 100 uM. A total of 2 nmoles (20 pL) of TBA was used in the synthesis. To re-
duce the dithiol groups, 6 uL of Bond-Breaker TCEP solution (Pierce Biotechnology, Rockford,

IL) was incubated with the TBA for 30 minutes at room temperature.
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Monomaleimido Nanogold particles 1.4 nm in diameter were obtained from Nanoprobes
(Yaphank, NY). One vial (6 nmoles) was dissolved in 100 uL deionized H20 and added to
the TBA. Reduced dithiols will bind to the malemido group on the Au particles to produce
Au-TBA conjugates. A 3:1 Au:TBA ratio was used in this synthesis to ensure the presence of
Au on each TBA molecule, since excess Au can be easily filtered out later in the conjugation
process. After a 2-hour incubation at room temperature, the solution was centrifuged twice
at 3,000x g for 15 minutes using a 3K Nanosep molecular weight cutoff (MWCO) device (Life
Sciences, Ann Arbor, MI) to remove TCEP. Carboxyl-functionalized eFluor 700NC InGaP QDs
were purchased from eBiosceince, Inc. (San Diego, CA). There are an estimated 10 carboxyl
groups per QD, so 0.2 nmoles of QDs was used in the conjugation to attain a 1:10 QD:DNA
ratio. The QDs were buffer exchanged into 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES)
buffer by centrifuging for 5 minutes at 10,000x g in a 100K MWCO device.

Carboxyl groups on the QDs were activated with 50 pg 1-Ethyl-3-[3-dimethylamino propyl]
carbodiimide hydrochloride (EDC) (Pierce Biotechnology, Rockford, IL) and 50 ug N-hydroxysulfo-
succinimide (Sulfo-NHS) (Pierce Biotechnology, Rockford, IL). After 30 minutes of gentle spin-
ning at room temperature, the solution was centrifuged twice at 3,000x g for 15 minutes to filter
out EDC and Sulfo-NHS. The same MWCO device was used to buffer exchange the solution
into low sodium PBS. The Au-TBA conjugate was then added to the activated QDs, and the
solution was spun gently for 2 hours at room temperature. After 2 hours, the conjugate was

again centrifuged 3,000x g for 15 minutes 3 times to remove unbound TBA and Au. Ideally, the
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resulting composite would be a complete beacon containing a QD with 1-10 Au-TBA complexes
attached.

Photoluminescence (PL) spectra were obtained using a USB4000 Ocean Optics (Dundelin,
FL) spectrometer with a 380 nm LED as the excitation source. Potassium chloride (Fischer
Chemicals, Fair Lawn, NJ) solutions at concentrations of 10 uM to 100 mM were prepared
via dilution in deionized water. Similarly, lead(II) chloride (Sigma-Aldrich, St. Louis, MO)
solutions at concentrations of 50 nm to 10 mM were prepared by dissolving Pb(II)Cl in deionized

water. A beacon concentration of 10 uM was used in each case.

5.3 Results and Discussion

These data confirm previously-published results on the use of similar optical beacons as
Pb2* and K7 sensors (98; 99; 104). In addition, we tested the beacon in a wider range of target
ion concentrations than previously attempted (98; 99).

Figure 13 shows the changes in PL intensity with increases in target ion concentration.
The fact that intensity decreases as target concentration increases confirms the formation of
TBA’s quadruplex structure and the resulting quenching of the QDs by the Au nanoparticles.
Quenching efficiency (Figure 14) was calculated using the equation E=(Iy-I)/Iy, where E is
the quenching efficiency, Iy is the PL intensity in the absence of any target ions, and I is the
PL intensity at a specific target ion concentration. The sensor appears to be more sensitive
to Pb?*t, showing a 31% quenching efficiency for 1 mM Pb?*, versus only 17% for the same
concentration of K*. In addition, the rate of increase of quenching efficiency with respect to

concentration is greater for Pb%* than K*.
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Figure 13. PL intensity at various concentrations of K™ and Pb?*.

The beacon presented can potentially be used as a diagnostic tool. According to the labo-
ratory test reference values provided by the Massachusetts General Hospital, blood serum K
levels in a healthy person are 3.5-5 mmol/L (105). The beacon’s quenching efficiency for 3.5
mM and 5 mM K™, extrapolated from Figure 14, is 17% and 15%, respectively. Assuming that
10 uM beacon solution would be used to test blood serum, <15% quenching would indicate
hyperkalemia (elevated KT levels) and >17% quenching would indicate hypokalemia (low K*
levels).

Massachusetts General Hospital lists safe serum Pb?* levels as 0.5-1 pmol/L (105). Sim-
ilarly, the CDC defines the blood Pb?* level of 10 g/dL as the threshold for toxicity (102),

which corresponds to 0.48 uM. Based on the trendline in Figure 14, 0.48 uM Pb?* will yield
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Figure 14. Quenching efficiency at various concentrations of KT and Pb%*.

