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Preface

Over the past few decades, various nanomaterials, such as gold nanoparticles,
carbon nanotubes, quantum dots, magnetic beads, polymers, carbon dots, etc., have
received intense scientific attention and offered promising applications in biosen-
sing, energy, medicine, imaging, electronics, as well as the interdisciplinary fields,
attributing to their unique optical, electrical, chemical, and mechanical properties.
However, interests and efforts are always devoted to finding new materials and
exploring their new properties to fulfill the ever-increasing needs, and great pro-
gress has been achieved in these aspects. As the newly found material, graphene, a
single layer of sp>-bonded carbon atoms arranged in a two-dimensional honeycomb
lattice, has gained scientific attention from all over the world since its first total
discovery in 2004 by K.S. Novoselov and A K. Geim. The unique structure and
atom configuration of graphene endows it with outstanding properties, such as large
theoretical surface area up to 2,630 m?%/g, high charge carrier mobility at room
temperature (~2.5 x 10° cm?/V s), good optical transparency (~97.7 %), excellent
thermal conductivity (~5000 W/m K), high Young’s modulus (~ 1.1 TPa), and
quantum hall effect, etc., which are much more beneficial for its applications in
sensing, energy storage, flexible electronic devices, etc. In the area of sensing,
graphene has achieved a great success, but there are hurdles that must be overcome.
The main challenges include the exfoliation of high quality single-layer graphene
sheets, the prevention of self-aggregation of graphene sheets into a graphite-like
structure, the biocompatibility and maximized performance under physiological
conditions, which are the main focuses of the current volume.

We present the biocompatible graphene in bioanalytical applications, including
the use of simulations and bioinformatics-driven approaches for predictive mod-
eling of the interaction between graphene and biomolecules, various biomaterials
decorated graphene based on covalent or non-covalent modes, the enhancement of
analytical performances, the effective transduction of recognition event to the
detectable signals through optical, electrochemical, mechanical, electronic, and
other methods, the effective versatile/multiplexed targets recognition, the cytotox-
icity and sophisticated in-vivo imaging, etc. We highlight the recent progress in
bioassays toward various targets, for example, DNA, amino acid, peptide, protein,



vi Preface

enzyme, antigen, glucose, DA, AA, UA, ATP, NADH, cell imaging and drug
delivery, gas, other molecules and ions, etc. Along this line, particular emphasis is
placed on the well-designed strategies for graphene platform construction and target
determination. Also, future challenges and prospects of graphene in bioanalytical
applications are discussed.

We believe those who wish to have a complete overview of biocompatible
graphene in the bioassay fields, wise strategies to decorate graphene, and signal
transduction ways to maximize analytical performances, would benefit from this
book. Great appreciation is given to all authors, who made great contributions to the
book. And, of course, the organizational support from Springer in the production of
this book is gratefully acknowledged.

Yuwei Hu
Fenghua Li
Dongxue Han
Li Niu
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Chapter 1
Introduction

Abstract TUPAC defines graphene as a single carbon layer of the graphite struc-
ture, describing its nature by analogy to a polycyclic aromatic hydrocarbon of quasi
infinite size. This unique intrinsic structure endows graphene with remarkable
properties, which actually are largely determined by the methods used to fabricate
and exfoliate graphene sheets. Besides using the appropriate synthesis methods, one
commonly adopted strategy to improve and expand the performance of graphene is
to incorporate functional materials into graphene basal plane or edges based on
covalent or noncovalent interactions. Among these materials, biological materials,
such as DNA, peptide, protein, etc., behave as good candidates due to their unique
structure, biocompatibility, and renewability. Exfoliation and functionalization of
graphene using these materials are highlighted.

Keywords Graphene - Functional materials - Exfoliation - DNA - Peptide - Protein

Back to 1840s, German scientist Schafhaeutl reported the intercalation (insertion of
a small-molecule species, such as an acid or alkali metal, in between carbon
lamellae) and exfoliation of graphite (held by van der Waals forces among indi-
vidual layers) with sulfuric and nitric acids, which was the earliest report of graphite
oxide and graphite intercalation compounds. As early as the 1940s, a series of
theoretical analyses suggested that these layers—if isolated—might exhibit
extraordinary electronic characteristics. As time goes on, chemical and thermal
exfoliation, growth on transition-metal substrate, epitaxial sublimation of silicon
from silicon carbide, and micromechanically exfoliating graphite have been
adopted to exfoliate graphite. Interesting and important results were obtained,
which acted as prelude and paved the way for the finally successful exfoliation of
graphite. A specific illustration of the historical account of graphene would be
found at Ref. [1]. Till 2004 [2], Novoselov and Geim obtained single graphene
layer with a scotch tape and proved the thermodynamically stable existence of the
two-dimensional material at finite temperatures, leading the world into a ‘graphene
age’. Since then, tremendous amount of efforts has been devoted to investigating
the properties, fabrication, and applications of the thinnest material. Now the
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2 1 Introduction

exciting show of graphene is still ongoing and great advancements have been
achieved in the fields of physics, chemistry, materials, biology, and medicine, as
well as other interdisciplinary fields.

IUPAC defines graphene as ‘a single carbon layer of the graphite structure,
describing its nature by analogy to a polycyclic aromatic hydrocarbon (PAH) of
quasi infinite size’ [3]. PAH is a common name given to aromatic hydrocarbons,
which contain more than two unsubstituted fused benzene rings. Graphene mole-
cule is defined as large PAHs having sizes of 1-5 nm, while nanographene can be a
graphene fragment ranging from 1 to 100 nm in size. Once the size of the hexagonal
sp” carbon network exceeds 100 nm, they can be directly regarded as graphene, as
recently presented in an excellent review [4]. There are also graphene nanoribbons
(GNPs) [5-7], which are graphene strips with a width of less than 10 nm and
length/width ratio higher than 10, and graphene quantum dots (GQDs) [8], which
are relatively regular-shaped graphene units with sizes ranging from several to
100 nm. Despite the size and shape differences, the structure and composition of
these graphenes are basically the same, in which sp®>-bonded carbon atoms arrange
in a two-dimensional honeycomb lattice. The graphene honeycomb lattice is
composed of two equivalent sublattices of carbon atoms bonded together with o
bonds. Each carbon atom in the lattice has a 7 orbital that contributes to a delo-
calized network of electrons. The unique intrinsic structure endows graphene with
remarkable properties, such as large theoretical surface area (2,630 mz/g) [9], high
charge carrier mobility at room temperature (~2.5 X 10° cm*/V s) [10], good
optical transparency (~97.7 %) [11], excellent thermal conductivity (~ 5,000 W/
m K) [12], high Young’s modulus (~ 1.1 TPa) [13], and quantum hall effect [14].
These electronic, optical, thermal, and mechanical properties make graphene far
superior to its counterparts [15]. In reality, these superior properties are largely
determined by the methods which graphene is synthesized. In general, the most
often adopted methods for graphene preparation include mechanical exfoliation [2,
16], epitaxial growth [17, 18], chemical vapor deposition (CVD) [19-23], reduction
of graphene derivatives (viz. graphene oxide) [24-27], longitudinal ‘unzipping’ of
CNTs [28, 29], etc. Besides the above mentioned properties, large difference in
graphene size, defect, edge, chemical composition, number of layers, reactivity, and
dispersibility, etc. would also be observed with different synthesis strategies. To
best facilitate the application of graphene, one should particularly pay attention to
the preparation method and the properties. Detailed discussion of the properties and
synthesis of graphene is out of the scope of this book, which might be found in
some excellent reviews [4, 30-38].

One common strategy to improve and expand the performance of graphene is to
incorporate functional materials, such as inorganic nanoparticles [39—42], organic
structures [43-50], polymers [51-55], biomaterials [56—61], into graphene basal
plane or edges based on covalent or non-covalent interactions. The incorporation of
these functional materials into graphene sheets has two main merits: (a) efficiently
exfoliating graphene sheets. The high cohesive van der Waals energy (5.9 kJ/mol)
tends to adhere graphitic sheets to one another [62]. While the outstanding physical
and chemical properties of graphene are largely associated with its single-layer
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sheets. (b) Tailored-modification and synergic-effect resulting in the graphene-
based composites with superior properties, which are beneficial for practical per-
formances. Researches into graphene-based applications, such as biosensing,
electronics, energy, photovoltaics, catalysis, and so on, have been flourishing and
great progress has been made in the past few years, and many review papers have
been dedicated to these topics [15, 63—77]. In this book, we will present recent
advances on graphene and biocompatible materials decorated graphene in bioana-
Iytical applications toward detection of DNA, RNA, amino acid, peptide, protein,
enzyme, antigen, glucose, DA, AA, UA, ATP, NADH, gas, other molecules and
ions, etc. as well as cell imaging and drug delivery via various well-designed
strategies. First, exfoliation and functionalization of graphene by biomaterials, such
as DNA, peptides, and protein, are highlighted. Comparing with organic polymers,
surfactants, or nanoparticles, biological molecules emerge as appealing as func-
tional materials due to their unique structure, biocompatibility, and renewability,
which guarantee properties that are different from other substances. Then, signifi-
cant developments in the exploration of graphene and its hybrids for bioanalytical
applications employing various techniques are presented. The interaction mecha-
nisms of graphene with these targets and the signal-transduction manners are also
revealed.

