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GRAPHENE-BASED FIELD-EFFECT
TRANSISTOR BIOSENSORS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application Ser. No. 61/444,395, filed Feb. 18, 2011, and
which is incorporated by reference herein in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
CMMI-0900509, CBET-0803142, and ECCS-0708998
awarded by the National Science Foundation and DE-
EE003208 awarded by the Department of Energy. The
United States government has certain rights in the invention.

INTRODUCTION

In general, FET-based biosensors are devices that respond
to changes in its’ biological environment and converts this
response into a signal that can be read. FET-based biosensors
have been used to detect biomolecules, such as DNA and
single-bacterium, and biological conditions, such as pH. The
detection of biomolecules in a sample provides valuable
information for research and commercial applications, such
as biomedical diagnostics, drug screening, monitoring of
environmental contamination or food safety evaluation, and
drugs discovery applications. There is a need for graphene-
based field-effect transistor (FET)-based biosensors for the
detection of biomolecules.

SUMMARY

In an aspect, the disclosure provides a field-effect tran-
sistor-based biosensor including a nanostructure, one or
more nanoparticles in contact with the nanostructure and one
or more biomolecules in contact with the one or more
nanoparticles. The nanostructure includes a graphene sheet,
a graphene oxide sheet or a hybrid thereof.

In another aspect, the disclosure provides a method of
detecting a target biomolecule in a sample. The method
includes contacting said field-effect transistor-based biosen-
sor with a sample containing or suspected of containing the
target biomolecule and monitoring a change in the electrical
characteristic.

In another aspect, the disclosure provides a method of
making said field-effect transistor-based biosensor. The one
or more nanoparticles are deposited onto the nanostructure
by electrospray and electrostatic force directed assembly or
by drop-casting.

Other aspects of the invention will become apparent by
consideration of the detailed description and accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(a) shows a schematic of a thermally-reduced
graphene oxide (TRGO) FET. Anti-IgG is anchored to the
TRGO sheet surface through gold (Au) nanoparticles (NPs)
and functions as a specific recognition group for the IgG
binding. The electrical detection of protein binding (IgG to
anti-IgG) is accomplished by FET and direct current (dc)
measurements. FIG. 1(b) shows a schematic illustration of
the TRGO FET fabrication process. TRGO sheets were
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firstly dispersed on the electrodes and then decorated with
Au NP-antibody conjugates through noncovalent attach-
ment.

FIG. 2 shows scanning electron microscope (SEM)
images of (a) a TRGO sheet and (b) a TRGO sheet decorated
with Au NP-antibody conjugates spanning across Au elec-
trodes. FIG. 2(c) shows an atomic force microscope (AFM)
image (non-contact mode) of the as-fabricated FET device.
FIG. 2(d) shows the height profiles from the AFM image (1)
across a TRGO sheet on the Au electrode; (2) across the edge
of'a TRGO sheet and (3) across Au NP-antibody conjugates
on a TRGO sheet (the line 3 is purposely moved slightly to
the right from the original scanning line to show the Au NP).

FIG. 3 shows drain-source voltage dependence of the
drain current I, for graphene oxide (GO) FETs before (a) and
after (b) the thermal treatment in argon flow at 200° C. for
one hour. It is expected that part of the oxygen groups on GO
sheets were removed during the thermal treatment. Similar
thermal reduction of the GO sheet has been reported in argon
flow at 200° C. for 30 minutes, through which the atomic
ratio of carbon to oxygen in the GO sheet increased from 2.8
t0 3.9. FIG. 3(c¢) shows the Raman spectra of GO before and
after the thermal treatment showing changes in the D (1340
cem™), G (1580 cm™) and 2D (2670 cm™) bands. The ratio
of 1,,/1; decreased from 0.15 to 0.06 after the thermal
treatment, which is indicative of the reduction of the GO
sheet. The same thermal treatment was performed to all of
the sensors (more than 30) and it was found that the thermal
treatment could reduce the GO device resistance to a similar
level, which confirmed the repeatability of the thermal
treatment and the device fabrication.

FIG. 4 shows the evolution of (a) typical gate voltage
dependence (V,=0.1 V) and (b) drain-source voltage depen-
dence (V=0 V) of the drain current I, when the TRGO FET
device is treated with Au NP-anti-IgG conjugates, blocking
buffer (BB), and IgG (2 pg/ml.). With the introduction of the
target protein (IgG), a significant sensing response (de-
crease) in the I, was observed due to the binding of IgGs to
anti-IgGs.

FIG. 5 shows the hysteresis response of the gate voltage
dependence (V,=0.1 V) of the drain current I, when the
TRGO FET device is treated with IgG (2 pg/ml) at the final
sensing step.

FIG. 6(a) shows the sensor sensitivity (relative resistance
change, %) vs. the IgG concentration (g/ml) with V=2 V
and V=0 V. Dashed line represents the noise level (9.8%)
from the buffer solution. FIG. 6(5) shows the comparison of
the sensor sensitivity in response to complementary IgG (0.2
mg/mL), mismatched IgM (0.8 mg/ml.), mismatched horse-
radish peroxidase (HRP) (0.2 mg/ml.), and PBS buffer. Error
bars were obtained through multiple measurements within
the same test.

FIG. 7 shows the drain-source voltage dependence of the
drain current I, for the TRGO FETs treated with Au NP/anti-
IgG conjugates and IgG (2 ng/ml) with (a) and without (b)
BB.

FIG. 8 shows an SEM image of Au electrodes on a silicon
wafer with parallel gold fingers. A TRGO FET is accom-
plished by suspending TRGO sheets between the drain and
the source electrodes; probe antibody is anchored to the
TRGO sheet surface through Au NPs.

FIG. 9(a) shows the typical gate voltage dependence
(V,=5.0 V) of the drain current 1, of the TRGO (sample
GO3). Inset are the FET results of the sensor treated with Au
NP-anti-IgG conjugates, BB, and IgG (2 ng/mL). The drain
current decreased after the adding of 1gG. FIG. 9(b) shows
the direct current measurement results of the TRGO (sample
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GO3) treated with Au NP-anti-IgG conjugates, BB, and IgG.
The drain current decreased after the adding of IgG.

FIG. 10 shows FET curves (V_=0.1 V) of a pristine TRGO
device being exposed to 2 ng/ml. IgG. The drain current
decreased after adding IgGs. Inset are the Direct current
measurement results of the pristine TRGO device treated
with IgG. The drain current decreased after the adding of
1gG.

FIG. 11 shows SEM images of TRGO sheets functional-
ized with Au NP-antibody conjugates hanging between an
electrode gap: a) sample GO2 with a high NP areal density;
b) sample GOS with a low NP areal density.

FIG. 12 shows sensor response (relative resistance change
AR, %) vs. TRGO resistance®’xantibody areal density>
(°*/um®). Error bars were obtained through forward and
backward FET measurements.

FIG. 13(a) shows FET curves (V_,=5.0 V) of the opti-
mized sensor being exposed to PBS buffer and 0.2 ng/mL
IgG. The drain current decreased after adding 1gGs. FIG.
13(b) shows sensor response (sensor resistance increase, %)
vs. the IgG concentration (g/mL) obtained from FET sensing
results of the optimized sensor. The detection limit of the
optimized sensor was 0.2 ng/mL (10.3% sensor resistance
increase). Error bars were obtained through forward and
backward FET measurements.

FIG. 14 shows a schematic illustration of the metal
nitride/graphene nanohybrid synthesis process: (a) Polym-
erization of cyanamide on GO surface; (b) Adsorption of
metal source in C;N, polymer; (c) Reduction of GO and
decomposition of C;N,, for nitrided reaction with formation
of metal nitride on graphene.

FIG. 15 shows a transmission electron microscope (TEM)
images of TIN/NG (a, b), GO (c, d) and C;N,/GO (e, 1).

FIG. 16 shows an SEM image (a), TEM images (b-d),
high-resolution transmission electron microscope (HRTEM)
image (), and X-ray powder diffraction (XRD) pattern (0 of
the TiN/NG nanohybrids; inset of (d) is the corresponding
SAED pattern and inset of (e) is a typical TiN nanoparticle
on the NG surface.

FIG. 17 shows an XRD pattern (a), TEM images (b, ¢) and
SEM images (d, ) of TaON (monoclinic)/NG nanohybrids.

FIG. 18 shows an XRD pattern (a), TEM images (b, ¢) and
SEM images (d, e) of GaN (hexagonal)/NG nanohybrids.

FIG. 19 shows an energy-dispersive X-ray spectroscopy
of the TIN/NG.

FIG. 20 shows a high-resolution X-ray photoelectron
spectroscopy (XPS) spectra of TiN/NG hybrids showing Ti
(2p), N (1s), and C (1s) peaks.

FIG. 21 shows a TEM images of NG prepared through
annealing treatment of C;N,/GO.

FIG. 22 shows (a) constant voltages (CVs) of porous
TiN/NG, NG and bare GC electrodes in 0.1 M PBS (pH 7.0)
solution containing 0.50 mM NADH in 0.1 M PBS solution
at scan rate of 50 mV s™'; (b) Successive amperometric
response of the TiN/NG modified electrode to NADH in 0.1
M PBS (pH 7.0) at +0.10 V; (c) Schematic representation of
the TiN/NG-LDH electrode for lactate detection; (d)
Amperometric responses of TiN/NG-LDH modified GC
electrode to successive addition of lactate in 0.1 M PBS (pH
7.0) at 0.1 V containing 5.0 mM NAD™.

FIG. 23 shows CVs of porous TiN/NG electrodes in 0.1
M PBS (pH 7.0) solution containing different concentration
of NADH in 0.1 M PBS solution, at a scan rate 50 mV s~*.

FIG. 24 shows a plane-averaged charge density difference
along the vertical direction showing the electron redistribu-
tion upon formation of the graphene-TiN (111) interface at
the Ti surface. Colored spheres indicate the positions of
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atom layers. Inset: (a) projected view of graphene and TiN
(111) complex system; (b) and (c) are views along the (111)
face for graphene-TiN (111) complex system and bulk TiN
crystal.

FIG. 25 shows a N, adsorption/desorption curve of TiN/
NG nanohybrids.