14% quenching. Thus, if this beacon is used to test blood for elevated lead levels, >14% quench-
ing would be cause for concern. It is also worth noting that the PL intensity of the beacon
without target ions present is 81% lower than the PL intensity of unconjugated QDs of the
same concentration (Figure 15). This implies that even without TBA’s conformational change,
the QDs in solution are in close enough proximity to Au nanoparticles for NSET to occur.
However, this does not present a serious problem since, as seen in Figure 13 and 14, the beacon
is still sensitive to nM and pM concentrations of target ions. This intensity decrease is also
significant considering that the peak emission of the QDs used here is around 690 nm, which
is on the edge of Au’s absorption spectrum. Thus, it is likely that the intensity decrease would

be even greater for lower-wavelength QDs.
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Figure 15. Difference in PL intensity between plain QDs and beacon in the absence of target
ions. A concentration of 10 uM was used for both plain QDs and beacon.

5.4 Conclusion

The QD-TBA-Au optical nanosensor can effectively detect changes in KT and Pb?* con-
centrations in a range critical for human health. PL can be used to measure NSET-induced
quenching, from which the ion concentration can be estimated. Its effectiveness and simple

design make this sensor a valuable tool for K* and Pb?*t detection.



CHAPTER 6

GRAPHENE- AND APTAMER-BASED ELECTROCHEMICAL

BIOSENSOR

We investigated the effectiveness of a graphene- and aptamer-based FET-like sensor in
detecting lead and potassium ions. The sensor consists of a graphene-covered Si/SiOy wafer
with thrombin binding aptamer (TBA) attached to the graphene layer and terminated by a
methylene blue (MB) molecule. KT and Pb?* both bind to TBA and cause a conformational
change, which results in MB moving closer to the graphene surface and donating an electron.
Thus, the abundance of Kt and Pb?T can be determined by monitoring the current across
the source and drain channel. Device transfer curves were obtained with ambipolar field effect
observed. Current readings were taken for K* concentrations of 100 M to 50 mM and Pb?+
concentrations of 10 uM to 10 mM. As expected, I; decreased as ion concentration increased.

In addition, there was a negative shift in V p;.qc in response to increased ion concentration.

6.1 Introduction

In recent years, there have been an increasing number of studies on highly sensitive, reagent-
less, electrochemical biosensors based on DNA aptamers (106; 107). While the number of
aptamer-based studies is increasing, nucleic-acid-based aptamers have still been relatively in-
sufficiently explored compared to other selectively binding molecules such as the larger amino-

acid-based antibodies. In this study, a relatively small aptamer (only 15 active DNA bases) -
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that we have investigated in background studies addressing its basic conformational and selec-
tivity properties (108; 109; 110) - known as the thrombin binding aptamer (TBA), is used as
the active molecular sensing element in conjunction with a graphene-based substrate. These
aptamer-based electrochemical sensors potentially provide a nanoscale-sensing alternative for
the detection of an extremely wide range of targets including ions, small molecules, nucleic
acids, proteins, and even cells, tissues, and organisms (107). Carbon nanotubes (CNTs), can
be visualized as crystalline carbon sheets rolled into cylindrical tubes, have attracted great
attention in the development of FET-like nanosensors (111). However, it is difficult to separate
metallic CNTs from semiconducting CNTs, which is a major engineering issue in fabricating
pure carbon nanotubes. In addition, due to its small interface, it is a great challenge to manip-
ulate CNTs during device fabrication when only a few of CNTs are used. On the other hand, a
flat alternative to the carbon nanotube, graphene, has large surface area and unique ambipolar
characteristics which made it an effective platform for biomolecular sensing. Compared with
oxide reduced graphene or exfoliated graphene, graphene films grown by chemical vapor depo-
sition (CVD) are much better candidates for device fabrication as a result of to their large area,
uniformity, and better reproducibility (112).

Graphene-based FET's have been demonstrated for real-time detection of various metal ions
in solution. Chen et al. (113) reported FETs using thermally reduced graphene oxide as sensing
substrate to detect mercury ions. Sudibya et al. (114) used micropatterned reduced graphene
oxide film as sensing channel to detect different metal ions in aqueous solutions. Typically,

these graphene-based FET sensors use graphene-based materials as the conducting or sensing
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channel, and monitor the electric signal change during the interaction between graphene and
target chemicals. In this chapter, we demonstrated a biosensor with a graphene-based FET
structure using DNA aptamers as receptors for one of the smallest possible analytes - ions.
Accordingly, our study explores a prototype nanosensor for a unique array of nanosensors for
small-analyte detection based on a versatile graphene platform using small molecular recognition
units.