Being first isolated by mechanical exfoliation using the ‘scotch tape’ method,
graphene can be prepared via ‘top-down’ strategies, as well as ‘bottom-up’ syn-
thesis approaches [75]. Despite these advances in the isolation of graphene, the
ability to generically tailor its physical and chemical properties has been limited by
its delicate structure. Different fabrication methods result in graphenes that differ in
size, defect, edge, chemical composition, number of layers, reactivity, and disper-
sibility, etc. and hence the properties, performances. Besides, the aggregation, poor
dispersity, or solubility in most common solvents of graphene sheets represents one
of the main obstacles encountering researchers. To date, the most often adopted
strategy to solve this problem is incorporating functional materials into graphene
sheets. The unique m-conjugated structure, oxygenic groups, and large surface area
of graphene enable it to be a good platform for functional materials anchoring based
on covalent or non-covalent binding. Covalent functionalization can trigger sym-
metry breakage of the graphene lattice, thereby altering its properties. Non-covalent
modification strategies may be limited in the scope of applicability. A general
method for chemical and biological modification of graphene with specific binding
motifs—while retaining the excellent properties of graphene—is thus highly desired
[60]. Among these functional materials, biological molecules, such as DNA, pep-
tides, proteins, serve as good candidates due to their unique structure, properties,
and biocompatibility. The combination of graphene and biomolecules demonstrates
a new type of nano-biomaterials, leading to a successful incorporation of the
properties of two different components that represent important features for
potential applications ranging from advanced biomedical systems by means of very
sensitive sensors and biosensors to highly efficient electronics- and optics-based
biotechnology.
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Previous studies have illustrated that hydrophobic carbon nanotubes (CNTs)
could be functionalized with single-stranded DNA (ssDNA) through non-covalent
n—7n stacking interactions involving both purine and pyrimidine bases of DNA
molecules [78]. The negatively charged phosphate backbones are oriented away
from the surface of the nanotube to produce a hydrophilic outer layer that facilitates
dispersal of the wrapped CNTs in aqueous medium. Inspired by this approach, for
the first time, the use of ssDNA in the preparation of stable aqueous suspensions of
graphene single sheets with concentrations as high as 2.5 mg/mL was demonstrated
by Mann and coworkers [79]. The spontaneous assembly of novel graphene-based
bio-nanocomposites had ordered lamellar nanostructures in which the entrapped
biomolecules were located specifically within the gallery regions of graphene
sheets. DNA molecules were adsorbed principally through hydrophobic as well as
weak electrostatic/hydrogen bonding interactions between primary amines of the
nitrogen bases, and the carboxylic and phenolic groups of the graphene sheets. As a
consequence, the biopolymer was oriented such that the charged and polar moieties
of the sugar-phosphate backbone were exposed to the solvent. The co-assembly of a
wide range of functional molecules such as dyes, electron transfer agents, protein,
and enzymes, or different types of metallic, semiconducting, or catalytic nanopar-
ticles with ssDNA-stabilized graphene sheets represented a new general route to
graphene-based lamellar materials. In a similar manner, thiol and pyrene-labeled
ssDNA were used to exfoliate graphene sheets, and the resulting bioconjugates
were then employed to scaffold the self-assembly of gold nanoparticles [80, 81].
The particular advantages of employing DNA are its unique molecular structure,
conformation, and the ability to hybridize with the complementary sequences and
the unwinding of duplex under certain conditions, which results in DNA confor-
mational transition. Based on these, DNA-directed reversible assemblies of
graphene sheets under pH-responsive [82] and heat-controlled [56] conditions were
successfully achieved. These studies provide a new insight for the assembly of
functionalized graphene with other building blocks, especially biomolecules, which
will help the rational design and preparation of hierarchical graphene-based
materials. A more specific illustration of the interaction mechanisms of DNA
assembly on graphene sheets would be revealed in the following DNA detection
part.

Peptides are molecules containing a broad chemical diversity (acidity, hydro-
phobicity, etc.) that can be achieved within a relatively compact size. A powerful
yet benign approach for chemical functionalization of graphene via comprehen-
sively screened phage displayed peptides was demonstrated by Cui et al. [60].
Results showed that graphene could be selectively recognized even in nanometer-
defined strips. Further, modification of graphene with bifunctional peptides revealed
both the ability to impart selective recognition of gold nanoparticles and the
development of an ultrasensitive graphene-based TNT sensor. Despite the extensive
investigation into the integration of graphene and NPs, the control of the size, array
density, and position of various NPs on isolated graphene is still a big challenge.
Recently, in a controllable manner, spontaneous organization of various nanopar-
ticles (i.e., Pt, Au, Pd, and Ru) was achieved by employing programmed-peptides
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as directing agents and graphene as preformed 2D templates [83]. The resultant
hybrid materials showed high electrocatalytic activity in the electrooxidation of
methanol. Different from the usually adopted methods employing graphene as the
template, a straightforward peptide-graphene hybrid assembly into core-shell
nanowires was demonstrated by single-step solution processing based on electro-
static attraction [57]. The resultant core-shell nanowires exhibited electroconduc-
tivity through their continuous graphene shell. Further processing via thermal
calcinations of peptide cores led to highly entangled networks of the hollow
graphene shell, whose remarkable performance as a supercapacitor electrode was
demonstrated.

Proteins are complex amphiphilic biopolymers, featuring hydrophobic and
hydrophilic patches on their surfaces, which make them well-known for the
adhesiveness to solid surfaces. Based on the unique structures and properties,
proteins, such as bovine serum albumin (BSA) [59], B-lactoglobulin [84], and
hydrophobins [58, 85], are adopted for the efficient exfoliation and functionaliza-
tion of graphene sheets. In the first example, Liu et al. [59] reported a BSA-based,
environmentally friendly one-step reduction/decoration strategy to produce protein-
conjugated GO and reduced GO (rGO) nanosheets. BSA acted as both a reducing
and a decorating agent at a suitable pH value and reaction temperature. They further
demonstrated that the incorporation of protein as a “universal glue’ molecule suc-
cessfully turned GO and rGO into general platforms toward the efficient assembly
of nanoparticles with varying sizes, shapes, compositions, and surface properties.

In the exfoliation of graphene, lowering of the high surface tension between
water and the surface of graphite seems to be an effective strategy. Since amphi-
philic hydrophobin forms a monolayer whose sides have significantly different
surface energies, the mixing enthalpy of graphene flakes coated with hydrophobin
can be expressed in terms of the surface-energy differences between graphene and
the hydrophobic side of the protein, and the solvent and hydrophilic side of the
protein. As these energy differences are smaller than those of a non-coated system,
the adsorption of hydrophobin on the surface of graphene is expected to lead to a
stable graphene dispersion [58]. According to this, graphene exfoliation was carried
out by exposing mixtures of HFBI protein and graphite to ultrasonic waves
(Fig. 1.1a). Through opening of the basal planes and stabilization of the individual
sheets, this process resulted in mixtures of graphite and graphene flakes with a
variety of thicknesses. Some examples of bright-field TEM images of exfoliated
graphite/graphene sheets were shown in Fig. 1.1b. Exfoliation can also be carried
out by using variants of these proteins that contain not only the surface-active
hydrophobin part, which attaches to the graphite surface, but also a second part with
a specified functionality. In a followed study, the protein was genetically engi-
neered to connect graphene and native nanofibrillated cellulose, so that it self-
assembled at the interfaces, leading to cohesion and alignment [85]. Binding to
graphene was achieved by the hydrophobin HFBI, and binding to cellulose was
achieved by using a protein denoted as a cellulose-binding domain, which was
tethered to HFBI by amino acid linkers, eventually forming a complex called



6 1 Introduction

(@) a b Ultrasonic
waves

Protein layer makes the Protein-coated sheets of
surface of graphite graphene detach from
hydrophilic graphite

Fig. 1.1 a Schematic illustration of exfoliation and functionalization of graphene by hydropho-
bins. (a) Structure of the HFBI protein. (b) HFBI-facilitated exfoliation of graphene. b TEM
micrographs of exfoliated thin graphene/graphite flakes. (@) TEM image of a flake exfoliated from
Kish graphite with HFBI by sonication for 2 min with an ultrasonic probe. (b) TEM image of a
flake exfoliated from Kish graphite with HFBI by sonication for 40 min in an ultrasonic bath.
(c) SEM image of lithographically formed HOPG micropillars. (d) TEM image of a thin sheet
exfoliated from the HOPG micropillars. Reprinted from Ref. [58] by permission of John Wiley &
Sons Ltd

‘diblock proteins’. As revealed by the authors, the precise engineering of the
molecular structures opens endless opportunities to design and fine-tune materials
properties.
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Chapter 2
Graphene for DNA Biosensing

Abstract Graphene (or GO) is an excellent candidate for biomolecules anchoring
and detection due to its large surface area (up to 2,630 m?/g) and unique sp>
(sp*/sp”)-bonded network. According to the binding affinity difference between
single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) to graphene
sheet, GO has been successfully adopted as a platform to discriminate DNA
sequences. Fluorescent, electrochemical, electrical, surface-enhanced Raman scat-
tering (SERS) and other methods have been utilized to achieve the sensitive,
selective, and accurate DNA recognition. Both theoretical and experimental results
illustrate that sSDNA sequences are adsorbed on the surface of graphene sheet with
all nucleobases lying nearly flat. DNA or RNA sequencing through graphene
nanopore, nanogap, and nanoribbon has also attracted much interest because it is a
label-free, amplification-free, and single-molecule approach that can be scaled up
for high-throughput DNA or RNA analysis. Meanwhile, miRNA detection is
achieved by forming DNA-miRNA duplex helixes, and strong emission is
observed due to the poor interaction between the helix and GO.