DETAILED DESCRIPTION

Before any embodiments of the invention are explained in
detail, it is to be understood that the invention is not limited
in its application to the details of construction and the
arrangement of components set forth in the following
description or illustrated in the following drawings. The
invention is capable of other embodiments and of being
practiced or of being carried out in various ways. Also, it is
to be understood that the phraseology and terminology used
herein is for the purpose of description and should not be
regarded as limiting. The use of “including,” “comprising,”
or “having” and variations thereof herein is meant to encom-
pass the items listed thereafter and equivalents thereof as
well as additional items. Unless specified or limited other-
wise, the terms “mounted,” “connected,” “supported,” and
“coupled” and variations thereof are used broadly and
encompass both direct and indirect mountings, connections,
supports, and couplings. Further, “connected” and
“coupled” are not restricted to physical or mechanical con-
nections or couplings.

Recitation of ranges of values herein are merely intended
to serve as a shorthand method of referring individually to
each separate value falling within the range, unless other-
wise indicated herein, and each separate value is incorpo-
rated into the specification as if it were individually recited
herein. All methods described herein can be performed in
any suitable order unless otherwise indicated herein or
otherwise clearly contradicted by context. The use of any
and all examples, or exemplary language (e.g., “such as™)
provided herein, is intended merely to better illuminate the
invention and does not pose a limitation on the scope of the
invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-
claimed element as essential to the practice of the invention.

It also is understood that any numerical range recited
herein includes all values from the lower value to the upper
value. For example, if a concentration range is stated as 1%
to 50%, it is intended that values such as 2% to 40%, 10%
to 30%, or 1% to 3%, etc., are expressly enumerated in this
specification. These are only examples of what is specifi-
cally intended, and all possible combinations of numerical
values between and including the lowest value and the
highest value enumerated are to be considered to be
expressly stated in this application.

Further, no admission is made that any reference, includ-
ing any patent or patent document, cited in this specification
constitutes prior art. In particular, it will be understood that,
unless otherwise stated, reference to any document herein
does not constitute an admission that any of these documents
forms part of the common general knowledge in the art in
the United States or in any other country. Any discussion of
the references states what their authors assert, and the
applicant reserves the right to challenge the accuracy and
pertinency of any of the documents cited herein

Electrical detection of biomolecules using nanomaterials
can often achieve high sensitivity because nanomaterials are
extremely sensitive to electronic perturbations in the sur-
rounding environment. Carbon nanotubes (CNT) and CNT-
based field-effect transistor (FETs) biosensors have been
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used for the detection of protein binding and DNA hybrid-
ization events. Although CNT-based FETs are promising
candidates for biosensors with high sensitivity, the device
sensitivity is still limited by surface area and electrical
properties of CNTs. CNTs as produced consist of both
semiconducting and metallic tubes and there are no available
methods for producing pure semiconducting or metallic
tubes. The variations in the tube properties lead to devices
with varying characteristics and performance, which is an
obstacle to CNT-based FET reliability.

Graphene, a single layer of carbon atoms in a two-
dimensional honeycomb lattice, has potential applications in
the electrical detection of biological species due to their
unique physical properties. Graphene-based sheets are flat
and large in lateral dimensions, which make it easier for
device fabrication (e.g., making electrical contact with elec-
trodes). Compared to CNTs, graphene-based sheets have a
higher carrier mobility and specific surface area, which
enhances the sensor performance. The use of graphene has
been explored for various applications. For example, large-
sized graphene film FETs were fabricated for the electrical
detection of DNA hybridization; graphene oxide (GO) was
used in single-bacterium and label-free DNA sensors, and
electrolyte-gated graphene FETs was used for electrical
detection of pH. Despite the sparse demonstration of gra-
phene for biosensing applications, graphene-based FETs
have not been reported for detection of protein binding (e.g.,
antibody to antigen) events. Methods of directly immobi-
lizing proteins onto CNTs or graphene oxide have been
shown to be unstable and the attached proteins can be readily
removed through simple washing processes that are fre-
quently used during the biosensor fabrication. This intro-
duces undesirable effects such as poor device reliability/
repeatability and non-specificity of the sensor.

Graphene oxide (GO) is a graphene-based material which
can be mass-produced at a lower cost compared to pure
graphene. GO can be synthesized in large quantities by
oxidizing inexpensive graphite powders using strong oxi-
dants. While unreduced GO is insulating, reducing the GO
partially allows the GO to be more conductive. However, the
electronic properties of reduced GO are not as good as those
of pure graphene. GO can also be reduced through different
methods with tailored properties by controlling the reduction
conditions. The use of metal nitride/graphene nanohybrid
sheets may also provide a highly efficient, low-cost, specific
electrocatalyst that may be used as the conducting channel
in the FET-based biosensor.

The present disclosure relates to a field-effect transistor
(FET)-base biosensor and uses thereof, and in particular, to
FET-based biosensors using graphene-based sheets deco-
rated with nanoparticle-biomolecule conjugates. The present
disclosure also relates to FET-based biosensors using metal
nitride/graphene hybrid sheets. Because the carrier mobility
and the specific surface area of a thin graphene sheet are
larger than those of CNTs, graphene-based FET-based bio-
sensors may have comparable or better sensing performance
than CNT-based FET-based biosensors. The disclosed
reduced GO sheet FET-based biosensor proves to be sur-
prisingly excellent at detecting biomolecules, despite the
fact that the electronic properties of reduced GO are not as
good as those of pure graphene.

The present disclosure provides a reliable method to
immobilize biomolecules (e.g., antibodies or the like) in
graphene-based biosensors and a methodology for avoiding
nonspecific protein immobilization on graphene-based
sheets and providing at the same time a stable binding for
protein probes through robust nanoparticles. The immobili-
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zation of the biomolecules via the nanoparticles allows for
a more stable attachment of the biomolecules to the nano-
structure. The more stable attachment provides improved
device reliability/repeatability and improved specificity of
the sensor. The disclosure provides a methodology for
avoiding nonspecific protein immobilization on graphene-
based sheets and providing a stable binding for biomolecules
through robust nanoparticles.

Referring to FIG. 1a, a FET-based biosensor 10 includes
a substrate 15 having a passivation layer 20, a source
electrode 25 and a drain electrode 30 each disposed on one
surface of the substrate, and a nanostructure or graphene-
based sheet 35 configured to be a conducting channel
suspended above the substrate and to electrically connect the
source 25 and drain 30 electrodes. The graphene-based sheet
35 is decorated with nanoparticle-biomolecule conjugates
40, which anchor biomolecules 50 to the surface of the
nanostructure or graphene-based sheet 35 through nanopar-
ticles 45. The nanoparticle-biomolecule conjugate 40 may
include gold nanoparticles labeled or conjugated with anti-
immunoglobulin G (anti-IgG). The anti-IgG antibody func-
tions as the specific recognition group for the target biomol-
ecule 55, i.e., an IgG antibody.

In some embodiments, the nanostructure or graphene-
based sheet may include a graphene sheet, a graphene oxide
sheet, or a hybrid sheet thereof. Examples of graphene-based
sheets include, but are not limited to, thermally-reduced
graphene oxide, chemically-reduced graphene oxide, doped-
graphene, doped-graphene oxide, doped-reduced graphene
oxide, and metal nitride/graphene nanohybrid. Examples of
metal nitride/graphene nanohybrid include metal nitride/
nitrogen-doped graphene. A metal nitride includes any metal
or metalloid which forms a compound with nitrogen. A
metal nitride may include a transition metal nitride or a
post-transition metal nitride. In certain embodiments, the
metal nitrides comprise titanium nitride, tantalum oxynitride
or gallium nitride. The metal nitride/graphene nanohybrid
may comprise titanium nitride/nitrogen-doped graphene.

In some embodiments, the nanoparticle may include a
metal, a metal oxide, or a metal nitride. In some embodi-
ments, the nanoparticle may include a noble metal or a noble
metal oxide. For example, the nanoparticle may include
ruthenium, rhodium, palladium, silver, osmium, iridium,
platinum, gold, mercury, rhenium, titanium, niobium, and
tantalum. In certain embodiments, the nanoparticle com-
prises gold or silver.

In some embodiments, the biomolecule conjugated to the
nanoparticle may include a protein, nucleic acid molecule,
microorganism, and a low molecular weight organic com-
pound. Examples include, but are not limited to, an immune
protein, an antigen, an enzyme, a nonimmune protein, an
immunoglobulin-binding protein, a sugar-binding protein, a
sugar chain recognizing sugar, fatty acid or fatty acid ester,
a ligand, an aptamer, and polypeptide or oligopeptide having
ligand-binding ability. Examples of an immune protein may
include an antibody whose antigen is a target biomolecule,
and a hapten. Examples of such an antibody may include
various immunoglobulins such as IgG, IgM, IgA, IgE or
IgD. A particular example includes an anti-IgG antibody
conjugated to the nanoparticle which can be used to detect
the target biomolecule IgG.

An enzyme used to conjugate a nanoparticle may include
any enzyme that exhibits an activity to a target biomolecule
metabolized by the enzyme. Examples of an enzyme include
oxidoreductases, hydrolases, isomerases, lyases and syn-
thetases. For example, when the target biomolecule is lactate
or NADH, a lactate dehydrogenase may be conjugated to the
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nanoparticle. When the target biomolecule is glucose or
cholesterol, glucose oxidase or cholesterol oxidase, respec-
tively may be conjugated to the nanoparticle. When the
target biomolecule is an agricultural chemical, pesticide,
narcotic drug, cocaine, heroin, crack or the like, enzymes
that show specific reaction with a substrate metabolized
from the aforementioned target biomolecules may be used
such as acetylcholine esterase, catecholamine esterase, nora-
drenalin esterase or dopamine esterase. A particular example
includes lactate dehydrogenase.