Aptamers are man-made DNA, RNA, or peptide segments which display high binding effi-
ciency to specific targets (115). Compared with other recognition elements such as antibodies,
aptamers have a wide range of advantages such as smaller size, chemical stability, and the
ability to be manufactured in vitro without the need for living organisms (115). We used the
thrombin binding aptamer (TBA), a 15-base single-stranded DNA molecule that, in addition
to the peptide thrombin, has been shown to bind to potassium and lead (116; 117). The se-
lectivity is due to specific cations’ ability to interact with the guanines on the aptamer and
stabilize the G-quadraplex structure (118). To confirm this selective binding, TBA has been
previously tested against many other metal ions, including Li, Na, Mg, Ca, Cu, Ni, Zn, Cd,
Cr, Al, Hg, Au, and Fe (117; 119). These previously reported selectivity tests were taken into
account. Hg?* has been shown to bind to symmetrical thymines on TBA, causing the aptamer
to fold into a T-Hg?"-T hairpin structure (119). In this study, we focused on the detection of
G-quadraplex-stabilizing ions, namely KT and Pb?*.

The configuration of the graphene-based biomolecular sensor is schematically shown in Fig-

ure 16. The aptamers are connected to the graphene surface via a linker molecule (Pyrene Cap
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Phosphoramidite®, Glen Research) which has a pyrene group for binding to graphene and is
connected to the aptamer by phosphoramidite chemistry. Due to the overlapping of -bonds
between aromatic side chains, the pyrene group can be firmly attached to the graphene surface
through - stacking. Methylene blue (MB) is an electron-rich electrochemical redox indicator
that functions as an electron donor. Upon binding to a target molecule, the 15-base TBA,
which consists of several deoxyguanosine (G) units, undergoes a conformational change and
forms a G-quadraplex structure (120). This conformational change brings the methylene blue
(MB) molecules that are attached to the other end of TBA closer to the graphene surface and
produce a readily detectable Faradaic current. This electron transfer is inhibited before the
conformational change because TBA is in ”standing” position and the electron-tunneling dis-
tance is much larger. Similar aptamer-MB structure had been reported by other researchers
(121; 1225 123).

We investigated the effectiveness of the FET-like biosensor in detecting Pb%* and K* ions.
Accurate detection of these ions is important for environmental reasons and human health.
Pb%* is a common byproduct of industrial waste and has been known to cause significant
health problems including developmental deficits in children and, in some cases, early death in
adults (124). KT is an essential ion that regulates cell signaling in living organisms, and human
blood serum K* levels above or below the 3.5 mM - 5 mM range are cause for concern (125).

Thus, an effective sensor for Pb?t and K+ would be greatly beneficial.
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Figure 16. Schematic illustration of Graphene-based biosensor.

6.2 Experiment

6.2.1 Fabrication of graphene-based biosensor

Graphene samples were originally grown on copper foil using low pressure chemical vapor
deposition (LPCVD). Growths were performed at 1025 deg C for 30 minutes at 0.5 - 0.6 Torr
pressure using hydrogen and methane as the carrier and carbon feedstock gases. In order to
transfer the graphene sheet to a Si/SiO9 substrate, the copper foil was coated with PMMA and
went through an O2 plasma ashing process to remove backside graphene. After wet etching of
the copper foil, the PMMA /graphene sheet was transferred onto an n++ Si substrate coated

with 296 nm of SiO,. The thickness of the Si wafer is 525 ym. Finally, PMMA was removed by
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soaking in chloroform. Raman characterization of the graphene after transfer was performed
using a Renishaw inVia Raman microscope with an excitation laser wavelength of 514 nm. In
lieu of precise mapping, Raman spectra were taken at multiple points over a 60 x 40 um area
and the characteristic graphene peaks were fitted using the Lorentz peak approximation. Based
on analysis of the Raman data, the graphene films consisted mostly of single layer graphene
with small amounts of bilayer graphene present (9 - 11%).

The FET-like structure was fabricated on the graphene surface using optical lithography.
45-nm thick gold and 5-nm thick chromium were deposited on the graphene sheet as source
and drain electrodes using electron beam evaporation. Source and drain were patterned by
photoresist mask and chemical etching technique. Owing to the large size and good unifor-
mity of the CVD grown graphene film, we were able to fabricate 9 identical electrodes on the
same substrate available for multi-channel detection. This also enabled us to perform device
characteristic measurements and device performance comparisons without being affected by
artifacts from discrete flakes. The length and width of the channel were both set to be 2 mm
for ease-of-use as a biomolecule sensor in the future. The Si wafer was degenerately doped with

a conductivity of 0.005 (2cm and used as the global backgate.