Keywords DNA sequencing - miRNA detection - Fluorescent spectroscopy -
Electrochemical method - Electrical method - Graphene nanopore - Graphene
nanogap - Graphene nanoribbon

2.1 Investigation of DNA and Graphene Binding
Interaction

The large surface area (up to 2,630 m?/g) and unique sp> (sp*/sp>)-bonded network
make graphene (GO) an excellent candidate for biomolecules anchoring and
detection. Taking DNA for the first example, various strategies have been adopted
to nucleic acid sequence recognition [1-10]. To better illustrate the interaction, how
nucleobases interact with graphene should be addressed, which may be inspired by
the interaction of nucleobases with CNTs [11-13] and highly oriented pyrolytic
graphite (HOPG) [14].
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12 2 Graphene for DNA Biosensing

Single-stranded DNA (ssDNA) strand is unwound double-stranded helix
(dsDNA), which is held together by hydrogen bonds between the bases linked to
two ssDNA strands. It consists of one long polymer of simple units called nucle-
otides, with backbones made of alternating sugars (deoxyribose) and phosphate
groups, with the nucleobases (G, T, A, C abbreviated for guanine, adenine, thy-
mine, cytosine, respectively) attached to the sugars. Employing various strategies
and techniques, researchers tried to illustrate the interactions between DNA and
graphene. Molecular dynamics (MD) simulations of ssDNA and dsDNA anchored
via an aliphatic linker to a graphene surface were performed in order to investigate
the role of the surface charge density in the structure and orientation of attached
DNA [15]. A considerable difference in the behavior of the ssDNA and dsDNA
anchored to graphene layer was observed. The rigid dsSDNA kept its geometry close
to the canonical B-DNA form and interacted with graphene surface by the nearest
base pairs. The flexible ssDNA intended to maximize the attraction to graphene
surface by exploiting more bases for the interaction, namely ‘lying’ on the surface
with bases as the anchor. This interaction was also investigated by isothermal
titration calorimetry (ITC) [16]. ITC is an ultrasensitive tool to study binding
interactions in aqueous solutions. Experimental results showed the relative inter-
action energies of nucleobases decreasing in the order of G > A > T > C, with the
position of T and C interchangeable. Theoretical calculations including van der
Waals interaction and solvation energies gave the similar trend G > A ~ T > C.
Using first-principles investigation, the calculated binding energy was found to be
G>A ~ T ~ C>U, where U represents uracil in RNA [17]. And the stabilizing
factor in the interaction between the base molecules and graphene sheet is domi-
nated by the molecular polarizability that allows a weakly attractive dispersion
force to be induced between them. These interaction magnitudes are similar to those
found between bases with SWCNTSs [18].

Based on the binding energy difference, the anchoring of DNA sequences on
graphene may present as different morphologies. Recently, Postma and coworker
demonstrated that DNA assembled into two distinct patterns, small spherical par-
ticles and elongated networks, on graphene surface [19]. According to the AFM
results of poly-A, C, T, G assembling on graphene (Fig. 2.1a), they found that these
common mechanisms, e.g., hydrogen bonding, base stacking, electrostatic, van der
Waals, and hydrophobic interactions, could not explain these observations. Alter-
natively, they concluded a different mechanism (Fig. 2.1b), where E, and E, rep-
resented the interbase binding energy and base—graphene binding energy,
respectively. Hence, they argued that the root cause of DNA assembling in distinct
patterns is a crossover in the balance between the two energies, ie., E, > E, or
E, < E,. When E}, > E,, meaning that the interbase coupling is more energetically
favorable than binding to graphene, the DNA (A, C) assembled into spheres to
maximize E, (Fig. 2.1b A). When E, < E,, meaning that the base—graphene
interaction is more energetically favorable than interbase, the DNA (G, T) stretched
out across graphene surface to maximize the energy and resulted in network for-
mation (Fig. 2.1b B). This hypothesis was supported by the fact that
Ey(G) > Ef(A) ~ Eo(T) ~ E,(C) and Ep(G) ~ Ep(T) > Ey(A) ~ Ep(C). They also
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Fig. 2.1 a Atomic force micrographs of graphene with and without ssDNA, line scans, and
histograms. b DNA assembles onto graphene (gray) into spheres (A) or networks (B). The
nucleotides (red) can rotate around the link (blue) to the sugar phosphate backbone (green) to
either maximize the interbase binding energy Ey, (A) or the base—graphene binding energy E, (B).
Reprinted from Ref. [19]. ¢ Schematic representation of an ssDNA nucleobase on the surface of
the graphene-on-Au(111) material. The nucleobases and the backbone of the ssDNA are shown in
violet and dark red, respectively. The graphene sheet is shown in green. The Au(111) surface is
indicated by yellow spheres and sticks. The inset is a typical conformation of ssDNA on Au(111).
d Probability of finding the atoms in the nucleobases of ssDNA at a distance d, from the graphene-
on-Au(111) surface (black columns) and the Au(l11) surface (gray columns), respectively.
Reprinted from Ref. [20] by permission of John Wiley & Sons Ltd.

estimated that the critical interbase interaction strength that separated network
formation from sphere assembly was ~0.3-0.5 eV.

Both above-mentioned theoretical and experimental results illustrate that sSSDNA
sequences are adsorbed on graphene sheet surface with all nucleobases lying nearly
flat (Fig. 2.1c). To more specifically and directly elucidate the interaction, MD
simulations were carried out [20]. A clear distance of ~4.0 A was observed in
Fig. 2.1d (black). This distance was quite close to the van der Waals distance
between a carbon atom in graphene and carbon/oxygen/nitrogen atoms, which are
the main elements in nucleobases. This showed that most of the atoms in the
nucleobases were directly adsorbed by graphene, which was strong enough to
destroy the helical structure of ssDNA. A comparison was also carried out, in which
the same ssDNA was adsorbed on Au(111) surface (Fig. 2.1d [gray]). The distance
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had a wide distribution from 7.0 to ~ 18.5 A. Hence, ssDNA still retained its helical
structure on the Au(111) surface (Fig. 2.1c inset) as the segment with six nucleo-
bases in bulk water. Besides, the developed graphene-on-Au(111) composite was
very stable, and the conductivity of this material was excellent, which resulted in a
very high signal-to-noise ratio of the resonant currents through different nucleo-
bases. Then, this hybrid held the potential for single-molecule DNA sequencing via
AFM or STM.

Using scanning tunneling spectroscopy, Ahmed et al. [21] calculated the tun-
neling conductance and electronic local density of states (LDOS) for DNA nucle-
obases at various orientations on graphene surface and showed that the different
nucleobases had significantly different LDOS peaks (fingerprints), allowing dif-
ferentiation via local tunneling conductance. Besides, a plane orientation of DNA
nucleobases with respect to graphene surface was the most stable state, which
favored n—m stacking between the bases and aromatic carbons in graphene. This
conclusion is in consistent with above-mentioned research results.

2.2 DNA Biosensing Employing Graphene Platform

Although the nucleobases—graphene binding energy is slightly different via various
strategies and equipments, one might be certain that ssDNA could be adsorbed on
graphene sheet surface coupling crossover of several interaction forces and
employing nucleobases as the anchors. This is also the root cause that ssDNA binds
more strongly to graphene than dsDNA does [19], in which nucleobases are
entrapped and shielded by the phosphate—deoxyribose backbones. According to the
binding affinity difference between ssDNA and dsDNA to graphene sheet, graphene
(GO) has been successfully adopted as a platform to discriminate DNA sequences.
Several methods, such as fluorescent, electrochemical, electrical, and SERS, have
been utilized to achieve the sensitive, selective, and accurate DNA recognition.

2.2.1 Fluorescent Assay

In a typical fluorescent manner (Fig. 2.2a) [4], fluorescent dye-labeled ssDNA was
adsorbed on graphene surface. Then, the fluorescence of dye-labeled ssDNA was
completely quenched due to the fluorescent resonance energy transfer (FRET). In
the presence of a target, the hybridization between dye-labeled ssDNA and target
sequence altered the conformation of ssDNA and disturbed the binding between the
dye-labeled ssDNA and graphene. This behavior might originate from the fact that
DNA nucleobases matching is more energetically favorable than binding with
graphene. The formed dye-labeled dsDNA left from graphene surface, resulting in
the restoration of dye fluorescence. Based on the mechanism, both hairpin DNA
and molecular beacon (MB) were designed for homogeneous DNA detection [5, 6].



2.2 DNA Biosensing Employing Graphene Platform 15

7 W X S f’”‘&?

 target

50 L RS m{uw ‘_\_ .' .‘
«=carbon «=oxygen e =hydrogen = Clom ~ SRS 3
qu‘c&h 5 ) ’é,
(b) /\/\/ Agr A~ % 3 @?ﬁ%w

MaBH,
/x NC-nixcleation sequance (a) /. = Hybridization sequence (b)

A Ux‘x&g‘g

A
4 RN Ny
NS
Fa¥a vy
DNAT = S'ﬁG'IC&G TGT GGAAMATCT CTA GG @C CCC CCC CCC-
b

a
Target 1 = §-GCT AGA GAT TTT CCA CAC TGACT-S

Spdtott bt

Fig. 2.2 a Schematic representation of the target-induced fluorescence change of the ssDNA-
FAM-GO complex. FAM is the fluorescein-based fluorescent dye. Reprinted from Ref. [4] by
permission of John Wiley & Sons Ltd. b Schematic representation of the preparation of silver
nanoclusters on DNA scaffolds in aqueous solution and the assay for DNA detection using
AgNCs-GO nanohybrid materials. Reprinted from Ref. [31] by permission of The Royal Society
of Chemistry. ¢ Sensing by PNP*GO™. DNA can complex efficiently with PNP* to form ionic
complex PNP'DNA™ and thus switches on the fluorescence. Other biomolecules undergo n—m
stacking on GO but do not remove PNP* from GO, and thus, fluorescence remains quenched.
Reprinted from Ref. [33] by permission from John Wiley & Sons Ltd.

dsDNA was also detected by the formation of triplex DNA with dye-labeled ssDNA
[22]. As a nanoquencher, graphene shows super-quenching capacity with a wide
energy transfer range, which may quench the fluorescence of different dyes
simultaneously. Fan and coworkers devised a multicolor fluorescent DNA analysis
manner [1], in which multiple ssDNA sequences labeled with different dyes were
anchored on graphene. Hybridization to multiple DNA targets in the same solution
led to fluorescence recovery of different dyes. The multicolor biosensor might also
be suitable for the detection of a range of analytes.