Various microorganisms, such as Escherichia coli, may be
used as a biomolecule. A nucleic acid molecule may include
DNA or RNA, including native DNA and RNA, recombi-
nant DNA and RNA produced by gene recombination and
chemically synthesized DNA and RNA. A low molecular
weight organic compound may include any given compound
that can be synthesized by a common method of synthesiz-
ing an organic compound. Examples of nonimmune protein
include avidin (streptoavidin), biotin, and a receptor. An
immunoglobulin-binding protein may include protein A,
protein G, and a rheumatoid factor. An example of a sugar-
binding protein includes lectin. Examples of fatty acid or
fatty acid ester include stearic acid, arachidic acid, behenic
acid, ethyl stearate, ethyl arachidate, and ethyl behenate.

The biomolecule may be conjugated to the nanoparticle
using methods known in the art. For example, stable gold
nanoparticle protein conjugates can be prepared by passive
adsorption due to electrostatic and hydrophobic interactions
between the protein and the surface layer of the colloidal
gold. Conjugation methods also include chemical complex-
ing, which may be either ionic or non-ionic in nature, or
covalent binding. An example of chemical complexing
method is disclosed in U.S. Pat. No. 5,521,289, which
describes reducing a gold salt in an organic solvent contain-
ing a triarylphosphine or mercapto-alkyl derivative bearing
a reactive substituent, X, to give small nanoparticles carry-
ing X substituents on linkers bound to the surface through
Au—P or Au—S bonds. The colloidal solution is treated
with a protein bearing a substituent Y that reacts with X to
link the protein covalently to the nanoparticle. An example
of binding oligonucleotides to nanoparticles is disclosed in
U.S. Pat. No. 7,208,587, which describes attaching oligo-
nucleotides to nanoparticles by means of a linker comprising
a cyclic disulfide. Biomolecules conjugated to nanoparticles
are commercially available. Examples include gold nano-
particles labeled with anti-immunoglobulin G.

In some embodiments, the nanoparticle-biomolecule con-
jugate is decorated onto the nanostructure using an electro-
spray and electrostatic force directed assembly method or a
drop-casting method. An example of an electrospray and
electrostatic force directed assembly method is disclosed in
Mao et al., Nanotechnology (2008) 19:455610, which
describes decorating carbon nanotubes with nanocrystals
using a combination of an electrospray technique, which
creates a high level of electrical charge on the electrosprayed
aerosol nanocrystals, with directed assembly using an elec-
trostatic field. In a drop-casting method, a nanoparticle-
biomolecule conjugate solution is dropped onto the nano-
structure and allowed to dry. Various factors and conditions
may influence the drop-cast procedure such as the liquid
amount, liquid viscosity, liquid evaporation rates, drop
height, drop angle, drop atmosphere, drop splash, the drop-
ping device and the desired depth or height, width, configu-
ration and other dimensions of the nanostructure to be
decorated.

Using these non-chemical methods, the nanoparticle, and
hence the nanoparticle-biomolecule conjugate, is attached to
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the nanostructure using non-covalent bonding, such as
hydrogen bonds, electrostatic bonds, van der Waals forces,
and hydrophobic bonds. The nanoparticles and hence the
nanoparticle-biomolecule conjugates may be attached to the
nanostructure by van der Waals forces. The non-covalent
attachment of the nanoparticle to the nanostructure avoids
the effect of changing the electrical characteristics of the
nanostructure or graphene-based sheet that may occur with
a covalent bond, such as when wet-chemistry strategies are
used to assemble nanoparticles onto nanostructures.

In some embodiments, the source and drain electrodes
may be formed of any material having electrical conductiv-
ity. Examples include, but are not limited to, gold (Au),
platinum (Pt) or palladium (Pd). In some embodiments, the
substrate may include silicon, silicon dioxide, aluminum
oxide, sapphire, germanium, gallium arsenide an alloy of
silicon and germanium or indium phosphide. An example of
a substrate includes a Si wafer. In some embodiments, the
passivation layer may include aluminum, zinc, titanium,
silicon, or an oxide or nitride thereof, or a synthetic resin
such as, but are not limited to, polymethyl methacrylate,
polyester, polystyrene, polyethylene terephthalate, polycar-
bonate, polyvinylidene chloride or triacetate. An example of
a passivation layer includes SiO,.

Referring to FIG. 15, the method of detecting a target
biomolecule in a sample includes contacting the FET-based
biosensor with a sample containing or suspected of contain-
ing the target biomolecule and monitoring a change in an
electrical characteristic. The method of detecting the target
biomolecule involves measuring an electrical signal gener-
ated by the conversion of the biomolecular interaction
between the target biomolecule and the biomolecule of the
nanoparticle-biomolecule conjugate into corresponding out-
put information and/or signals. In some embodiments, the
biomolecular interaction may include a protein-protein inter-
action, a protein-oligonucleotide interaction or a protein-
based interaction. Examples of protein-protein interaction
include antigen-antibody, receptor-ligand, enzyme/sub-
strate, enzyme/coenzyme, enzyme/activator, and enzyme/
inhibitor binding.

In some embodiments, a FET-based biosensor including a
nanoparticle-antibody conjugate may be used to detect an
antigen. The method may include a blocking buffer (BB) 60
to prevent possible nonspecific binding events. The FET-
based biosensor may be incubated with the BB prior to
testing of a sample with the FET-based biosensor. Prior to
adding the sample, the BB is washed off the FET-based
biosensor.

After the introduction of target biomolecule, the target
biomolecule interacts with the biomolecule of the nanopar-
ticle-biomolecule conjugate and induces significant changes
in the electrical characteristics of the FET-based biosensor
device, which would be investigated by FET and direct
current (dc) measurements. In some embodiments, the
change in an electrical characteristic as a function of time
indicates the presence of the target biomolecule. In some
embodiments, the electrical characteristic may include con-
ductance, capacitance, potential, resistance and inductance.

In some embodiments, the binding event between the
biomolecule and the target biomolecule would induce an
increase in the electrical signal. In some embodiments, the
electrical signal would increase at least 0.001%, 0.01%,
0.1%, 1%, 10%, 20%, 50%, 70% or more, compared to the
electrical signal before the sample was added to the FET-
based biosensor or compared to the electrical signal of a
control sample. In some embodiments, the binding event
between the biomolecule and the target biomolecule would
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induce a decrease in the electrical signal. In some embodi-
ments, the electrical signal would decrease at least 0.001%,
0.01%, 0.1%, 1%, 10%, 20%, 50%, 70% or more, compared
to the electrical signal before the sample was added to the
FET-based biosensor or compared to the electrical signal of
a control sample. A control sample may include a similar
composition to the tested sample but without any target
biomolecule or alternatively, may contain a known quantity
of the target biomolecule.

In an aspect, the method of detecting the target biomol-
ecule may be used for drug screening, drug discovery
applications, diagnosis of disease, monitoring of environ-
mental contamination or food safety evaluation. The target
biomolecule may be of any origin, including animal, plant or
microbiological (e.g., viral, prokaryotic, and eukaryotic
organisms, including bacterial, protozoal, and fungal, etc.)
depending on the particular purpose of the test. The target
biomolecule may include a protein, a nucleic acid, a cell, a
microorganism, and a low molecular weight organic com-
pound. Examples of target biomolecules include a coen-
zyme, bacteria, a fungus, a virus, lactate, NADH, a sugar,
including glucose, fatty acids or fatty acid esters, a ligand,
an aptamer, a polypeptide or oligopeptide having ligand-
binding ability, an antibody, cholesterol, DNA, RNA, an
agricultural chemical, pesticide, antibiotic, narcotic drug,
cocaine, heroin, crack or the like. In another aspect, the
target biomolecule may be an ion such that the pH of the
sample may be determined.

In some embodiments, the disclosed FET-based biosen-
sors may be used to detect bacteria and eucarya in food,
beverages, water, pharmaceutical products, personal care
products, dairy products or environmental samples. The
disclosed FET-based biosensors are also useful for the
analysis of raw materials, equipment, products or processes
used to manufacture or store food, beverages, water, phar-
maceutical products, personal care products, dairy products
or environmental samples.

Alternatively, the disclosed FET-based biosensors may be
used to diagnose a condition of medical interest. In some
embodiments, the disclosed FET-based biosensors may be
used to analyze clinical specimens or equipment, fixtures or
products used to treat humans or animals. In some embodi-
ments, the disclosed FET-based biosensors may be used to
detect a target sequence which is specific for a genetically
based disease or is specific for a predisposition to a geneti-
cally based disease. Non-limiting examples of diseases
include, beta-thalassemia, sickle cell anemia, Factor-V
Leiden, cystic fibrosis and cancer related targets such as p53,
p 10, BRC-1 and BRC-2. In some embodiments, the target
sequence may be related to a chromosomal DNA, wherein
the detection, identification or quantitation of the target
sequence can be used in relation to forensic techniques such
as prenatal screening, paternity testing, identity confirmation
or crime investigation.

In some embodiments, the disclosed methods of detecting
a target biomolecule may include the analysis or manipula-
tion of plants and genetic materials derived there from as
well as bio-warfare reagents. The disclosed FET-based bio-
sensors will also be useful in diagnostic applications, in
screening compounds for leads which might exhibit thera-
peutic utility (e.g. drug development) or in screening
samples for factors useful in monitoring patients for sus-
ceptibility to adverse drug interactions (e.g. pharmacog-
enomics).
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In some embodiments, the method may be used to detect
a target biomolecule in a gas sample and/or a liquid sample.
To detect the target biomolecule, the FET-based biosensor is
exposed to a sample containing or suspected of containing
the target biomolecule. In some embodiments, samples
include samples used for medical diagnostics, samples used
for genetic test, environmental samples, cell culture
samples, bacterial cultures, soil samples, food samples,
dental samples and veterinary samples. Liquid samples
include water and biofluids. Biofluids include, but are not
limited to, urine, sweat, breast milk, bile, blood, sputum,
semen, cerebrospinal fluid, blister fluid and cyst fluid. The
sample may be processed or purified prior to exposure to the
FET-based biosensor in accordance with techniques known
or apparent to those skilled in the art.