6.2.2 Synthesis of control structures for optical experiments

The ability of DNA to bind to graphene via a pyrene group was tested by first synthesiz-
ing a control structure, where methylene blue was replaced with a fluorescent quantum dot
(QD). Since QDs are fluorescent, the binding of TBA-QD to graphene can be confirmed via

optical microscopy. Thus, the control structures were used in the preliminary step of the
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experiment to confirm the aptamer’s ability to bind to graphene via the pyrene group. TBA
with 5’ pyrene and 3" amine modifications (5-/Pyrene /GGTTGGTGTGGTTGG/AminoC12/-
3’) was purchased from Biosearch Technologies, Inc. (Novato, CA). Carboxyl-functionalized
eFluor 700NC InGaP QDs were purchased from eBioscience, Inc. (San Diego, CA) and con-
jugated to TBA. To achieve the conjugation, the QDs were first exchanged into 0.1 M 2-(N-
morpholino)ethanesulfonic acid (MES) buffer via a 100K Nanosep® molecular weight cutoff
(MWCO) device (Life Sciences, Ann Arbor, MI). Carboxyl groups on the QDs were activated
with 1-Ethyl-3-(3-dimethylamino propyl)carbodiimide hydrochloride (EDC) (Pierce Biotechnol-
ogy, Rockford, IL) and N-hydroxysulfosuccinimide (Sulfo-NHS) (Pierce Biotechnology, Rock-
ford, IL). A 100K MWCO device was then used to filter out EDC and Sulfo-NHS and buffer
exchange the solution into low-sodium phosphate-buffered saline (PBS). TBA was added to the
activated QDs at a 1:10 QD:TBA ratio, and the mixture was spun gently at room temperature
for 2 hours. Finally, the conjugate was filtered using a 100K MWCO device to remove unbound
TBA.

Before attaching the TBA-QD conjugate to graphene, the wafer was washed in acetone
and deionized H2O. TBA-QD was buffer exchanged into anhydrous dimethylformamide (DMF)
(Sigma-Aldrich, St. Louis, MO). A 15 M drop was placed on the graphene and incubated for
2 hours. The wafer was then rinsed thoroughly with diH20 to remove unbound conjugates.
Plain QDs were also incubated on the graphene using the concentration and procedure described
above. The samples were viewed using Nikon Eclipse E600 microscope. Raman spectroscopy

was also performed on the samples to verify the presence of DNA on the graphene.
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6.2.3 Synthesis of FET-like Sensor with DNA and Methylene Blue

TBA with 5" pyrene and 3’ methylene blue modifications (5-/Pyrene /GGTTGGTGTG-
GTTGG/Methylene Blue/-3’) was purchased from Biosearch Technologies, Inc. (Novato, CA).
A 15 uM drop of TBA in anhydrous DMF was placed on the wafer between two contacts and
left to incubate for 2 hours. The wafer was then washed twice with diH2O, to remove unbound
TBA and leave only the TBA that is attached to graphene via pyrene linker. Pb(II)Cls, KCIl,
and NaCl were dissolved in diH20 to obtain solutions of various ion concentrations. 5-pL drops
of ion solution were placed on the wafer on the spot occupied by TBA, and probes were placed
on the adjacent contacts.

All electrical measurements were conducted at room temperature using a Precision Semicon-
ductor Parameter Analyzer (Agilent, 4156B). In order to have better contact on the interface,
a 8060 MicroManipulator Probing System was used to connect the Semiconductor Parameter
Analyzer with the sample surface. The electrodes remain dry during all electrical measurements.

6.3 Results and Discussion

6.3.1 Optical verification of DNA-graphene bonding

Figure 17 shows the attachment of TBA-QD to graphene compared to plain QDs. Red
fluorescence indicates the presence of QDs. The fluorescence intensity in Figure 17(b) is clearly
higher than in Figure 17(d), demonstrating that a significant number of QD-TBA molecules
remained on the graphene even after the wafer was rinsed with diH20. Plain QDs, in contrast,
were largely removed by the rinsing process consisting of two rinse cycles. In addition, the edge

of the graphene flake is visible in Figure 16, and TBA-QD clearly binds to graphene only. These
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results demonstrate that pyrene successfully binds to graphene and can be used as an effective
linker for the FET-like sensor. Raman results (not shown) also confirm binding of TBA to
graphene with the presence of several peaks in the 900-1600 cm ™! range, which is consistent
with typical wavenumbers for DNA peaks (126). This proof of binding, obtained through the
use of TBA-QD control structures, allowed us to proceed to the main part of the experiment -

the FET-like sensor with TBA aptamer and methylene blue.