Due to the different graphene fabrication methods, the carbon-to-oxygen (C/O)
ratios in GO might differ at a large level, also the sp”/sp” bonded network structure.
This may have a great impact on GO’s ability for fluorescence quenching of
adsorbed dyes and the binding interactions to sSDNA, resulting in a broad range of
DNA detection sensitivity. In fact, rGO, in which the oxygenic groups are partially
or totally reduced, might not be directly used in the detection due to the strong
tendency to aggregate [23]. To get a deeper insight into this, properties of GO
samples with tuned C/O ratios (1.1, 1.3, 1.6, and 1.9) were fairly investigated [24].
Results showed that GO with high C/O ratio bound more strongly to ssDNA and
quenched the fluorescence of organic chromophores more effectively than that with
low C/O ratio. The loading amount of fluorophore-labeled ssDNA at least oxidized
GO (C/O ratio = 1.9) was four times than that at GO with C/O ratio of 1.1. With the
tunable chemical compositions, GO nanosheets offer a broad range of materials with
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different fluorescence quenching efficiencies and binding affinity with ssDNAs,
which exhibit the great potential in biological applications.

Importantly, the binding of ssSDNA to graphene in solution may be influenced by
other elements, such as ssDNA length, ions, pH, organic solvent, and temperature,
which then contribute to the hybridization accuracy and efficiency. Experiments
were carried out by Liu and coworkers to study these impacts on DNA adsorption
and desorption [25]. By using dye-labeled ssDNA, they found that shorter ssDNA
bound to graphene with higher kinetics and higher adsorption efficiency. Adsorp-
tion was also favored by low pH value and high ionic strength. Desorption could
occur by adding the complementary DNA to form dsDNA, adding the same ssDNA
to exchange, and increasing temperature. These findings are important for further
understanding the interactions between DNA and graphene and optimizing DNA
and graphene-based devices and sensors. On the other hand, the self-assembly of
graphene in aqueous solution can be tuned with ions to form colloidal stacked
graphene, which may be powerful platforms for capturing dsDNA [26, 27].

Besides taking fluorescent dye as label, FRET could also happen between
quantum dots (QDs) and GO. Dong et al. [28] designed MB-modified QDs to
recognize target. The strong interaction between MB and GO resulted in the
fluorescence quenching of QDs. After hybridization with target, the interaction
between target-bound MB and GO was weakened, leading to the restoration of QD
fluorescence. Due to the ultrasmall size (composed of a few to hundred atoms),
good biocompatibility, and excellent photostability, fluorescent metal nanoclusters,
e.g., Au and Ag, have attracted much attention and been widely used in biological
applications [29, 30]. By taking advantage of Ag nanoclusters’ optical features and
GO’s super-quenching capacity, a kind of sensitive fluorescent DNA detection
manner was proposed [31]. ssDNA consisted of hybridization sequence, which was
for target detection, and nucleation sequence, which was for Ag nanocluster for-
mation (Fig. 2.2b). The fluorescence of ssDNA—Ag nanoclusters was quenched by
GO and recovered after hybridization with target sequence, which was similar to the
above fluorophore-labeled detection manner. This strategy avoided the direct
labeling process of probe DNA or target DNA; however, the nucleation process
needs to be precisely controlled. Moreover, due to the tunable fluorescence of Ag
nanoclusters, multiple and simultaneous DNA detection was achieved, which was
an obvious improvement in the present study.

These labeling manners possess high sensitivity, good selectivity, etc., while at
the mean time, they need DNA sequences to be previously fluorophore-labeled.
Labeling step incorporated into nucleic acid assay has shortcomings of limited
labeling efficiency, complex multistep analysis, and contamination to samples [32].
Eliminating the tedious labeling process, a GO—organic dye charge transfer com-
plex was fabricated by Loh and coworkers [33]. The positively charged and fluo-
rescent pyrene derivative, namely 4-(1-pyrenylvinyl)-N-butylpyridinium bromide
(PNPB), could interact with negatively charged GO to form PNP*GO™ complex.
The fluorescence of PNP" was quenched due to the chargetransfer interactions
between PNP* and GO. Negatively charged dsDNA bound to PNP* through ion-
exchange process, resulting in the release of PNP*-dsDNA from GO and a
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fluorescence ‘turn-on’ manner (Fig. 2.2c). This simple, efficient ion-exchange
strategy could distinguish dsDNA from other biomolecules, such as protein, RNA,
glucose, and surfactants, while one issue concerning it might be the selectivity
toward ssDNA, or the capability to target DNA sequence hybridization detection.
Because of the different binding ability of graphene (GO) to ssDNA and dsDNA,
the current concept might be extended to label-free fluorescent DNA detection.

With the aid of DNA ligase, fluorescent DNA single-nucleotide polymorphism
(SNP) detection was achieved based on the quenching capacity of graphene [34].
By using in situ-generated hydroxyl radical (OH), which caused DNA damage by
abstracting an H atom from phosphate backbone, the interaction between ssDNA
and graphene was regulated. It also probed the ‘OH-induced ssDNA damage and
exhibited the potential in screening antioxidants in DNA repair and anticancer
therapy [35].

2.2.2 Electrochemical Assay

Recently, there has been an increasing interest in electrochemical devices for DNA
biosensing since they allow a simple, fast, and sensitive analysis without usage of
expensive equipment. Among these, electrochemical impedance spectroscopy (EIS)
is often used due to its truly label-free manner and high sensitivity. EIS is a
powerful method to analyze the complex electrical resistance of a system and is also
sensitive to surface phenomena and changes of bulk properties. Thus, in the field of
biosensing, it is particularly suited to the detection of binding events and sensitive
to changes in interfacial impedance upon biorecognition events occurring at the
surface/electrolyte interface. In addition, it is also a valuable tool in characterizing
surface modifications, e.g., on transducer devices during the immobilization pro-
cedure of recognition elements. A thorough introduction to EIS theory, experiment,
and applications could be found in a book [36] and reviews concerning EIS bio-
sensing [37-40].

Graphene’s unique 2D structure and properties, such as rapid heterogeneous
electron transfer, make it an excellent candidate in EIS DNA biosensing. It provides
the essential elements that an electrochemical substrate needs, e.g., large surface
area, various functional groups (-OH, —-COOH, —C=0, epoxide, etc.), good con-
ductivity, and high affinity for molecule binding. A review on graphene for im-
pedimetric biosensing has been published recently [41], while at this part, we
mainly focus on the comparative studies of these strategies.

Based on the unique structure of ssDNA and graphene, physical adsorption,
especially n—mn stacking, dominates their direct interactions between the aromatic
rings of nucleobases and the hexagonal cells of graphene sheets. Both linear and
hairpin DNA probes had been adsorbed on graphene. After hybridization with
cDNA, an impedance ‘signal-off’ assay was observed due to the detachment of
dsDNA from graphene surface (employing [Fe(CN)¢]’*~ as the redox indicator)
[3, 42]. To keep dsDNA on graphene surface and gain ‘signal-on’ process, covalent



18 2 Graphene for DNA Biosensing

immobilization of ssDNA was often adopted using graphene’s own oxygenic
groups, such as —COOH [43]. There are extensive nuclear magnetic resonance,
infrared spectroscopic, and electron diffraction evidences for the presence of
—COOH, —OH, and —C=0 groups at the edge of the GO sheet, while the basal plane
is covered with mostly epoxide and —OH groups [44]. Hence, it would be necessary
to decorate the basal plane with -COOH for covalent binding reactions. Recently,
Loh and coworkers fabricated anodized epitaxial graphene (EG) platform, which
contained large amount of -COOH groups [8]. After activation by EDC and NHS,
NH,-ssDNA could be covalently immobilized on graphene and hybridization
detection was carried out in phosphate buffer solution. Wide dynamic range and
more sensitive response than n—mn stacking immobilization manner were observed.
However, one main obstacle for applying this strategy might be the preparation of
anodized EG, which depends highly on the equipment. Our group proposed a very
easy way to introduce —COOH on graphene for DNA biosensing [7]. 3,4,9,10-
Perylene tetracarboxylic acid (PTCA), bearing m-conjugated perylene ring and
carboxylic acid groups, was used to decorate graphene. Based on the n—n stacking
and hydrophobic interactions between the perylene ring and the basal plane of
graphene, PTCA molecules separated graphene sheets efficiently and decorated
them with plenty of -COOH. This method resolved the graphene aggregation
problem, and the resulting hybrids dispersed well in aqueous solution. After acti-
vation, NH,—ssDNA was covalently immobilized on the hybrid, which presented as
‘lying’ structure (Fig. 2.3a). Hybridization to cDNA induced the ‘lying’ ssDNA to
‘standing” dsDNA, which caused the graphene interfacial property changes, e.g.,
negative charge and conformation. Employing [Fe(CN)s]**~, a ‘turn-on’ imped-
ance signal was observed with the increment of cDNA concentration (Fig. 2.3b). In
a recent research, we optimized the experimental procedure [9]. ssDNA was
designed to consist of two parts, the immobilization sequence and the probe
sequence. The immobilization part was for anchoring ssDNA and dsDNA on
graphene, which eliminated the previous graphene decoration steps and simplified
the procedure efficiently. The hybridization between probe and target induced the
formation of dsDNA, which stood on graphene surface due to the anchoring by the
immobilization sequence.