EXAMPLES
Example 1
Experimental Procedure

Materials:

Au nanoparticles labeled with anti-immunoglobulin G
(anti-IgG) (10 nm and 20 nm colloidal gold coated with Goat
anti-Human IgG (H+L)), Tween 20 and cold water fish
gelatin were ordered from Tedpella. IgG from human serum,
IgM from human serum, and horseradish peroxidase (HRP)
were ordered from Sigma-Aldrich. Bovine serum albumin
(BSA) was purchased from Rockland. Phosphate buffered
saline (PBS) (pH 7.4, x1) (Fisher BioReagents) was used as
the solvent for IgG, HRP, IgM, and the blocking buffer (BB).
All solutions were used without further purification and
prepared with distilled and deionized water (Cellgro).

Preparation of TRGO FET:

Gold interdigitated electrodes with both finger width and
inter-finger spacing (source and drain separation) of about 1
um and thickness of 50 nm were fabricated using an e-beam
lithography process (Raith 150 lithography tool, 30 kV) on
an Si wafer with a top layer of thermally-formed SiO,
(thickness of 200 nm). GO sheets were synthesized from
purified natural graphite by a modified Hummers method
and fully exfoliated individual GO sheets in water was
prepared with the aid of ultrasonication (Park et al., Chem.
Mat. (2008) 20:6592; Park et al., Nat. Nanotechnol. (2009)
4:217). To place GO sheets between electrodes, one droplet
(0.02 mL) of the GO suspension (0.6 mg GO/mlL) was
pipetted onto the electrodes and dried under room tempera-
ture. The distance between the GO sheet and the SiO,
surface was around 50 nm. The device was then annealed in
argon flow (1 L/min) for 1 hr at 200° C. to reduce the GO
sheet, remove residue solvents, and improve the contact
between the GO sheet and electrodes.

Drop Casting.

The Au NP-antibody conjugates were assembled onto the
surface of TRGO sheets by putting a droplet of Au NP-
antibody conjugate colloidal solution on the TRGO and
incubated for 1 hr. The TRGO base resistance was controlled
by adjusting the concentration of the GO solution. The
antibody areal density was controlled by tuning the Au NP
size (10-20 nm) and the concentration of the Au NP-
antibody colloidal solution (2x10'? to 1.7x10"* NPs/mL).

Electrospray and Electrostatic Force Directed Assembly.

Au NP-antibody conjugates were aerosolized by an elec-
trospray process. The conjugates were assembled onto the
TRGO sheets by electrostatic force directed assembly
(ESFDA). A commercial electrospray aerosol generator
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(“EAG”, TSI Model 3480) was used to spray colloidal Au
NP-antibody conjugates. The colloidal conjugates applied
with a high dc voltage were extracted through a capillary
tube due to the capillary effect and the capillary inlet/outlet
pressure difference. The conjugates ejected from the capil-
lary were atomized to form charged fine droplets due to the
electrohydrodynamic break-up. Charged Au NP-antibody
conjugates were obtained after the solvent evaporation and
subsequently assembled onto the surface of TRGO sheets in
an electric field. Since the electric field near the TRGO
sheets was significantly enhanced due to their small diam-
eters, the charged conjugates were attracted to the external
surface of the TRGO sheets via electrostatic force. The
assembly time was on the order of hours.

Biosensing:

Before introducing target protein IgG, the devices were
modified with a BB (0.1% Tween 20, 0.1% fish gelatin and
1% BSA) to reduce the possible nonspecific binding of IgGs
to TRGO sheets and electrodes. Devices were incubated
with BB for 2 hrs at room temperature and then washed with
the PBS buffer. After that, 0.02 mL IgG sample (2 ng/m[-2
mg/mL) was pipetted onto the device for protein binding for
1 hr, followed by washing and drying. The full protein
sensing procedure was performed in ambient environment
(i.e., under atmosphere pressure, in air, and at room tem-
perature). The sensor repeatability was studied by using 3-4
sensors in each sensing test, which confirmed that our sensor
responses were reproducible. The uncertainty of the sensor
response was obtained from the forward and backward FET
measurements.

Characterization:

A Hitachi S-4800 UHR FE-SEM instrument was used for
scanning electron microscopy (SEM) characterization of the
device at an acceleration voltage of 10 kV or 30 kV. Atomic
force microscopy (AFM) was conducted with an Agilent
Technology 5420 AFM with a cantilever (Nanosensors
PPP-NCH). Raman spectroscopy was conducted using a
TRIAX 320 spectrometer with a 532 nm laser source. FET
and direct current measurements were carried out using a
Keithley 2602 SourceMeter. During each step of the sensor
fabrication and sensing, the FET measurement was per-
formed by recording the drain current response when ramp-
ing the gate voltage V, from -40.0 to +40.0 V (with a step
of 0.1 V), which was directly applied to the back silicon
wafer. For the direct current measurement, the drain current
was recorded when ramping the drain-source voltage from
-2.0 to +2.0 V, while no gate bias was applied.

Example 2
Scanning Electron Microscopy Analysis

FIGS. 2 (a) and (b) show the scanning electron micros-
copy (SEM) images of a single TRGO sheet spanning across
a pair of Au electrodes before and after the assembly of Au
NP-antibody conjugates. Au NPs were seen uniformly dis-
tributed on the surface of the TRGO sheet without agglom-
eration (FIG. 2(b). The probe proteins were covalently
bonded to Au NPs (Wohlstadter et al., Adv. Mater. (2003)
15:1184) that were anchored noncovalently to TRGO. The
van der Waals binding between Au NPs and graphene may
be strong enough to hold the Au NPs with similar sizes in
place. The platform successfully survived several cycles of
washing and drying as evidenced by SEM images. The
atomic force microscopy (AFM) image in FIG. 2(c) shows
further details about the device structure. The TRGO sheet
had a lateral size of several microns with the presence of
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wrinkles, folds, and multilevel layering structure. Three
height profiles were taken to probe TRGO and NP properties
(FIG. 2(d)). Based on the imaging, the thickness of the
TRGO sheet was measured as 3-6 nm, which suggests that
the TRGO sheet had a few layers. The size of the Au
NP-antibody conjugates was measured as approximately 23
nm, which was slightly larger than the pristine Au NP (20
nm). This height difference suggests the presence of anti-
bodies on the Au NP surface. Since the electrospray occurred
at room temperature, the anti-IgG on the Au NP surface did
not denaturize during the assembly process. The activity of
antibodies was preserved during the similar assembly pro-
cess, which was confirmed by the sensing results presented
below.

A specific protein detection biosensor using TRGO sheets
decorated with Au NP-antibody conjugates was demon-
strated. Anti-Immunoglobulin G (anti-IgG) was anchored to
the TRGO surface through Au NPs and functioned as the
specific recognition group for the IgG binding. The sensor
fabrication process is illustrated in FIG. 15. The Au NP-
antibody conjugates were assembled onto the surface of
TRGO sheets by a simple method that combines electro-
spray with electrostatic force directed assembly (Mao et al.,
Nanotechnology (2008) 19:455610). A blocking buffer (BB)
was used to prevent possible nonspecific binding events.
After the introduction of target proteins (IgGs), the protein
binding events induced changes in the electrical character-
istics of the device, which were investigated by FET and
direct current (dc) measurements. This biosensor had a
detection limit of 2 ng/mL (~13 pM), which is among the
best of carbon nanomaterial (e.g., CNT, graphene, GO)-
based protein sensors. The sensor also showed negligible
responses to mismatched proteins such as Immunoglobulin
M (IgM) and horseradish peroxidase (HRP), which indicates
its specificity (data not shown).

The response from the sensor increased with the increase
of protein concentrations and saturated at 0.02 mg/mL. The
lower detection limit of the sensor was on the order of
ng/ml, and may be further improved by optimizing the
device structure. This sensor may be used for detecting
various proteins by decorating TRGO sheets with selected
Au NP-antibody conjugates. The sensor may be capable of
detecting a variety of proteins for in vitro diagnostics.

Example 3

Thermal Reduction of GO Sheets

The GO sheet included a hexagonal ring-based carbon
network having both sp>-hybridized and sp>-hybridized car-
bons bearing hydroxyl and epoxide functional groups on
either side of the sheet, whereas the sheet edges are mostly
decorated by carboxyl and carbonyl groups. The extensive
presence of saturated sp® bonds, the high density of elec-
tronegative oxygen atoms bonded to carbon, and other
“defects” give rise to an energy gap in the electron density
of states and makes GO sheets non-conductive. However,
the structural and electronic properties of GO sheets can be
modified by a variety of chemical and thermal processes
(Park et al., Chem. Mat. (2008) 20:6592; Park et al., Nat.
Nanotechnol. (2009) 4:217). A thermal treatment to the GO
sheet was carried out in an argon flow at 200° C. for 1 hr and
the GO sheet was partially reduced to the conductive TRGO
sheet to be used as the electrical conducting channel in the
FET. The thermal reduction of GO sheets was evidenced by
the decrease of the GO device resistance from approxi-
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mately 20,000 MQ to approximately 2-20 MQ and by the
reduced Raman intensity ratio I, /1 ; from 0.15 to 0.06 (FIG.
3).

Example 4
Characterization and Use of TRGO FET

FIG. 12(a) shows the typical gate voltage dependence of
the drain current I, from TRGO FETs treated with Au
NP-anti-IgG conjugates, BB, and IgG (2 pg/mL). The gate
voltage dependence of the drain current I ; for the TRGO was
typically p-type. TRGO sheets exhibited ambipolar and
almost symmetric behavior for the electron and hole doping
regions under vacuum, which was similar to graphene.
However, exposure of TRGO sheets to the ambient envi-
ronment led to the change of the device to p-type because of
the adsorbed water and oxygen molecules on the TRGO
sheet. With V,, ramping from negative to positive, the drain
current slowly decreased and a more significant current drop
was observed around +35 V. However, due to the relatively
small band gap of the TRGO, the on-off ratio of the FET
device was small. Hysteresis effects commonly seen with
CNT and graphene FETs, were observed and were mainly
attributed to the polarization of adsorbed molecules (e.g.,
water vapor) in the applied electric field (FIG. 5).