6.3.2 Device characteristic

As shown in Figure 18, the conductance of dry, unfunctionalized graphene-based FET-like
devices resembles the ambipolar field effect in semiconductors. The source-drain voltage is set
constant at 10 mV and 25 mV, respectively. Mathematical curve-fitting was used to remove
noise. Conductivity increases with V, on both sides of the minimum conductance point. The
device transfer curves (drain current I; vs. gate voltage V,) of the multiple graphene-based
structures were found to be quite reproducible. The minimum conductance points were always
in the positive backgate voltages, between 50 V to 70 V. The standard deviation of the gate
voltage for minimal conductance point under the drain voltage of 10 mV and 25 mV are 0.72
V and 0.60 V, respectively. The location of minimum conductance point or Dirac point can be
used to monitor the doping state of the graphene film. The shift of Dirac point voltage (V pirac)
from zero to large positive V, indicates that the graphene behaves like a degenerately doped
p-type semiconductor without electric field doping (at zero V). This shift is also found by other
research groups and can be attributed to unintentional doping by absorbed water in ambient

conditions (127) as well as impurities adsorbed to the graphene during the fabrication process
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Figure 17. Microscope images of graphene wafers after 2-hour incubation with TBA-QD or
plain QD after a thorough rinse with diHsO. Arrows indicate the edge of the graphene flake.
(a) Bright field image of graphene with TBA-QD. (b) Fluorescent image of graphene with
TBA-QD. (c) Bright field image of graphene with plain QDs. (d) Fluorescent image of
graphene with plain QDs.

(128). It is possible that the negatively-charged impurities originated from the transfer process
on the SiOg substrates are trapped underneath graphene layer and lead to intrinsic p-doping
effect in the graphene (129). The drain source currents (I4) are in the range of 0.39-0.80 pA and
0.45-1.29 pA, respectively, and the current on-off ratio is about 2. We used the current change

after introduction of ions as an indication of detecting target ions. Single layer graphene has
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Figure 18. Device transfer curves of two graphene-based FET-like structures.

the unique electronic ability to be able to operate in both p-type and n-type conduction region
(detailed discussion in section 3.3). The FET performance as shown in the device transfer

curves allowed us to monitor the current changes in both conduction regions.

6.3.3 Graphene-based biomolecular sensor

The location of V pjrqec is sensitive to the immobilization of DNA aptamer structures. The

green curve in Figure 19 shows the device transfer curve after the aptamer structure was at-
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tached on the graphene surface. As compared to the blue curve from original device, the I
current decreased and V pj.qc right-shifted after the aptamer structures were introduced to the
device. This is possibly due to the noncovalent functionalization process of the DNA aptamer.
Although the relatively weak - stacking or van der Waals interaction can preserve the superb
physical properties of graphene, it has been demonstrated that functionalization with pyrene
groups can cause V p;rqc to shift significantly towards the right, indicating a typical p-type
doping behavior (130). Huang et al. also discovered a current decrease and right-shift after
functionalizing graphene surface with linker molecules consisting pyrene groups (131).

In order to understand the use of this device as a biomolecular sensor, it is necessary to
consider the underlying principles by which the graphene-based biosensor functions. Large-area-
graphene transistors are known to have unique current-voltage transfer characteristics as shown
in Figure 18. The transfer curve can be divided into two branches separated by the Dirac point
which is the minimum conductance point. The type of carrier and carrier density in the channel
are modulated by the potential difference between the gate and the channel. On the right side
of the Dirac point where large positive gate voltages are applied, electrons accumulate and
form an n-type conduction channel. On the left side of the Dirac point, negative gate voltage
(compared to Vpjrqec) lead to a p-type conduction channel where holes are the majority carrier.

As shown in Figure 19, the device transfer curve shifted after different concentrations of
K* were added into the sensor. To be specific, after adding 100 M concentration of Kt (red
curve), the current in the channel decreased in the range of 0 V - 51.1 V gate voltage. This

is because the device is working in the p-type conduction region with holes as the majority
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Figure 19. Device transfer curves of the original FET-like structure, the structure after
aptamer attachment, and after adding different concentrations of K™ ions.

carriers. When K™ is introduced into the structure, aptamers undergo conformational change
and bring MB close to the surface. The excess electrons transferred from MB will decrease the
carrier concentration in the channel and cause a current decrease. On the other hand, when
gate voltage is greater than V p;.qc, the device works in the n-type conduction region and the
external electron charges will lead to an increase in carrier concentration as well as an increase

in the current. This explains the rise of current after 51.1 V gate voltage. The current decrease
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in the p-type conduction region and current increase in the n-type conduction region proves
that we have successfully detected K* ions.