Instead of occupying the n—= stacking between DNA nucleobases and graphene,
an optional way might be through the negatively charged phosphate backbones of
DNA. In this manner, the nucleobases are free for efficient hybridization. Onto the
PTCA-modified graphene surface, Au NPs were deposited using amine-terminated
ionic liquid (NH,-IL) as the reductant and capping agent [45]. Au NPs with mean
diameter of 3 nm dispersed uniformly on graphene, and their outer layer was
positively charged imidazole termini, which increased the surface area of graphene
and provided large amount of attachment points for ssDNA immobilization. Based
on the electrostatic interaction and adsorption effect, ssDNA was conveniently
immobilized and its nucleobases were free to hybridize with cDNA. The HIV-1 pol
gene sequences were satisfactorily detected with low detection limit of
3.4 x 10" M. In a similar manner, we designed a positively charged perylene
derivative PDI, N,N-bis-(1-aminopropyl-3-propylimidazol salt)-3,4,9,10-perylene
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Fig. 2.3 a Schematic representation of graphene functionalization with PTCA, ssDNA
immobilization, and hybridization. b Nyquist diagrams recorded at ssDNA immobilized PTCA/
graphene/GCE (a) and after hybridization with its complementary human immunodeficiency virus
1 (HIV-1) pol gene sequences of different concentrations from 1.0 x 1072 t0 1.0 x 107 M (b-h).
Reprinted from Ref. [7] by permission form The Royal Society of Chemistry

tetracarboxylic acid diimide, to decorate graphene [46]. UV-vis and TEM char-
acterizations illustrated that PDIs self-assembled into pentamer or hexamer, which
were uniformly scattered on graphene sheets and beneficial for electrostatic sSSDNA
immobilization. After hybridization, the formed dsDNA stayed on PDI/graphene,
causing an increase of R, value. The ‘signal-on’ process exhibited high sensitivity
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and reproducibility. More importantly, the rational design, tailoring, and decoration
of graphene endow it with desired properties (dispersive, structural, photoelectrical,
and conductive, etc.), which may hold great potential applications in electronics,
photovoltaics, and nanodevices. Another impedimetric DNA detection based on
reduced GO-modified electrode could be found in Ref. [47].

Another electrochemical label-free DNA detection method is through the direct
oxidation of the four nucleobases, without the need of hybridization or labeling
molecules. At some point, this strategy is the simplest, while most electrode
materials’ narrow potential window, high background or slow electron transfer rate
restrict their applications [48, 49]. A comparative study of different carbon elec-
trodes for DNA oxidation is illustrated in Ref. [50]. Recently, a nanocarbon film
electrode with wide potential window and high activity was successfully used for
DNA SNP detection [51]. As an alternative, graphene also fits the requirements
well. For instance, Zhou et al. [52] used chemically reduced graphene oxide (CR-
GO)-modified GCE for direct nucleobase detection. Comparing with GCE or
graphite-modified GCE, negatively moved oxidation potentials and enhanced peak
currents were obtained at graphene/GCE. Besides, the quantitative SNP detection at
physiological pH was well accomplished. Meanwhile, Pumera and coworkers
showed that the oxidation signals of four nucleobases at stacked graphene nanofi-
bers were two to four times higher than those on CNT-based electrode, also higher
than edge-plane pyrolytic graphite, glassy carbon, or graphite microparticle-based
electrodes [53]. Also, anodized epitaxial graphene was found to exhibit superior
electroanalytical performances for nucleobase oxidation compared to carbon elec-
trodes, such as boron-doped diamond, carbon nanotubes, and glassy carbon [54].
Much progress was achieved by Akhavan et al. [55] by using reduced graphene
nanowalls (RGNWs), which had a very large surface area and edge-plane defects.
To the electrochemical detection of DNA bases (as the free form or in ssDNA and
dsDNA), the RGNW electrode exhibited higher current and lower anodic potential
as compared to other electrodes (Fig. 2.4a). The high electrochemical activity of the
RGNWs could be assigned to better electron exchange between the four bases and
the edge-plane-like defective sites of the sheets as active sites for oxidation of DNA
bases. The linear dynamic detection range for dsDNA at RGNWs was from 0.1 fM
to 10 mM (detection limit to be 9.4 zM, ~5 dsDNA/mL), while it was from 2.0 pM
to <10 mM (detection limit to be 5.4 fM) at reduced graphene nanosheets (RGNSs).
The RGNWs was also efficient in label-free detection of SNPs of 20 zM oligo-
nucleotides (~ 10 DNA/mL) with a specific sequence (Fig. 2.4b). This is the first
report on electrochemical sensing of nucleic acids at single-DNA levels.

Based on the direct oxidation of guanines, another aspect would be the detection
of DNA damage. A graphene-ionic liquid-Nafion/(horseradish peroxidase (HRP)/
dsDNA), film was firstly constructed on pyrolytic graphite electrode. DNA damage
was induced by incubating the modified electrode in acrylamide (AA) or AA + H,O,
solution at 37 °C. AA or its epoxide, glycidamide, could form adduct with dsDNA,
which disrupted the double helix structure and made guanines exposed. The DPV
signals of guanines represented the degree of dsDNA damage [56].



2.2 DNA Biosensing Employing Graphene Platform 21

(a) a |—mwi . —now car oA ConT o b. AT A0
0 {|—hee ' — e o AT AAREEA o) AT OARETOT (e
— | | — A '
a
» i o8 -
1 Fi € i c
1.0 S o - . 4 s i 2
. g = i ™ i
r : . A ‘ |
10 " " e . i 1t a4 i b
\ |/ | 14 It i1
o+l e RELVERVAY) P PER VI V0 V A W
e o “E_v' et gl G4 08 0B 1 12 w4 14 18 64 08 B8 1 12 14 16 1B
Ao BV (e Agihgey BV v ApikgCi)
ar
c =z C. d.,
1 o
1 Sathae N T
- & e [ (1] I"'
10 i
|
8 [y . a1 |II 7 II Ill
Baaans 1 131808 0 \ A A
< LIS * \r [ < P
L o] Wy H)“ AEoe HI\JI'HWW l'.l l;“
T e
4 e o Hll T a1 o lUI
& A \f
2 2 T Lt | oz c
| a
0 - - o - i 3 a3+
@4 086 08 1 12 14 18 18 G4 08 68 1 13 14 18 18 o4 08 08 1 12 14 18 18 WA 08 BB 1 12 14 18 1%
EV (v ApihgCl) B/ (va. AgrAgCh BV e AgiagCn B v Agiagln

Fig. 2.4 a Differential pulse voltammetry (DPV) profiles of the RGNW, GONW, RGNS, and
GONS electrodes as compared to the graphite and GC electrodes for the detection of (a) the four
free bases of DNA (G, A, T, and C) separately, (b) an equimolar mixture of G, A, T, and C,
(c) ssDNA, and (d) dsDNA, with a concentration of 0.1 uM for all of the species applied in
(a)-(d) in 0.1 M PBS as supporting electrolyte at pH 7.0. b Detection of SNPs of oligonucleotides
by using DPVs of the single-base mismatched oligonucleotides obtained through (@) G — A
mutation (O#2) and (b) C — T mutation (O#3), as compared to the base oligonucleotide (O#1) at
the surface of the RGNW electrode. (c), (d) present subtraction of the DPVs shown in (a) and (b),
respectively. Concentration of the different oligonucleotides was 20 zM in 0.1 mM PBS at pH 7.0.
Reprinted with permission from Ref. [55] Copyright 2012 American Chemical Society

As mentioned above, plenty of oxygenic groups, e.g., hydroxyl, carboxy,
epoxide, carbonyl, aldehyde, peroxide, ether, and ester, present at the basal planes
or edges of GO sheets. Using electrochemical methods, GO can be reduced with an
irreversibly cathodic peak at negative potentials [57, 58]. According to the
researches [59, 60], the hydroxy is not able to be further electrochemically reduced.
The reduction of epoxide, aldehyde, and peroxide takes place at potentials around
—0.9 to —1.5 V (vs. Ag/AgCl) in neutral buffers. And the reduction of carbonyl,
carboxy, and ester groups takes place at potentials around —2.1 V in strongly acidic
media. Hence, based on the electrochemical reduction signal, it is feasible to
selectively reduce oxygenic groups and subsequently quantify the amount, which
makes the composition and property of GO tunable. More importantly, the inherent
redox activity can be utilized in electrochemical investigation. Recently, GO
nanoplatelets (size value ~37 nm) were employed as the electrochemical label for
DNA analysis [61]. According to the different binding ability of GO nanoplatelets
to fully matched dsDNA, one-base-mismatched dsDNA, and unhybridized
sequences, GO reduction signals with varying intensities were observed. This
allowed the discrimination of SNPs related to Alzheimer’s disease. Though the
electrochemical reduction mechanism of GO is not yet thoroughly investigated, one
might be certain that hydrogen ions participate in the reduction process. It may get a
hint from the thermal reduction of GO in deionized water [62].



22 2 Graphene for DNA Biosensing

Differential pulse voltammetry (DPV) also represents a sensitive method for
DNA detection based on the electrochemical signals of intercalators or tags, such as
adriamycin [63], daunomycin [64, 65], methylene blue [66], and Au [67]. Without
these intercalators or tags, an ultrasensitive and selective DNA detection by using
stand-displacement DNA polymerization and parallel-motif DNA triplex system as
dual amplifications was realized on ferrocene-appended poly(ethyleneimine)/
graphene—mesoporous silica—gold nanoparticle hybrids (Fc-PEI/GSGHs), [68]. The
detection limit reached as low as 10 fM, and it discriminated the SNP.