During the sensing process, it was found that the type of
the device did not change; however, the drain current I,
decreased with the addition of Au NP-anti-IgG conjugates,
BB, and IgG. With the introduction of the target protein
(IgG), a significant decrease in I, was observed (36.4% from
the TRGO treated with Au NP/anti-IgG conjugates and BB).
A controlled experiment was performed by introducing only
the PBS buffer to the device and a much smaller sensor
response (9.0% decrease in 1) was observed, confirming
that the significant sensor response mainly resulted from the
binding of IgGs to anti-IgGs. The drain-source voltage
dependence of the drain current 1, of the sensor was inves-
tigated for protein binding (FIG. 4(5)). Consistent with the
data shown in FIG. 4(a), the conductivity of the TRGO FET
decreased after the addition of Au NP/anti-IgG conjugates,
BB, and IgG, respectively. Drain-source voltage dependence
of I, of the TRGO sheet was slightly non-linear. Similar
thermal treatment may effectively lower the Schottky barrier
present at the metal/TRGO interface so that the contact was
nearly Ohmic. The nonlinearity was likely attributed to the
carrier injection during the I-V measurement.

The observed electrical conductivity change in the TRGO
FET could be attributed to two mechanisms. The binding of
IgGs to anti-IgGs could lead to the local geometric defor-
mation and increases the number of scattering centers across
the sheet; thereby reducing the mobility of holes as well as
the sheet conductivity, which was one of the sensing mecha-
nisms in the CNT protein biosensor (Star et al., Nano Lett.
(2003) 3:459). The sensing response was attributed to the
p-type characteristic of the TRGO FET device. IgG includes
four peptide chains (two heavy chains and two light chains)
and the amine groups at the end of the chains are positively
charged. Therefore, the attachment of a positively charged
molecule, such as IgG, to the TRGO device was equivalent
to a positive potential gating that leads to a reduced hole
density and thus electrical conductivity of TRGO. Further
studies are described below that reveal more details of the
sensing mechanisms.

The sensor sensitivity (relative resistance change, %) as a
function of the IgG concentration (g/mL) is presented in
FIG. 6(a). The lowest IgG concentration level that was
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detected (10.8% resistance increase) and differentiated from
the noise level was about 2 ng/ml, which represents the
lower detection limit of the sensor. Similar to the non-
linearity behavior of CNT sensors, the sensor response
increased non-linearly with the increase of the IgG concen-
tration from 2 ng/mL to 0.02 mg/mL, which clearly showed
that the sensor response was directly from the binding of
IgGs to anti-IgGs and the level of sensor response depended
on the IgG concentration. With more IgGs binding to
anti-IgGs on the TRGO, more significant carrier mobility
change in the TRGO sheet and larger gating effect were
expected, thereby leading to more conductivity change in
the FET device. When the IgG concentration reached 0.02
mg/ml., the sensor response was saturated and further
increases in the IgG concentration from 0.02 to 2 mg/mL
only led to slight changes in the sensor resistance. This
phenomenon indicated that at 0.02 mg/ml concentration
level, most of the binding sites (anti-IgG) on the TRGO
sheet were occupied by target proteins. The working range
of the sensor may be controlled by varying the areal density
of Au NP-antibody conjugates on the TRGO sheet and by
varying the number of antibodies on each Au NP.

The blocking efficacy was evaluated by sensing 2 ng/mlL
IgG with and without BB. FIG. 7 shows the drain-source
voltage dependence of the drain current I, for the TRGO
FETs treated with Au NP/anti-IgG conjugates and IgG (2
ng/ml.) with (a) and without (b) BB. Based on FIG. 7(a), the
sensor response was very small (10.0% decrease in 1) due
to the very low concentration of the IgG (compared with 2
png/mL IgG in FIG. 4(6)) and very small number of IgGs
binding to the antibodies available in the TRGO FET.
However, the 1, decreased about 25.0% when the same 2
ng/ml, IgG was added to the device without BB (FIG. 7(5)).
The sensing response was not only from the binding of IgGs
to anti-IgGs but also from the nonspecific binding of IgGs to
TRGO sheets and electrodes, which led to the decrease in
the electrical conductivity of the TRGO sheet. Results
shown in FIG. 7 suggest that BB efficiently blocks the
nonspecific binding of IgGs to the sensing element.

Treating the device with BB effectively diminished the
undesirable response from the nonspecific binding of ana-
lytes to the device and allowed for the specific function of
the sensor (FIG. 7). To verify the specificity of the sensor,
IgM (0.8 mg/mlL) and HRP (0.2 mg/ml.) were used as
mismatched proteins and introduced to the sensor with
exactly the same procedure as that used for the IgG.
Responses of the sensor are summarized in FIG. 6(b) for
IgG, 1gM, HRP, and the buffer solution. The sensor resis-
tance change (response) from the mismatched IgM (15.3%)
and HRP (12.4%) were significantly smaller than that from
the complementary IgG (68.0%). This result further con-
firms that the sensor response was from the binding of IgGs
to anti-IgGs and the target protein may be selectively
detected by the TRGO FET sensor at low concentrations in
the presence of mismatched/nonspecific proteins.

The reported sensor performance may be further
improved by optimizing the TRGO FET device. The TRGO
morphology, the number of TRGO sheets, the level of
TRGO reduction, and the metal/TRGO interface may poten-
tially influence electrical properties of the FET device and
thus the sensor performance. The morphology (wrinkles,
folds, number of layers) of the TRGO was determined by the
quality of GO sheets and may be controlled by the GO
preparation process. The number of GO sheets on the
electrodes may be controlled by adjusting the concentration
of the GO solution. The reduction level of TRGO was
controllable through conditions used for the thermal treat-
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ment, such as treatment temperature, gaseous environment,
and duration. The metal/TRGO interface was highly sus-
ceptible to modulations by adsorbed species and the
Schottky barrier of the interface may lead to a significant
change in the device conductance. Therefore, controlled
thermal treatments may be used to effectively achieve the
desired level of reduction in TRGO and to minimize the
contact influence on the sensing response.

The dependence of the sensor response on the TRGO base
resistance and the antibody areal density was systematically
studied. A correlation was found to predict the sensor
response as a function of the TRGO base resistance and the
antibody areal density. With larger TRGO base resistance
and higher antibody areal density, the sensor response was
stronger. Along this line, the lower detection limit of the
sensor was achieved at 0.2 ng/mL level by tuning the TRGO
base resistance and the antibody areal density. Results from
the parametric studies present a way to optimize the sensor
structure for enhanced sensor performance. This sensor
structure could be used in diagnostics for probing proteins
with very low concentrations and is potentially useful in
detecting different types of biomolecules using correspond-
ing Au NP-biomolecule conjugates.

Example 5
Sensing Mechanism

An SEM image of the Au sensor electrodes on a silicon
wafer with parallel interdigitated fingers is shown in FIG. 8.
The TRGO FETs 10 were fabricated through dispersing GO
sheets 35 onto the sensor electrode so that GO sheets 35
spanned between the drain 30 and the source 25 electrodes.
The GO sheet 35 was a carbon network with hydroxyl and
epoxide groups on either side of the sheet, whereas with
carboxyl and carbonyl groups on the sheet edges. The
saturated sp3 carbon, the high density of electronegative
oxygen atoms, and other “defects” gave rise to an energy gap
in the electron density of states and made GO sheets
non-conductive. In the Examples previously described
above, thermal treatment to the GO sheet was carried out in
an argon flow at 200° C. for 1 hr and it was found that the
GO sheet 35 was partially reduced to the conductive TRGO
sheet. In this Example, the GO sheets were reduced at 400°
C. for 1 hr and the successful reduction of GO sheets was
confirmed as evidenced by the resistance level of the TRGO
devices (540Q-3.6 MQ). As shown in FIG. 8, the TRGO
sheet 35 worked as the conducting channel in the sensor 10,
while the antibody 50 was anchored to the TRGO surface 35
through Au NPs 45 and functioned as the probe protein. The
binding site of an antibody was located in the Fab portion of
the molecule and was constructed from the hypervariable
regions of the heavy and light chains. At the molecular level,
an antigen 55 was characterized by its ability to be “bound”
at the antigen-binding site of an antibody 50 and antibodies
50 tended to discriminate between the specific molecular
structures presented on the surface of the antigen 55. Thus,
the antigen-antibody reactions were like a key (antigen 55)
which fits into a specific lock (antibody 50). The bonds that
hold the antigen 55 to the antibody binding site were
non-covalent in nature, such as hydrogen bonds, electro-
static bonds, van der Waals forces, and hydrophobic bonds.
The sensor configuration allowed the direct diffusion and
binding of the target protein (antigen) to the probe protein
(antibody) on the Au NP and the binding induced a conduc-
tivity change in the TRGO channel, which was measured by
the drain current in FET and direct current measurements.
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FIG. 9 shows the typical FET and I-V curves of the TRGO
sensor treated with Au NP-anti-IgG conjugates and IgG
(sample GO3 in Table 1). Table 1 shows the sensor param-
eters and responses to 2 ng/ml. IgG using different NP sizes
(10 and 20 nm) and different reduction conditions (400° C.
and 200° C. in Argon for 1 hr). The uncertainty of the sensor
responses was obtained from the forward and backward FET
measurements (two sensors were tested for each sensing
case).