It’s worth noting that aside from current change V pirqc also shifted from 54.9 V (green
curve) to 51.1 V (red curve). As discussed previously the left-shift of V pj.q can be the result
of the n-doping effect. Electrical contacts to a graphene surface have been found to exhibit
high resistance (132). Weak electron conduction at the contact-graphene interface can cause
the external electrons provided by methylene blue to be trapped on the graphene surface. It’s
likely that the electron transfer and electron accumulation induced an n-doping effect inside
graphene. Similar negative shift of V p;.. had been reported by Chen et al. after functionalizing
graphene with short DNA strands (112). They attributed the n-doping effect to the interaction
between graphene and electron-rich nucleobases in DNA molecules.

The transfer curve continues to shift with the increasing concentration of K. The minimum
conduction current and V pj qc position at different KT concentrations are shown in Table 1.
After adding 50 mM of KT, the minimum conduction current dropped by about 51.2%.

In order to investigate the effectiveness of the device in detecting Pb?*, another graphene-
based biosensor was fabricated with identical structure. Figure 20 shows the transfer curve
changes with the increases in Pb?* concentration. Similar changes have been observed as in
the K™ detection measurement, indicating consistent performance of the device.

Data for the minimum conduction current and V pjrq. position at different Pb?t concen-
trations are shown in Table 2. The minimum conduction current dropped about 62.7% after

adding 10 mM of Pb2*.
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TABLE II

Vprrac VOLTAGE AND MINIMUM CONDUCTION CURRENT AT DIFFERENT K+

CONCENTRATIONS.
I; at different conditions Vpirae (V) Minimum conduction current (uA)

Original Device 49.2 0.3921
Aptamer structure attached 54.9 0.2272
100 M K™ added 51.1 0.1758

1 mM KT added 46.9 0.1370

10 mM K+ added 43.6 0.1185

50 mM KT added 41.8 0.1109

TABLE III

Vprrac VOLTAGE AND MINIMUM CONDUCTION CURRENT AT DIFFERENT PB2+

CONCENTRATIONS.
I; at different conditions ~ Vpjrae (V) Minimum conduction current (uA)

Original Device 70.3 0.4522
Aptamer structure attached 74.1 0.2562
10 uM Pb?* added 68.2 0.1673

100 M Pb2* added 63.1 0.1219

1 mM Pb?* added 61.5 0.1003

10 mM Pb?+ added 59.9 0.0956

The sensor appears to be more sensitive to Pb?*, showing a 62.7% signal decrease for 10
mM Pb?*, versus 47.8% for the same concentration of K*. In addition, adding as little as
10 uM of Pb?*t causes the signal to decrease about 35%, while it takes nearly 1 mM of K+
to reach the same signal decrease. Based on the calibration curves depicting the relationship

between minimum conduction current and target ion concentration (Figure 21), the sensor



73

1.3
1.21
1.1R
1.0t
0.9}
0.8f
0.7¢
0.6
0.5¢
0.4r
0.31
0.21
o1p 4 0 T
0 10 20 30 40 50 60 70 80 90 100
Gate Voltage (V)

— QOriginal
—— Aptamer attached
—— 10 uM Pb**
——— 100 uM PbZ*
—— 1 mM Pb>*
—— 10 mM Pb?*

| d Current (LA)

Figure 20. Device transfer curves of the original FET-like structure, the structure after
aptamer attachment, and after adding different concentrations of Pb?* ions.

appears to be more sensitive to Kt concentrations below 10 mM and Pb?* concentrations
below 2 mM. For concentrations above these values, the signal saturates between 0.1 and 0.15
uA. Therefore, a linear trendline was fitted to the first three data points to estimate the sensor’s
sensitivity in its most sensitive region. According to the trendline equations, the sensitivity in
this region is around 0.09 pA/mM for K+ and 1.4 puA/mM for Pb?t. The same calibration

curves were used to estimate the detection limit. Based on the limitations of the Semiconductor
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Parameter Analyzer used in the I-V measurements, the minimum detectable current change was
determined, and the linear trendline equations were used to extrapolate the ion concentrations
that would yield this current. The detection limit was thus calculated to be 27 uM for Kt and
2 uM for Pb?+.

The sensor’s sensitivity is comparable to several commercially available sensors. The digital
B-731 LAQUAtwin Compact Potassium Ion Meter (B-731) from HORIBA measures K* in 1-
100 mM range. It has a resolution of 26 uM for K* concentrations in the 1-2.5 mM range,
256 pM in the 2.5-25 mM range, and 2.56 mM in the 25-100 mM range (133). While the
sensor described in our work cannot detect such high concentrations, it has a lower detection
limit and is more sensitive to lower concentrations of K ions. HORIBA’s Lead Ion Electrode
(8008-10C) offers a measuring range of 10 xM-100 mM and an unknown resolution (134). This
range is wider than the one offered by the sensor in our work, but, once again, the minimum
detection limit is higher. Several digital lead sensing electrodes, such as Thermo Scientific’s
Orion Lead Electrode (9482BN) and PASCO Scientific’s Lead Ion Sensitive Electrode (CI-6736)
detect levels as low 1 M and exhibit a semilogarithmic relationship where the voltage reading
increases by 25-30 mV for every decade increase in Pb?* concentration (135; 136). A 25 mV
increase in voltage when the Pb?* concentration increases from 1 to 10 M translates to a higher
sensitivity than the sensor described in our work. However, the detection limit is comparable.
All the sensors described above function optimally at pH close to 7. To summarize, while our
sensor cannot accurately detect concentrations on the mM scale, its lower detection limit is