2.2.3 Electrical Assay

Above, we mentioned the optical and electrochemical DNA detection employing
graphene. As an attractive alternative, electrical detection also possesses real-time,
label-free, sensitive, and rapid measurement qualities [69-71]. Graphene’s large
surface area, biocompatibility, and exceptional and unique electronic properties,
such as ultrahigh mobility, low charge scattering, and ambipolar field effect, might
make it superior than CNTs for field-effect transistors (FETs) [69]. In FETs, ssDNA
fragments acted as negative potential gating agents, resulting in an increase of the
hole density in graphene layers, to be 1.8 X 10" cm 2 [71]. This increased density
was consistent with the Raman frequency shifts in the G peak and 2D band posi-
tions and the corresponding changes in the G peak full width at half maximum. Ab
initio calculations using density functional theory rule out significant charge
transfer or modification of the graphene band structure in the presence of ssDNA
fragments. The sensitivity of electrical DNA detection strongly depends on the size
and shape of graphene, wrinkles on graphene surface, and the oxidation degree of
graphene. Using CVD-grown, large-sized graphene films, Dong et al. [69] con-
structed FETs for DNA hybridization with single-base specificity. The V i, was
significantly left-shifted with the addition of probe DNA sequences, suggesting that
DNA molecules n-doped the graphene film. The left shift in V, i, increased with
the increasing concentration of the complementary DNA, especially in the
0.01-10 nM range. As for the one-base mismatched DNA detection, left shift in Vg,
min Was less noticeable. Results illustrated that Vg i, shift appeared to be a good
indicator for DNA detection with a concentration as low as 0.01 nM and for
detection of single-base mutation, which is thought as the key to the diagnosis of
genetic diseases and realization of personalized medicine. Furthermore, adding
nanoparticles, such as Au and Pt, could increase the loading amount of ssDNA and
extend dynamic detection range [69, 72].

Usually, the CVD-grown graphene is compromised by high cost and suffers
from alignment and reproducibility issues when integrated into prefabricated cir-
cuitry. Chemically modified graphenes with adjustable surface chemistry have
offered competitive results in biological FETs [72-74]. In the label-free detection,
one of the pressing problems was the response to non-specific binding. To mitigate
the non-specific effect, Stine and coworkers designed rGO-based bioFET devices,
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Fig. 2.5 arGO-based FET sensor schematic. The two devices are isolated inside the gasket of the
flow cell, with one acting as a reference device to eliminate interference from non-specific
biological adhesion (bottom). The enlarged area (not to scale) shows the GO deposited on top of
the prefabricated electrodes. b Functionalized rGO FET devices for DNA detection. (a) Response
of single FET devices after exposure to both target and non-complementary control DNA
solutions. (b) Response of differential measurements using one of the FET devices as an internal
reference. (c¢) Signal versus target concentration. Reprinted from Ref. [73] by permission from
John Wiley & Sons Ltd.

in which the side-by-side devices were exposed to the same sample solution with
one device acting as an internal reference for subtracting common sources of
interferences, such as pH changes and non-specific biological adhesion (Fig. 2.5a)
[73]. The performance of a single isolated FET device (without a reference FET)
was shown in Fig. 2.5b a. Though a larger change in current was seen for the target
solution due to preferential binding of the complementary strand, the sensor clearly
responded to both complementary and non-complementary DNA exposure. In the
usage of a second FET as a reference, the limitation was overcome (Fig. 2.5b b).
The electrical signal was a differential change between this reference device and the
device functionalized with the probe DNA. Clear responses were seen when
switching from pure buffer to the two solutions containing the complementary
target, but introduction of the non-complementary strand showed no significant
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response, with the signal returning to the baseline after the noise caused by
switching the feed line. Limit of detection fell near 2 nM (Fig. 2.5b ¢), placing it in
the upper range of the results seen for nanowire/nanotube sensors in similar salt
solutions. Moreover, the ability to incorporate a reference sensor by spin coating
identical side-by-side devices offers a distinct advantage over similar CNT FETs, as
the variability between nanotubes and the bottom-up construction of such devices
makes this difficult.

In graphene-based biological FETs, several factors could be optimized, includ-
ing (a) tailoring the device geometry to maximize the effect of bound targets on
conduction pathways, (b) manipulating graphene conductivity, surface groups, and
morphology to control the device selectivity and sensitivity, (c) optimizing the
density of biological probes to obtain the maximum number of bound targets, and
(d) switching the binding affinity or polarity specificity for versatile probe immo-
bilization and target detection.

2.2.4 Other Detection Manners

Based on the unique structure of graphene and its n—x interaction with DNA, other
methods, such as colorimetry [75-77], SERS [78], chemiluminescence [79], and
mass spectrometry (MS) [80], have been applied to sensitive and multiplex DNA
detection. Taking SERS for instance, researches have been carried out to study the
Raman spectrum of graphene [81, 82] and its role in Raman enhancement [83]. It is
found that the Raman signals of molecules on monolayer graphene are stronger than
those on the SiO,/Si substrate, and the intensity decreases roughly with the increase
of the number of graphene layers. Based on the charge transfer of graphene and
chemical enhancement mechanism, graphene leads to an enhancement factor of
2-17 [83]. Though it is not clear for the precise origin and further investigation is
still needed, one might expand these properties for practical application. Fabricating
high-quality graphene with CVD and combining the electromagnetic enhancement
of Au nanoparticles, He and coworkers developed the gold-decorated graphene,
serving as a highly efficient SERS-active substrate, to facilitate the immobilization
of dye-labeled DNAs [78]. A low detection limit of 10 pM was obtained. Also, it
realized the simultaneously detection of more types of target DNAs on the same
substrate with single-laser excitation.

Due to its double helix structure and the base pairing, DNA-mediated assembled
structures can be designed and controlled as a desirable and reversible route. For the
first time, DNA hybridization-induced controllable assembly of GO nanosheets was
illustrated by Tang et al. [84]. Two single-stranded sequences, DNA| and DNA,,
were separately added to GO solutions to form DNA;-GO and DNA,-GO com-
plexes, respectively. DNA| had a target-specific sequence complementary to target
DNA (T-DNA) and a d(GT);5 tail at the 5’ terminus to facilitate the assembly of
DNA, on GO nanosheets. DNA, also had a complementary sequence to T-DNA
with a d(GT);5 tail at the 3’ terminus. In the mixture of the two DNA;-GO and
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DNA,-GO complexes, T-DNA hybridized with both DNA; and DNA,, which
resulted in an assembly of GO nanosheets. Such assembly process was expected to
produce the layered structure with tunable interlayer spacing. In particular, it was
observed that the size of the GO assembly was concentration dependent and base
mismatch sensitive to target DNA, as revealed by dynamic light scattering (DLS)
technique. A readily achieved detection limit of 1 pM was observed, and single-
base-mismatched DNA was directly discriminated from the perfectly complemen-
tary ones.

2.2.5 DNA Sequencing Through Graphene Nanopore,
Nanogap, and Nanoribbon

DNA or RNA sequencing through nanopores has attracted much interest because it
is a label-free, amplification-free, and single-molecule approach that can be scaled
for high-throughput DNA or RNA analysis [85-95]. The concept is simple, which
is based on the resistive pulse technique, or Coulter Counter method. A single
nanopore is placed in an electrochemical system with electrolytes. Ions are driven
through the pore by an applied voltage, resulting in an ionic current. DNA could
also be driven through the pore, influencing the flow of ions. As the pore diameter is
sufficiently small, DNA is forced to pass through as a linear stand (opposite to the
randomly coiled configuration in free solution), then its properties, length, and,
ultimately, nucleobase sequence could be determined based on the duration of
current blockage and variations in its magnitude [86, 89]. To make this approach
practical and reliable, some issues should be resolved, for example, suppressing
stochastic nucleobase motions, controlling DNA translocation rate, and resolving
the signal overlap between different nucleobases [91]. Among these nanopore
materials (e.g., a-hemolysin, SiN, Al,O3), graphene is particularly suitable for
electronic DNA sequencing because the thickness of a single layer is comparable to
the spacing between nucleotides in ssDNA (0.32-0.52 nm) [85]. For instance, Garaj
et al. [90], Schneider et al. [92], and Merchant et al. [94] all succeeded in detecting
individual dsDNA using graphene nanopores (Fig. 2.6a). A multilayered graph-
ene—Al,O3; nanopore was also fabricated, which exhibited low electrical noise
(lower than pure graphene nanopore), and was sensitive to electrolyte pH at low
KClI concentration [96]. The folded and unfolded transport of single-DNA mole-
cules and RecA-coated DNA complexes could be discerned with high temporal
resolution, while a question still remains: Is single-base resolution with a graphene
nanopore feasible? To achieve this, one might need to slow down the translocation
rate of DNA through nanopores. Also, the nucleotides’ geometric fluctuation-
induced conductance fluctuations should be reduced. Theoretical investigation
suggests that using transverse-conductance-based sequencing in the proper geom-
etry could realize DNA sequencing with an error rate of 0 % [93]. Recently, MD
simulations in conjunction with electronic transport calculations revealed that edge-
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Fig. 2.6 a Graphene nanopore devices. (a) Device schematic. Few-layer graphene (1-5 nm thick)
is suspended over a 1-um-diameter hole in a 40-nm-thick SiN membrane. The SiN membrane is
suspended over an approximately 50 x 50 pm? aperture in a silicon chip coated with a 5-um SiO,
layer. The device is inserted into a PDMS measurement cell with microfluidic channels that form
reservoirs in contact with either side of the chip. A bias voltage, Vg, is applied between the
reservoirs to drive DNA through the nanopore. (b)) TEM image of a nanopore in a graphene
membrane. Scale bar is 10 nm. The rings surrounding the pore are indicative of the number of
graphene layers that form the membrane. (¢) Ionic current-voltage measurement for this 10-nm
graphene nanopore device in 1 M KCI, pH 9. Reprinted with permission from Ref. [94] Copyright
2010 American Chemical Society. b Edge-hydrogenated graphene nanopore. (a) Transverse
differential conductance (G4) distribution curves of poly(dA)sq translocating through a nanopore
using edge-hydrogenated graphene electrodes (black line), unhydrogenated electrodes (red line),
and pseudo-hydrogenated electrodes (blue line). The nanopore inner diameter (Dy) amounts to
1.1 nm, the longitudinal driving field has a strength of E, = 5 kcal mol ™' A™!, and the transverse
bias voltage Vj is set at 3.2 V, which is near the position of a characteristic eigen level of adenine.
(b) A snapshot extracted from the molecular dynamics simulation of the DNA translocation
through the nanopore, showing a moment when two H bonds (dotted yellow lines) are formed
simultaneously between the nitrogen atom of a DNA nucleobase and two H atoms attached to the
graphene edge. For the sake of clarity, only relevant atoms from the edge-hydrogenated graphene
electrodes and the DNA molecule have been visualized, omitting water molecules, counter ions,
and the SiN membrane. Reprinted from Ref. [97] by permission from John Wiley & Sons Ltd.