TABLE 1
Anti-

Au GO TRGO AuNP  body

NP reduction resist- areal areal Sensor

size temperature  ance  density density response
Sample  (nm) °C) (10*Q)  (um?)  (um?) (AR/%)
GO1 10 400 0.054 225 270.2 6.6 0.9
GO2 10 400 098 213 254.8 153 25
GO3 10 400 4.26 26.7 3203 441 =x55
GO4 10 400 120 22.5 269.7 60.9 = 11.7
GOs 10 400 5.09 121 144.7 18.6 = 6.4
GO6 20 400 3.37 1.9 93.1 45+ 1.6
GO7 20 400 3.36 4.6 2218 264 =12
GO8 20 400 360 2.0 946 37564
GO9 20 200 7.81 8.0 384.1 10.8 = 1.6

The FET and I-V results of the 10 nm Au NP-antibody
sensor were very similar to the results for the 20 nm
counterparts (Mao et al., Carbon (2010) 48:479). The gate
voltage dependence of the drain current I, of TRGO (FIG.
9(a)) shows that the TRGO was p-type; and with V, ramping
from negative to positive, the drain current slowly decreased
and the Dirac point of the transistor was beyond +40 V. The
on-off ratio of the TRGO FET was small, which was mainly
because the GO sheets were partially reduced and the FET
test was performed in ambient environment. With the FET
test in a vacuum, the on-off ratio of the TRGO was higher
than that in the ambient environment and the TRGO was
ambipolar (Jung et al., Nano Lett. (2008) 8:4283; Li et al.,
J. Am. Chem. Soc. (2009) 131:15939). In the sensing step
(FIG. 9(a), inset), with the introduction of the IgG solution
to the sensor, the drain current I, decreased, which may be
explained by the increase of the electronic scattering centers
on the TRGO sheet and the gating effect of the accumulated
charges from IgG proteins. From the FET results, the slopes
of the FET curves were almost the same before and after the
introduction of IgGs, indicating that the attached IgGs had
an insignificant effect on the carrier mobility in the TRGO.
The change in the carrier density might be responsible for
the resistance change in the TRGO, which may be evaluated
by the Dirac point shift. To accurately evaluate the carrier
density change, a new sensor structure with a single TRGO
sheet with well-defined geometry was needed. The direct
current measurement results (FIG. 9(5)) also indicated that
the sensor resistance increased after the adding of IgG,
which was in accord with the FET measurement results.
Control experiments were performed on a pristine TRGO
device (i.e., device without anti-IgG functionalization). The
device resistance increased upon the introduction of 2
ng/ml, IgG; however, the sensor signal from nonspecific
binding of IgG to TRGO was much smaller than that from
the binding of IgG to anti-IgG (i.e., device with anti-IgG
functionalization).

The specificity of the sensor was also studied with non-
specific proteins and the results showed that the sensor had
much smaller response to nonspecific proteins and buffer
solution. The FET and direct current measurement results
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are shown in FIG. 10. The device resistance change was
about 26%. In addition to its nonspecificity, this response
was much smaller than that from a sensor with the same
TRGO resistance (R=7.2x105Q) and high antibody areal
density (250/um2), which had a 55% sensing response for 2
ng/ml, IgG. In the sensing platform reported here, the
nonspecific binding was greatly diminished by treating the
device with blocking buffer.

Because the resistance change in TRGO was used to
describe the sensor signal and the binding of antibodies to
antigens directly led to the sensor signal, these two param-
eters were chosen for parametric studies. Since the TRGO
sheets were randomly dispersed on the electrodes, and the
sheet size and the sheet layout were different for each sensor,
it was difficult to precisely describe the configuration of the
TRGO sheet simply using a single parameter such as the
number of TRGO sheets or the surface area of TRGO sheets
on the electrode. The overall sensor base resistance (before
the Au NP-antibody assembly) was used to evaluate the
TRGO sheet configuration, and the resistance value was
representative of the overall geometric configuration of the
TRGO sheet (e.g., the number of TRGO sheets, the number
of layers in each TRGO sheet, the size of an individual
TRGO sheet, and the layout of the TRGO sheet on the
electrode). In general, a smaller sensor base resistance
corresponded to a larger GO concentration before dispersion
since more TRGO sheets resulted in more conducting chan-
nels in the FET sensor. The TRGO base resistance was
controlled by adjusting the concentration of the GO solution.
For the antibody areal density, since the number of antibod-
ies on a single Au NP changed with the size of the Au NP,
the antibody areal density on the TRGO was controlled by
varying the Au NP size as well as the concentration of the
Au NP-antibody colloidal solution.

To quantitatively evaluate the dependence of the sensor
response on the TRGO base resistance and the antibody
areal density, sensors with different parameters were tested
and the results are summarized in Table 1. The sensor base
resistance was calculated from the FET curve and the
antibody areal density was obtained by the product of the Au
NP areal density and the number of antibodies on each Au
NP. There were approximately 12 antibodies on each 10 nm
Au NP and 48 antibodies on each 20 nm Au NP. The Au NP
areal density was defined as the number of Au NPs per unit
surface area of the TRGO (per wm?), which was obtained by
time-consuming SEM imaging analysis. For each sensor,
SEM images were taken at randomly-picked locations on the
electrodes, and the number of NPs and the surface area of
TRGO sheets were measured directly from the images. The
calculated Au NP areal density was the average value from
different locations on the sensor.

From Table 1, the Au NP areal densities of the samples
GO1-GO4 were similar, ranging from 21.3 to 26.7 um?; but
the sensor resistance increased from 5.40x10°Q to 1.20x
10°Q. From the corresponding sensor responses, the sensor
response increased with the increase of the TRGO base
resistance, in which the amplitude of the response was
enhanced nearly ten times from 6.6% to 60.9%. With the
same IgG concentration and similar Au NP areal density (all
10 nm Au NP), the increase of the sensor response was
attributed to the TRGO base resistance in the sensor or the
GO concentration prior to the drop-casting. Low. TRGO
base resistance (high GO concentration) led to the overlap-
ping layout of the TRGO sheets between the Au electrodes,
in which the underneath TRGO sheets did not directly
contact the Au NP-antibody conjugates. In this case, the
conductivity, of the underneath TRGO sheets remained
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unchanged during the protein sensing; therefore the overall
relative change in the sensor resistance was smaller.

To study the antibody areal density influence on the sensor
response, sample GOS with a lower Au NP areal density was
prepared. SEM images of the samples with high (GO2) and
low (GO5) Au NP areal densities were compared and shown
in FIG. 11. From the SEM images, single or multiple pieces
of TRGO sheets were hanging between an electrode gap and
the size of the TRGO sheets varied from hundreds of
nanometers to one or two microns. Also, individual Au NPs
were found uniformly distributed on the TRGO surface and
no agglomeration of the NPs was observed. In our platform,
the hybrid structure of Au NP-antibody conjugates immo-
bilized on TRGO sheets were stable with several cycles of
washing and drying as evidenced by SEM images. Based on
TEM images, there were much more Au NPs on the TRGO
sheets in sample GO2 than in sample GOS5; and the calcu-
lated Au NP areal density was 21.3/um® for GO2 and
12.1/um? for GOS3, respectively. In addition, the SEM
images clearly showed the overlapping layout of the TRGO
sheets between the Au electrodes and the underneath TRGO
sheets were not functionalized with the Au NP-antibody
conjugates, which further supports the previous discussion
above on the TRGO base resistance and the sensor response.

By comparing sensing results from samples GO3 and
GOS3, which have similar TRGO base resistance (4.26x10*
and 5.09x10*Q) and different antibody areal density (320.3
and 144.7/um?), the sensor response increased from 18.6 to
44.1% with higher antibody areal density. During the protein
sensing, there may be more chance for target proteins to bind
with antibodies on the TRGO with a higher antibody areal
density, thereby leading to more antibody-antigen complex
and thus larger response from the sensor.

To quantitatively describe the dependence of the sensor
response on the TRGO base resistance and the antibody
areal density on the TRGO sheet, sensor response vs. TRGO
resistance®~ xantibody areal density” (Q°>/um*) was plotted
in FIG. 12 for samples GO1-8 (both 10 and 20 nm Au
NP-antibody conjugates). The trend line from the plotted
points suggested that a correlation existed between the
sensor response and the TRGO base resistance and the
antibody areal density. The corresponding Eq. 1 shows the
dependence of the sensor response on the sensor parameters,
in which S is the sensor response, R is the TRGO resistance,
D is the antibody areal density, and A, B are constants. The
square root of TRGO resistance and the square of the
antibody areal density were selected as the independent
factors to obtain the best fit curve and the corresponding R>
was 0.97. Based on the trend line, the calculated constants
A and B were 14.60 and -205.77, respectively. This equation
interprets that the sensor response increased with the
increase of the TRGO base resistance and the antibody areal
density.

S=dxIn(VExDE)+B 0

From Eq. 1, the sensor response to 2 ng/mL IgG may be
estimated with known sensor parameters; however, if the
sensor fabrication condition was different, e.g., with differ-
ent GO reduction temperature, the equation should be modi-
fied. For instance, the sensor response to 2 ng/m[ IgG using
20 nm Au NP-antibody conjugates with a GO reduction
temperature at 200° C. was tested as 10.8% (sample GO9,
Table 1), in which the TRGO base resistance was 7.81x10*Q
and the antibody areal density was around 384.1/um?. Tak-
ing these values into the equation, the calculated sensor
response was 50.8%, which was much larger than the tested
sensor response. The difference between the calculated and
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tested sensor response may be explained by the inherent
difference in the sensor fabrication condition. In sample
GO9, the GO reduction temperature was 200° C., which was
lower than that of samples GO6-8 (400° C.); and lower
reduction level leads to higher TRGO base resistance and
thus higher response from the prediction. When applying
Eq. 1 to estimate the sensor response, the constants A and B
should be modified according to different sensor fabrication
conditions. Nevertheless, Eq. 1 successfully predicts the
dependence of the sensor response on the sensor parameters
for a particular situation and higher sensor response may be
expected with larger TRGO base resistance and higher
antibody areal density.

To determine the sensor’s lower detection limit using 10
nm Au NP-antibody conjugates, a sensor with large TRGO
base resistance (7.2x10°Q) and high antibody areal density
(229/um?®) was prepared, and the corresponding FET sensing
curves to [gG-free PBS buffer and 0.2 ng/mL IgG are shown
in FIG. 13(a). The FET curves show that the drain current
decreased after adding PBS buffer and IgGs. PBS buffer lead
to only 1.9% increase in the TRGO sensor resistance while
the sensor response to 0.2 ng/ml IgG was 10.3%, which was
larger than and was differentiated from the influence of the
PBS buffer. Therefore, the lower detection limit of the new
sensor was determined as about 0.2 ng/ml., which was one
order lower than that of the non-optimized TRGO FET
biosensors previously described above. The sensor sensitiv-
ity (relative resistance increase, %) as a function of the IgG
concentration (g/ml.) was also obtained from the optimized
sensor and presented in FIG. 13(4). The sensor response
increased non-linearly with the increase of the IgG concen-
tration from 0.2 ng/mL to 0.2 mg/ml., which showed that the
sensor response was directly from the binding of IgGs to
anti-IgGs and the level of sensor response depended on the
IgG concentration.