comparable with other commercially available sensors and the sensitivity is quite high at low
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ion concentrations. Like other sensors, it functions best at neutral pH. Although one drawback
is irretrievability of the sample, an advantage is the extremely small required sample volume
(1 pL or less).

Buffer characteristics can affect the sensor’s sensitivity. Hianik et al. reported on the effect of
buffer pH and ionic strength on the binding efficiency of TBA to its target peptide, thrombin. A
pH of 7.5 was determined to be optimal for binding, with the sensitivity decreasing significantly
for higher and lower pH values. This is likely because the pH influences the structure of TBA’s
binding site, altering its binding ability. A pH of 7.5 is a convenient value for optimal sensor
function, as it is close to physiological pH and the pH of water. Similarly, the sensitivity
decreases with increasing NaCl concentrations, indicating that TBA functions optimally in
buffers with low ionic strength. A likely explanation for this is that in high ionic strength
buffers, the ions shield the negative charges on the DNA, making it harder for the aptamer to
bind to its positively charged targets (137). It is therefore best to use the sensor for samples
with minimal amounts of non-target ions. Nevertheless, previous work by our group has shown
that TBA-based sensors undergo the binding-induced conformational change in a variety of
buffers (108), including PBS buffer, TE (10 mM Tris, 1 mM EDTA, pH 8.0) buffer (116; 138),
and physiological fluids such as urine (109).

The stability and selectivity of the biosensor was investigated by control experiments. Since
the sensors are irreversible, it is not possible to conduct control experiments on the same
functionalized sensors. Instead we designed three separate control experiments. In the first

two experiments, K+ and Pb?T ions were introduced to the original graphene-based FET-like
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structure without aptamers, respectively. In the third experiment, sodium ions were introduced
to the aptamer-MB functionalized biosensor. Drain voltages in the control experiments were
set at the same values as previous sensor experiments and gate voltages were 0V. To have
a better look of the current change on control structures, we conducted control experiments
with no gate voltage applied and monitored the time dependent response of drain current after
the introductions of target ions. Figure 22 shows the normalized drain current as a function
of time after the introduction of target ions with various concentrations. In order to have
a good comparison, data from previous sensor experiments were plotted alongside with data
from control experiments. Since the control experiments were conducted in separate control
structures, the initial current values (before ion addition) were different in each experiment.
Thus we normalized the currents with respect to their initial values so that after normalization
all the currents start at 1. This normalization ensures that all three control experiment results
are consistent and comparable. Without the TBA-MB structure, K* and Pb?t ions were
not able to cause sharp current decreases as they did in TBA-MB functionalized biosensors.
Similarly, after adding sodium ions to the aptamer-MB functionalized biosensor, the drain
current only exhibits a slight change, indicating a weak dependence of channel conductance with
sodium concentrations. Comparing the lack of responses from control experiments and sharp
current decrease from functionalized sensor measurements, we determined that the graphene-

based biosensor is a good tool for the detection of both K+ and Pb?T ions.
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6.4 Conclusion

We introduced a novel FET-like biosensor and proved its effectiveness in detecting K™ and
Pb?* ions. It can potentially detect Kt concentrations as low as 27 uM and 2uM concentrations
of Pb?*. The information in our paper is potentially useful for a whole class of nanosensors
for detecting small analytes (much smaller than feasible with antibodies) based on a nanoscale
graphene platform. Since detection of Kt and Pb?T at these concentrations is of the utmost
importance for environmental and health reasons, the sensor can potentially be used in medical

or industrial settings.
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Figure 22. Drain current (I4) response after the introduction of (a) Pb?* ions without the
aptamer present, (b) Kt ions with the aptamer present and (c) Na™ ions with the aptamer
present. Data from previous sensor experiments were plotted alongside for comparison.



CHAPTER 7

CONCLUSION AND POSSIBLE FUTURE WORK

This thesis summarized our research in three major topics: polymer/graphene nanocompos-
ites, graphene-based FET structure and its characteristics, and graphene- and aptamer-based
nanostructure and its use in bimolecular sensing.