hydrogenated graphene nanopore could facilitate the temporary formation of H
bonds with suitable atomic sites in the translocating DNA molecule (Fig. 2.6b) [97].
As a consequence, it reduced the translocation speed of DNA and the average
conductivity was drastically raised by about 3 orders of magnitude while exhibiting
significantly reduced statistical variance. At the same time, the variation in the
conductance was significantly reduced, leading to a faster and more reliable iden-
tification of the four nucleotide types. The picosiemens tunneling conductance
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facilitated reading the nucleotide sequence at a much greater speed than what was
possible with only femtoampere tunneling currents. This strategy makes an
improvement to the fast and reliable nucleotide identification.

Besides the nanopores, graphene nanogaps and nanoribbons are theoretically
investigated in DNA sequencing [93, 98, 99]. In the graphene nanoribbons manner,
nucleobases interacted with graphene nanoribbons through n—n stacking. As a DNA
strand passed through the nanochannel, the distinct conductance characteristics of
the graphene nanoribbons (calculated using a method based on density functional
theory coupled to non-equilibrium green function theory) allowed the different
nucleotides to be distinguished using a data mining technique and a two-dimen-
sional transient autocorrelation analysis [99]. It is believed that further effort and
development would be needed to realize the direct label-free DNA sequencing in
real time and high resolution.

2.2.6 DNA Cleavage

The performances of above-mentioned graphene are greatly dependent on its large
surface area and the few layers’ presence, especially the monodispersed single
layers. The unique properties of graphene are highly associated with the single-
layer existence. When the lateral size of graphene becomes relatively small, e.g.,
graphene quantum dots (GQDs), the interaction with DNA might change as well.
Different from the poor interaction affinity between dsDNA and large graphene
sheets, nanosized graphene sheets intercalate and stack into the planes between the
base pairs of dsDNA, which induces dsDNA cleavage. Combining with Cu®* ions,
which showed high affinity to DNA, GO/Cu®* system exhibited improved cleavage
of dsDNA. The specific interaction mechanism could be found in Ref. [100]. As it
is illustrated, the cleavage efficiency was still low and the concentration of Cu®*
was high because the size of GO sheets was not well tailored. In a followed study,
GQDs were largely produced with photo-Fenton reaction (Fe**/Fe**/H,0, reagent
under UV irradiation) [101]. Comparing with the micrometer-sized GO sheets, the
GQDs with smaller lateral size performed as a better intercalator to DNA. This
exhibits the potential applications of GQDs in biological and medical research.

2.3 RNA Detection

Like DNA, RNA is assembled as a chain of nucleotides (G, A, U, C), but is usually
single stranded. MicroRNAs (miRNAs) are small, endogenous, non-coding RNAs
(approximately 18-25 nucleotides), which play crucial roles in cell proliferation,
differentiation, and apoptosis. The sensitive, rapid, and multiple miRNA detection
is of great importance. Similar to the above-mentioned fluorescent DNA detection
strategies, firstly, ssDNAs labeled with different dyes are adsorbed on GO, where
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minimal fluorescence is observed. Upon the recognition of specific target miRNA,
DNA-miRNA duplex helixes form and strong emission is observed due to the poor
interaction between the helix and GO [102]. Employing isothermal strand-dis-
placement polymerase reaction (ISDPR) to amplify the detection signal, a low
detection limit of 2.1 fM with a linear range of four orders of magnitude was
realized. In a similar manner, DNase I was used to cleave DNA and release
miRNA. It acted on ssDNA and dsDNA, chromatin, and DNA in DNA/RNA
complex, while it was not active on RNA. DNase I digested the formed DNA/
miRNA duplexes and released miRNA to bind another probe DNA on GO, which
formed a cyclic reaction and resulted in fluorescent signal amplification [103].
Adopting polyethyleneimine-grafted graphene nanoribbon (PEI-g-GNR) as an
effective gene vector and MB, the fluorescent miRNA detection in Hela cells was
developed [104]. Recently, an electrochemical miRNA detection manner was
reported [105]. Using graphene-dendritic Au nanostructure, multifunctional enco-
ded Au with biotin, and streptavidin-HRP as the tri-amplifications, a detection limit
toward miRNA of 0.06 pM (S/N = 3) was realized.
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Chapter 3
Graphene for Amino Acid, Peptide,
Protein, and Enzyme Detection

Abstract The excellent biocompatibility, unique structure, and properties of
graphene make it suitable for various biomolecules detection. Theoretical and
experimental studies were carried out to illustrate the interaction of graphene with
aromatic amino acids, amino acids of peptide, protein, and enzyme. The aromatic
rings of these amino acids prefer to orient in parallel with respect to the graphene
basal plane, which bears the signature of weak n—n stacking. The polarizability of
amino acids may play a critical role in the binding strength with graphene, which
has implications toward developing biosensors. For example, immunosensors have
gained much attention in many biomedical research and clinical diagnostics, as a
promising approach for selective and sensitive analysis. Immunosensors based on
specific antigen—antibody recognition show great potentials with above merits and
highly designable property in practical applications. In a word, graphene shows its
great potentials in simplicity, sensitivity, and selectivity, etc., as the substrate for
anchoring other materials or the platform for direct biomolecular detection.

Keywords Graphene - Amino acids - Peptide - Protein - Enzyme - Biomolecular
detection - Immunosensor

3.1 Amino Acid

Because of their biological significance, amino acids are important in nutrition and
maintenance of human health and are commonly used in nutritional supplements,
fertilizers, and food technology. The sensitive and selective determination of amino
acids is of great importance for biological studies. A theoretical study was carried out
to illustrate the interaction of graphene with aromatic amino acids, such as phenyl-
alanine (Phe), histidine (His), tyrosine (Tyr), and tryptophan (Tryp) [1]. Using
density functional theory, Maller—Plesset second-order perturbation theory and linear
combination of atomic orbitals—molecular orbital approach, it was found that the
binding strength with graphene followed in the trend: His < Phe < Tyr < Tryp.
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The aromatic rings of these amino acids preferred to orient in parallel with respect
to the graphene basal plane, which bears the signature of weak n—mn stacking. The
polarizability of amino acids may play a critical role in the binding strength with
graphene, which has implications toward developing biosensors. An electrochemical
aptasensor was devised for His detection, based on the Au NPs-decorated graphene
sheets [2]. His could induce self-cleavage of DNAzyme and the ferrocene approached
the electrode surface, producing electrochemical signals. However, the non-specific
adsorption of DNAzyme on graphene sheet might also happen due to the n—n
interactions between the un-hybridized nucleobases and graphene. A flow injection
chemiluminescence system based on GO-magnetite—molecularly imprinted polymer
(GM-MIP) was proposed for Tryp detection with detection limit of 2.11 x 107 M
(30) [3]. As for other non-aromatic amino acids, cysteine has attracted much attention
due to its role in cross-linking of proteins and neurotoxicity, etc. In a fluorescent
approach, the dye-labeled ssDNA showed weak fluorescence in the presence of GO,
while it exhibited strong fluorescence upon the formation of double helix through the
‘activated’ metalized DNA by cysteine via robust Ag—S bonds [4]. High selectivity
and sensitivity were obtained toward cysteine over other amino acids. Besides, ‘OR’
and ‘INHIBIT’ logic gates were designed based on the GO-DNA interactions and
thiol-mediated DNA hybridization. Combining graphene with nanoparticles, such as
Fe;04 [5], Co [6], and Au [7], direct electrochemical oxidation of cysteine was
observed at these nanomaterials-modified electrodes. Having the advantages of
simple synthesis, fast response, excellent catalytic activity, and high reproducibility,
electrochemical method shows its great promise in bioanalysis.