Based on Eq. 1, it was predicted that the lower detection
limit of the sensor may be further improved. A sensor
fabricated with a single piece of single-layer, large TRGO
sheet having the highest antibody areal density that can
possibly be achieved, i.e., the largest product of TRGO base
resistance square root and the antibody areal density square,
is predicted to have a better performance. To fabricate a
single piece TRGO sheet FET sensor, the GO sheets is first
deposited on the silicon wafer and then pattern Au electrodes
are placed on the top of the single GO sheet. Alternatively,
a highly dilute GO solution with extremely low concentra-
tion is prepared and drop-casted onto the Au electrodes to
generate a single GO sheet bridging the electrode gap. The
Au—NP antibody conjugates at higher concentrations while
avoiding the agglomeration of NPs in the solution, would
achieve a higher NP areal density on the TRGO sheet. The
estimated antibody areal density limit in a closely packed
model with the nanoparticle size and the corresponding
antibody number on each nanoparticle was determined. The
calculated antibody areal density limit was 1.28x10°/um>
when using 10 nm Au NP. The quality of the GO sheet, the
reduction level of the TRGO, and the TRGO/Au electrode
interface may also be changed to influence the electrical
properties of the TRGO FET and thus the sensor perfor-
mance. These parameters can be controlled by annealing
temperature and duration.

Example 6

TiN/NG Synthesis

The graphene oxide (GO) was synthesized via a modified
Hummers method by using natural graphite as source (Kov-
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tyukhova et al., Chem. Mater. (1999) 11:771; Hummers et
al., Am. Chem. Soc. (1958) 80:1339). C;N /GO was pre-
pared by adding 10 mL 50% cyanamide solution (Sigma)
into 100 mL graphene oxide solution (about 1.2 mg/mlL.) at
80° C. with continuous stirring until completely dry. The
gray products were then heated at 400° C. for 1 hr to grow
C;N, polymer film on the surface of the GO (C;N,/GO). To
prepare the TIN/NG, 1.0 g C;N,/GO powder was dispersed
in 20 mL ethanol with the assistance of sonication; 1.5 mL
tetrabuty] titanate was then added together with continuous
stirring for 2 hr. The mixed products were then filtered and
washed with ethanol and distilled water for twice, respec-
tively. After drying at 80° C., the products were heated to
750° C. at a rate of 3° C./min under argon atmosphere and
further annealed at 750° C. for 2 hr to evolve into the
TiN/NG.

TaON/NG and GaN/NG were prepared through a similar
procedure using TaCly and GaCl,, respectively, as the
source. Specifically, 1.0 g C;N,/GO powder was dispersed
in 20 mL ethanol solution with the assistance of sonication,
and 1.5 mmol (about 0.54 g) TaCl; was added under vigor-
ous stirring for 2 hr. After filtering and drying, the solid
products were heat-treated using the same procedure as that
for TIN/NG. And for the GaN/NG nanohybrids, 2 mmol
(about 0.35 g) GaCl, was added into 20 mL 0.05 g/mL
C,N,/GO suspension with continuous vigorous stirring for 2
hrs, and the subsequent treatment was the same as that used
for above two nanohybrids. The nitrogen-doped graphene
(NG) was prepared through annealing the C;N,/GO at 750°
C. under argon atmosphere for 2 hr.

Example 7
Characterization of TiN/NG

The X-ray powder diffraction (XRD) patterns were con-
ducted on a Bruker D8 diffractometer equipped with a
scintillation counter and Cu KR radiation reflection mode.
X-ray photoelectron spectroscopy (XPS) was carried out
using VG ESCA 2000 with an Mg Ko as source and the Cls
peak at 284.6 eV as an internal standard. The samples were
characterized by using a Zeiss EM902 80 KV Filte trans-
mission electron microscope (TEM) with Henry-Casting
Energy, FEI Tecnai F20 ST 200 KeV high-resolution trans-
mission electron microscope (HRTEM) and a LEO 1530
field emission scanning electron microscope (FESEM). N,
adsorption-desorption measurements were carried out at 77
K using a Quantachrome Autosorb gas-sorption system.

FIG. 14 describes the procedure for typical synthesis of
metal-nitride/NG nanohybrids. Firstly, a film of C;N, poly-
mer was coated on graphene oxide (GO) through initial
aminations interaction between GO and cyanamide, which
was followed by further polymerization of cyanamide on the
GO surface. The C;N,/GO was then dispersed in aqueous or
ethanol solution containing the metal source for effective
adsorption of metal ions in the C;N, polymer. The resulting
product was then annealed to decompose C;N, polymer to
produce nitrogen-containing gases (Jun et al., Nat. Mater.
(2009) 8:76), which finally led to reduction of GO, nitrogen
doping in graphene, and the formation of metal-nitride
nanoparticles on graphene (MN/NG) through nitrided reac-
tion. Taking TiN/NG as an example, it was observed that,
according to transmission electron microscopy (TEM) imag-
ing, the contrast of TiN/NG (FIGS. 15(a) and 15(5)) fell
between GO (FIGS. 15(c) and 15(d)) and C;N,/GO (FIGS.
15(e) and 15(f)), indicating the successful evolution from
GO to C;N,/GO and finally to TiN/NG.
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The morphology of the as-prepared TiN/NG hybrid was
examined using field-emission scanning electron micros-
copy (FESEM). The FESEM image in FIG. 16(a) presents
an overview of the TiN/NG nanohybrids, revealing that the
sample includes a flexural sheet structure. FIGS. 16(5) and
16(c) show TEM images of the TiN/NG nanohybrids with
one sheet and several overlapping sheets, respectively, dem-
onstrating that the nanohybrids well maintain the 2D struc-
ture of GO. A typical magnified TEM image of TiN/NG
hybrids is shown in FIG. 16(d), in which one can observe
that a large number of TiN nanoparticles are uniformly
decorated on the graphene surface. The inset of FIG. 16(d)
is the selected area electron diffraction (SAED) pattern of
the TiN/NG nanohybrids, in which a series of well-defined
rings was assigned to various diffraction planes of face-
centered cubic (fcc) TiN. The crystallinity of TiN nanopar-
ticles anchored on the NG was further examined through
high resolution TEM (HRTEM) image shown in FIG. 16(e)
and its inset. Well-defined crystalline lattice was observed
with a spacing of 0.254 nm corresponding to (111) plane of
TiN, and the diameter of a typical TiN nanoparticle was
estimated as 4.7 nm. Additionally, the edge of the graphene
was observed as indicated by the arrow.

The crystallographic structure of the TiN/NG was further
investigated by powder X-ray diffraction (XRD) (FIG.
16(f)). The crystallinity of TiN nanoparticles was evidenced
by the diffraction peaks corresponding to (111), (200), and
(220) peaks from fcc TiN (JCPDS no. 38-1420). According
to the Scherrer formula (Scherrer, Nachr. Ges. Wiss. Gt-
tingen 26: 98-100 (1918); Langford et al., J. Appl. Cryst.
11:102-113 (1978)), the average size of TiN nanoparticles
was estimated to be 4.9 nm based on the half peak width of
the TiN (200) peak, which was consistent with the HRTEM
result. There are no other peaks present except for a weak
peak at about 25.5° that corresponds to the (002) plane of
NG sheets, suggesting that pure phase TiN was formed on
the graphene surface during the synthesis process. The
synthesis strategy may be extended to prepare other metal
nitride modified graphene nanohybrids. For instance, using
the similar method, TaON/NG (FIG. 17) and GaN/NG (FIG.
18) nanohybrids were prepared, in which both TaON and
GaN nanoparticles was uniformly deposited on the graphene
surface.

Quantitative determination of the elemental composition
was performed for TiN/NG samples by energy-dispersive
X-ray spectroscopy (EDS, FIG. 19), revealing that the
Ti:N:C elemental ratio was 1:1.4:4.4. Since XRD results
confirmed that nanoparticles on graphene were pure phase
TiN with a ratio of Ti:N=1:1, it was reasonable to estimate
that the mass loading of TiN was as high as 51.5%. X-ray
photoelectron spectroscopy (XPS) was further conducted to
characterize the TiN/NG hybrids. FIGS. 20(a)-20(c) show
the high-resolution N1s spectrum of Ti 2p, C 1s and N 1s
respectively. The complex XPS N 1s spectra was fitted to
five components of the binding energy. The binding energy
at 397.2 eV was ascribed to nitridic N from TiN, while the
other four curves corresponded to pyridine-like N (398.4
eV), pyrrole-like N (399.9 eV), graphite-like N (401.3 eV),
and pyridine N-oxide (403.0 eV), respectively, indicating
that these N species originated from doped N in NG. Based
on the elemental analysis, the C/N molar ratio in NG was
around 11. This result was in agreement with the pure phase
NG samples (FIG. 21) synthesized by heat treatment of
C;NL/GO.
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Example 8

Catalytic Activity

The catalytic activity for NADH oxidation was performed
using a three-electrode system, in which the Pt gauze and
Ag/AgCl (3.0 M KCl) electrode were used as the counter
electrode and the reference electrode, respectively. The glass
carbon (GC) electrode was firstly polished using 0.3 and
0.05 um alumina slurries. After washing with water and
acetone, the GC was subjected to ultrasonic agitation for 2
min in ultrapure water. After drying, a homogenous suspen-
sion containing 2.5 mg/mL TiN/NG or NG was prepared by
adding 2 mg samples into 1 ml 0.5% Nafion aqueous
solution. 6.0 pL. aliquot of this solution was then pipetted
onto the surface of a freshly treated GC electrode by using
a syringe. A beaker was covered over the electrode so that
water evaporated slowly in air and a uniform film electrode
was formed. Cyclic voltammetry were conducted in 0.1 M
PBS (pH 7.0) solution containing different concentrations of
NADH (beta-nicotinamide adenine dinucleotide, reduced
Na,-salt) at scan rate 50 mV/s. And time based amperometry
was obtained at an applied potential of +0.1 V with succes-
sive addition of for NADH. For preparing the TiN/NG-LDH
electrode, 0.1 mL of well-dispersed TiN/NG suspensions
(2.5 mg/ml.) were mixed with 0.1 ml, D-lactate dehydro-
genase solution (1.0 mg protein/mL), and 6.0 pl. of the
solution was drop cast onto the surface of a GC electrode to
obtain TiN/NG-LDH electrode. The amperometry was con-
ducted at an applied potential of +0.1 V with successive
addition of lactate in 0.1 M PBS (pH 7.0) solution containing
5.0 mM NAD (beta-nicotinamide adenine dinucleotide).