Study of polymer/graphene nanocomposites was discussed in Chapter 2. Conductive PMMA /
GNP ensembles were prepared by in situ polymerization of the monomer in the presence of
graphite nanoplatelets. An electrical conductivity of 107* S/cm and dielectric loss factor of
1079 were obtained for the ensemble with 5 wt% GNP. The results showed that the electrical
behavior of PMMA /GNP ensembles can be described well by percolation theory. Both the con-
ductivity and dielectric loss factor were greatly enhanced near the percolation threshold. Due
to the plentiful pores and the high aspect ratio of GNPs, molecular chains of polymers could
easily penetrate into the pores by adsorption mechanisms. The unique structure of graphite
nanoplatelets has a great effect on forming conducting network in PMMA matrix and improves
both electrical and dielectric properties significantly.

In Chapter 3, the characteristics of a graphene-based FET aptamer sensor have been mod-
elled and compared with experiment. The graphene-based FET structures exhibits typical
p-type semiconductor behavior due to residual hydroxyl groups, and the device performs as a
signal-off sensor and detects cocaine in the micromole concentration regime. Electron trapping

on graphene surface is studied as well as the I-V characteristics of the FET structure. A shift

80
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in voltage is clearly observed as expected in the sheet charge capacitance model. These results
demonstrate the effectiveness of the model to understand the use of this device as a sensor of
molecular analytes. In Chapter 4, We conducted Raman spectroscopy and SERS experiments
to verify that synthesized nanostructures discussed in Chapter 3 contain active molecular com-
ponents critical to their functioning. The SERS spectrum of MB was observed clearly with all
the main peaks consistent with previously published results. The SERS technique provides sig-
nificant enhancement in obtaining molecular details of methylene blue molecule. Raman spectra
of the cocaine aptamer with MB shows typical peaks of both DNA and MB, which proves that
the aptamers have been successfully attached to the structure surface. These results demon-
strate the effectiveness of the silver nanorod SERS substrate in obtaining the Raman spectra
of chemical and biological samples as well as the advantage of using Raman spectroscopy to
investigate biochemical reaction in nanostructure.

In Chapter 5 and Chapter 6 we designed and fabricated two biosensors to detect potassium
and lead ions. In Chapter 5 we dicussed a QD-TBA-Au optical nanosensor that can effectively
detect changes in KT and Pb?t concentrations in a range critical for human health. PL were
used to measure NSET-induced quenching, from which the ion concentration can be estimated.
Its effectiveness and simple design make this sensor a valuable tool for KT and Pb?* detection.
And in Chapter 6 we introduced a novel FET-like biosensor and proved its effectiveness in
detecting Kt and Pb?* ions. It can potentially detect K+ concentrations as low as 27 uM and
2uM concentrations of Pb%t. Our study is potentially useful for a whole class of nanosensors

for detecting small analytes (much smaller than feasible with antibodies) based on a nanoscale
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graphene platform. Since detection of Kt and Pb?* at these concentrations is of the utmost
importance for environmental and health reasons, the sensor can potentially be used in medical
or industrial settings.

In the future, there are some aspects of the proposed grapene- and aptamer-based nanos-
tructure that deserve further study. We can expand our techniques to other aptamers by simply
replacing the TBA aptamer with other target aptamers. We can improve the stability of our
sensor by varying the size of graphene sheets, aptamer concentrations, real-time response abil-
ity, and refreshing conditions. Finally we can also optimize the working condition of the sensor
by replacing the Si-based back gate with a liquid gate on top of the graphene sample. This will

significantly decrease the required gate voltage and increase the sensitivity of the sensor.
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“Elsevier’s Policy:
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stitutional use (see below for definitions of these terms).
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Use by an author in the author’s classroom teaching (including distribution of copies, pa-
per or electronic), distribution of copies to research colleagues for their personal use, use in a

subsequent compilation of the author’s works, inclusion in a thesis or dissertation, preparation

of other derivative works such as extending the article to book-length form, or otherwise us-
ing or re-using portions or excerpts in other works (with full acknowledgment of the original
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1) The following IEEE copyright/ credit notice should be placed prominently in the ref-
erences: [year of original publication] IEEE. Reprinted, with permission, from [author names,
paper title, IEEE publication title, and month/year of publication] 2) Only the accepted version
of an IEEE copyrighted paper can be used when posting the paper or your thesis on-line. 3) In
placing the thesis on the author’s university website, please display the following message in a
prominent place on the website: In reference to IEEE copyrighted material which is used with
permission in this thesis, the IEEE does not endorse any of [university/educational entity’s
name goes here|’s products or services. Internal or personal use of this material is permitted.

If applicable, University Microfilms and/or ProQuest Library, or the Archives of Canada

may supply single copies of the dissertation.”
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