The TiN/NG nanohybrids additionally showed excellent
catalytic activity toward oxidation of NADH (nicotinamide
adenine dinucleotide, reduced form). FIG. 22(a) presents the
CVs of bare glass carbon (GC), NG, and TiN/NG modified
electrodes in phosphate buffer solution (PBS, pH=7.0) con-
taining 0.5 mM NADH recorded at 50 mV/s. Obviously, the
TiN/NG electrode led to a remarkable increase of the peak
current in comparison with the bare GC electrode and the
NG electrode. Moreover, the peak potential markedly shifts
from 0.76 V for the bare GC electrode to 0.23 V for the
TiN/NG electrode, indicating a considerable decrease (by
0.53 V) in the overpotential of NADH oxidation reaction.
Although the NG electrode also showed an anodic peak at
around 0.25 V, the peak current was too small compared
with TIN/NG electrode. As expected, the TiN/NG electrode
brings forward a gradual increase of anodic peak current
with the increase of the NADH concentration (FIG. 23),
signifying that the TiN/NG electrode could provide a reli-
able platform for determination of NADH. FIG. 22(b)
presents the typical amperometric response at the TIN/NG
electrode with successive addition of different concentra-
tions of NADH at an applied potential of +0.1 V, which
shows a wide linear dynamic range from 2.0 to 687 uM with
a correlation coefficient of 0.9937 and a high sensitivity of
0.0458 mA/mM. The detection of NADH is of great sig-
nificance in the biosensor field because NADH is a side
product of more than 300 NAD(P)* dependent dehydroge-
nase enzymes. Many important biological analytes can be
determined by coupling the desired dehydrogenase enzyme
with an effective detector of NADH. Therefore, the TiN/
NG-LDH (lactate dehydrogenase) modified electrode was
fabricated as a lactate biosensor (FIG. 22(¢)), in which the
electrochemical biosensor can respond to the addition of
lactate since the lactate reacts with substrate (NAD*) to
generate NADH that was detected by the TiN/NG electrode.
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As shown in FIG. 22(d), the successive addition of different
amount of lactate gave rise to the proportional amperometric
response in the range of 0.01 to 0.22 mM with the TiN/NG-
LDH electrode. The regression equation of the calibration
plot was C (uM)=0.037 I (uA)+2.05 with a correlation
coeflicient of 0.9982. In addition, the TIN/NG-GC electrode
displayed a detection limit of 5x10~% M with a signal/noise
ratio of 2 and a response time of about 5 sec. All of the
parameters indicated that the TiN/NG-LDH modified elec-
trode was very effective as a biosensor for determining the
lactate because the TiN/NG possesses excellent catalytic
properties for NADH oxidation with high activity and low
overpotential.

Example 9
Simulation Methods

Density functional theory (DFT) calculations were imple-
mented in the simulation package flair (Weinert et al., Phys.:
Condens. Matter (2009) 21:084201) using the all electron
full potential linearized augmented plane wave (FLAPW)
(Petersen et al., Computer Physics Communications (2000)
126:294) for the treatment of the core electrons interaction
with the local density approximation (LDA) for the
exchange and correlation. In all calculations, cutoffs of wave
function and potential representations were 9.0 Ry and 144
Ry, respectively. Brillouin zone was sampled using an
equivalent Monkhorst-Pack k grid of 12x12x12 for the
graphene unit cell. The muffin tin radii for carbon, nitrogen
and titanium atoms were 1.0, 1.0 and 2.0, respectively. To
prevent the interaction between adjacent layers, a vacuum
region of 20 A was used in the vertical direction. All these
parameters have been tested to obtain converged results. In
the optimization process, positions of atoms were relaxed
until the energy difference within two subsequent steps was
less than 1x107°. Hartree and the Hellman-Feynman forces
on each nuclei was less than 1x10™* Hartree/a.u. All the
calculations were carried out in the graphene 2x2 cell with
8 carbon atoms. For the pure graphene, the lattice constant
was fixed at the experimental value of 2.46 A. A slab of
4-bilayers of alternating Ti and N atoms was used to
simulate the bulk TiN crystal. In the super cell, the first layer
of' metal Ti contained 3 atoms, 1 sitting just above the center
of graphene hexagon and the other 2 sitting at the atop sites.
During the relaxation, the C atoms and size of super cell
were fixed while the slab was allowed to fully relax.

The first-principle DFT calculations were performed to
obtain better understanding of the multifunctional catalytic
properties in the TiN/NG nanohybrids. The results suggest
that Ti atoms of TiN can interact with the graphene to form
chemisorption interfaces via metal carbide bonding. The
plane-averaged charge density difference along the z axis
likely pushed electrons into the middle region of the gra-
phene and contacts TiN nanoparticles, which enabled the
whole system to act metallically so that the electronic
structure of graphene was disturbed (FIG. 24). Conse-
quently, the TiN-graphene hybrids can provide the channel
of electron transfer through orbital hybridization and thus
show catalytic properties for electrochemical oxidation and
reduction of some electroactive substrates.

Based on the above results, it appears that the electro-
catalytic activity of TiN/NG mainly arises from synergetic
effects between TiN and NG. In addition, TiN nanoparticles
were uniformly decorated on the NG surface while main-
taining a high surface area (136.2 m%g, FIG. 25). The
uniform decoration and high surface area may provide
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reactants with more active sites in TiN nanoparticles. On the
other hand, the excellent conductivity of NG provides a path
for transferring electrons back and forth between the elec-
trode and the external circuit, which may also play a key role
toward the enhanced performance of TiN/NG-based biosen-
SOIS.

Example 10
TiN/NG Nanohybrid FET-Based Biosensor

Gold interdigitated electrodes with both finger width and
inter-finger spacing (source and drain separation) of about 1
um and thickness of 50 nm are fabricated using an e-beam
lithography process (Raith 150 lithography tool, 30 kV) on
an Si wafer with a top layer of thermally-formed SiO,
(thickness of 200 nm). TiN/NG nanohybrid sheets synthe-
sized according to Example 6 are placed between the
electrodes. One droplet (0.02 mL) of the TiN/NG nanohy-
brid suspension (0.6 mg TiN/NG/mL) is pipetted onto the
electrodes and is dried under room temperature. The dis-
tance between the TiN/NG nanohybrid sheet and the SiO,
surface is around 50 nm. The device is then annealed in
argon flow (1 L/min) for 1 hr at 200° C. to reduce the
TiN/NG nanohybrid sheets, remove residue solvents, and
improve the contact between the TiN/NG nanohybrid sheets
and electrodes. The Au NP-antibody conjugates are
assembled onto the surface of the TiIN/NG nanohybrid sheets
using the drop casting method or ESFDA method described
in Example 1. The TiN/NG nanohybrid FET-based biosensor
is used to sense and detect proteins as described in Example
1.

We claim:

1. A field-effect transistor (FET)-based sensor, the sensor
comprising: a nanostructure, nanoparticles in contact with
the nanostructure, and one or more biomolecules in contact
with the nanoparticles, wherein the nanostructure comprises
a reduced graphene oxide sheet; and wherein the nanopar-
ticles comprise gold.

2. The FET-based sensor of claim 1, wherein the nano-
structure comprises a thermally-reduced graphene oxide
sheet.

3. The FET-based sensor of claim 1, wherein the nano-
structure comprises a metal nitride/graphene nanohybrid
sheet.

4. The FET-based sensor of claim 3, wherein the metal
nitride comprises titanium nitride (TiN), tantalum oxynitride
(TaON) or gallium nitride (GaN).

5. The FET-based sensor of claim 4, wherein the metal
nitride/graphene nanohybrid sheet comprises nitrogen-
doped graphene (NG).

6. The FET-based sensor of claim 4, wherein the metal
nitride/graphene nanohybrid sheet comprises TiN/NG.

7. The FET-based sensor of claim 1, wherein the biomol-
ecule is selected from the group consisting of an DNA,
protein, bacteria, virus, or fungi.

8. The FET-based sensor of claim 7, wherein the protein
is one of an enzyme, a substrate, an antigen, an antibody, a
ligand, an aptamer and a receptor.

9. The FET-based sensor of claim 8, wherein the protein
comprises an antibody.

10. The FET-based sensor of claim 1, wherein the nano-
particle is in contact with the nanostructure by non-covalent
bonding.

11. The FET-based sensor of claim 10, wherein the
nanoparticle is in contact with the nanostructure by van der
Waal forces.
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12. A method of detecting a target biomolecule in a
sample, the method comprising:

(a) contacting the FET-based sensor of claim 1 with a
sample containing or suspected of containing the target
biomolecule; and

(b) monitoring a change in an electrical characteristic.

13. The method of claim 12, wherein the change in an
electrical characteristic as a function of time indicates the
presence of the target biomolecule.

14. The method of claim 13, wherein the electrical char-
acteristic is selected from the group consisting of conduc-
tance, capacitance, potential, resistance, and inductance.

15. The method of claim 13, wherein the sample is a gas
sample or a liquid sample.

16. The method of claim 13, wherein the method detects
atarget biomolecule selected from the group consisting of an
enzyme, a substrate, an antigen, an antibody, a ligand, an
aptamer, a receptor, a nucleic acid, and a microorganism.

17. A method of making the FET-based sensor of claim 1,
the method comprising:

depositing the one or more nanoparticles conjugated with
the one or more proteins onto the nanostructure.

18. The method of claim 17, wherein the one or more
nanoparticles are deposited onto the nanostructure using
electrospray and electrostatic force directed assembly
(ESFDA) or drop-casting.

19. A field-effect transistor (FET)-based sensor, the sensor
comprising: a nanostructure, nanoparticles electronically
coupled to the nanostructure, and one or more probe mol-
ecules in contact with the nanoparticles, wherein the nano-
structure comprises a reduced graphene oxide sheet, and
wherein the nanoparticles comprise gold.
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