3.2 Peptide

Peptides are short polymers of amino acid monomers linked by peptide (covalent)
bonds, which are formed between two monomers when the carboxyl group of one
monomer reacts with the amino group of the other monomer. Peptides are distin-
guished from proteins based on the size, which contain fewer than 50 monomers.
Using MD simulations, Kim et al. [8] demonstrated that the selected peptides bind
to the planar or edge of graphene via m—m stacking or electrostatic interactions,
respectively. Electronic measurements using mechanically ablated graphene field-
effect transistors (GFETs) suggested that the edge- and plane-binding peptides both
affected the electronic properties of graphene. Later, Katoch et al. [9] revealed the
structure of graphene-binding peptide (GBP) on graphene by using AFM, Raman,
ATR-FTIR, and MD. They found that GBP bound non-covalently to graphene,
forming secondary structures, and caused no chemical perturbation to graphene.
Within a 15-200-ns timescale, a detailed dynamics of adsorption-induced sec-
ondary structure transformation and dimerization of an a-helical peptide on
graphene surface were illustrated [10]. Subsequently, a coarse-grained approach
with an all-atom to all-residue description was used in hierarchy to investigate the
binding of peptides to graphene sheet in asymptotic (long time) equilibrium [11].
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These results provide important insights into how peptides interact with graphene,
which would benefit the chemical biosensors applications. For instance, exploring
graphene or GO as the platform, glutathione [12], magainin 2 [13], concanavalin A
(ConA) [14], D-vasopressin [15] have all been selectively and sensitively detected
via electrogenerated chemiluminescence (ECL), FETs, FRET, and DPV, respec-
tively. In a recent study, Li et al. [16] fabricated a novel GO-ThS—Af conjugate and
then utilized the strong near-infrared (NIR) optical absorption ability of nano-GO to
generate local heat to dissociate the AP fibrils following low-power NIR laser
irradiation. The disaggregation of Af fibrils was monitored by the fluorescence
change of the AP fibrils staining dye, thioflavin-S (ThS). Then, the photothermal
treatment of Alzheimer’s disease could be realized with the new multifunctional
GO systems.

3.3 Protein

Proteins are large biological molecules consisting of one or more chains of amino
acids. They perform a vast array of functions within living organisms, such as
catalyzing metabolic reactions, replicating DNA, responding to stimuli, and
transporting molecules from one location to another. Recently, graphene sheets are
found to serve as an effective platform for protein adsorptions with high loading
capacity. For instance, Liu et al. [17] designed GO-streptavidin complexes via the
biotin—streptavidin interaction for affinity purification of biotinylated protein
complexes, which showed a versatile affinity scaffold. Adopting histidine as the
linker, polyhistidine-tagged proteins were immobilized on GFETs [18]. This cre-
ated a pathway for construction of bio/nanohybrids integrating desirable func-
tionalities of both components, which benefited in the quantitative understanding of
mechanical, chemical, and electronic interactions in bio/nanohybrids, monitoring
and stimulating protein biological activity, and constructing hybrid devices for
applications in optoelectronics and chemical detection. Recently, graphene-encap-
sulated SiO,-based FET biosensor for selective and sensitive detection of key
biomarker proteins for breast cancer was reported by Myung et al. [19]. The novel
3D structure of the composite significantly increased the surface-to-volume ratio in
FET-type biosensors, and highly selective nature was observed to the target even in
the presence of a highly concentrated BSA solution. Electrolyte-gated GFETs were
also used for BSA detection. Results showed that the conductance of GFETs
increased with exposure to BSA at several hundred picomolar [20]. Large
adsorption capacity (181.8 mg/g) and fast adsorption kinetics for BSA were
obtained at Fe;0,—~GO core-shell structures [21]. The Fe;04,~GO composites
offered the combined advantages of Fe;O, (high magnetization and sensitive
magnetic response) and GO (good dispersibility in aqueous solution and high
binding capacity for proteins). Moreover, the presence of functional groups on GO
surface allowed further functionalization with additional groups, offering the
promise of selective biological separation and detection. Fe;0,—SiO,—graphene
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microspheres, in which SiO, shell further provided a good protection for Fe;O4
core, were also used for MALDI-TOF MS analysis of BSA [22]. Comparing to the
direct formation of magnetic NPs on graphene surface, the performance of the core-
shell nanostructure is much superior, which overcomes several drawbacks, such as
less adsorption sites of graphene, unstability of magnetic NPs under harsh condi-
tions and long-term use, and aggregation of graphene sheets. In a fluorescent way,
squaraine (SQ) dye exhibited weak or no response to BSA without chemically
converted graphene. Addition of BSA protein to SQ-graphene led to drastic fluo-
rescence turn-on (by as much as 80 fold), attributing to the improved dye delivery
by graphene, which illustrated the ability of graphene to modulate the aggregation
structure and to tune the hydrophobicity of SQ dye [23]. Based on the synergetic
effect, direct electrochemistry of hemoglobin was achieved at poly(diallyldime-
thylammonium chloride) functionalized graphene/RTIL film [24] and graphene-
chitosan film [25]. Employing graphene platform, hemin was recently detected via
fluorescence off strategy with detection limit of 50 nM [26]. In a very recently
report, GO—aptamer hybrid was successfully used to photocatalyze viruses, pro-
teins, and nucleic acids by electron and energy transfer in visible light irradiation
[27]. Tt was the first report of GO—aptamer to photocatalyze proteins, which was
critical to discover new applications of GO in environmental protection and bio-
chemical engineering. Using layer-by-layer assembly, protein-loaded polyelectro-
lyte multilayer films with GO capping layers were fabricated for controlled release
of ovalbumin [28]. It was found that ovalbumin release without GO layers took
place in less than 1 h, while it could be tuned from 30 to 90 days by manipulating
the number of GO deposition layers.

Peptide—protein interactions have critical roles in biology. Deep understanding
of the nature, regulation, and function of these interactions would be central to
human health [29]. Since most peptide—protein bindings do not produce an easily
measurable output signal, this severely hinders homogeneous detection of protein
using peptide as detection probe. To get into this object, a simple and general
approach for investigating peptide—protein interactions was devised by Lu et al.
[29]. In which, the fluorescence of pyrene-labeled peptide was quenched at GO
surface due to the electron- or energy transfer processes. The competitive binding
with target protein (a-bungarotoxin) or antibody (anti-HIV-1 gp 120) resulted in
desorption of pyrene-labeled peptide from GO surface with the restoration of
pyrene fluorescence. This manner was particularly similar to that they proposed for
fluorescent DNA detection as mentioned in the previous DNA detection section. In
a similar strategy, cyclin A,, a prognostic indicator in early-stage cancers, was
detected with GO as the fluorescence quencher [30]. The fluorescence of Pl
(fluorescent-labeled p21™AF™D derived CBM peptide probe) was efficiently
quenched when it was mixed with GO unless P1 bound to cyclin A,. Therefore, the
observed fluorescence after addition of GO into reaction solution of P1 and cyclin
A, indicated that P1 bound to cyclin A, and emitted fluorescence. The assay based
on preferential quenching of fluorescence from unbound P1 by GO could detect
cyclin A, as low as 0.5 nM, 1200-fold better than 0.6 uM that using terbium-
chelating peptide [31], and 10-fold better than that using SWNTs as the quencher.
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Fig. 3.1 a Schematic illustration of the porphyrin non-covalently functionalized graphene-based
peptide sensor for cyclin A, detection. Reprinted from Ref. [32] by permission of John Wiley &
Sons Ltd. b Fabrication of the sensing interface and the detection of thrombin on graphene sheets
assembled Au film. Reprinted from Ref. [33] by permission of The Royal Society of Chemistry.
¢ SPR angle-time curves for the detection process between the aptamer/graphene/Au sensing
interface with different concentrations of thrombin [(a) O nM; (b) 0.08 nM; (¢) 0.4 nM; (d) 1 nM;
(e) 20 nM; (f) 25 nM; (g) 100 nM; (k) 150 nM]. d EIS response of the sensing interface to different
concentrations of thrombin [(a) 0 nM; (b) 0.03 nM; (¢) 0.08 nM; (d) 0.2 nM; (e) 1 nM; (f) 1.5 nM;
(g) 5 nM; (h) 20 nM; (i) 100 nM]

Graphene can substantially suppress background fluorescence and shows much
higher signal-to-background ratio. In their followed study, eliminating labeling
steps, EIS detection of cyclin A, in cancer cells for the first time was recently
proposed [32]. In their design, the specific hexapeptide Py, (RWIMYF) and Tween
20 were immobilized on porphyrin/graphene surface as the detection probe for
cyclin A, and protection agent for non-specific binding. Py bound to a surface
pocket in cyclin A, with high affinity. The attachment of cyclin A, on electrode
hampered [Fe(CN)6]3_/ 4~ which caused electrochemical impedance signal change
(Fig. 3.1a). What more important was that this strategy could detect cyclin A, in
cancer cells and evaluate the efficiency of anti-cancer drugs used in cancer therapy.

Thrombin, a trypsin-like serine protease, plays an important role in several
physiological and pathological processes, such as thrombosis, hemostasis, incrus-
tation, and inflammation. Therefore, detection of thrombin is critical to fundamental
research as well as clinical diagnosis. Utilizing aptamer to selectively and specifi-
cally recognize thrombin has received much interest recently. Aptamer, selected
from random sequence RNAs or DNAs combinatorial libraries by SELEX (sys-
tematic evolution of ligands by exponential enrichment), is a short and single-
stranded artificial oligonucleotide receptor (40—100 bases) with a unique three-
dimensional structure, which could bind the specific target molecules. Aptamers
have been an ideal sensing element in the biochemical analysis for their remarkable
target diversity, high binding affinity, convenient automated-synthesis, ease of
labeling, and high stability. Due to the unique structure and interaction with
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aptamer, graphene has been introduced into aptasensor for thrombin detection.
Recently, Yuan and coworkers carried a series of researches using graphene plat-
forms in sandwich-type [34-39] or label-free [40—42] aptasensors for highly sen-
sitive thrombin determination. On the basis of signal amplification strategy of
graphene-based conjugates, these aptasensors exhibited superior performance such
as low limit of detection (LOD) (down to 0.33 fM), wide linear range, acceptable
stability, and reproducibility. While the multiple fabrication and analysis steps
make the process time consuming and less efficient, these might eventually restrict
the practical applications. Comparatively simple and efficient manners have also
been devised including label [43-45] and label-free [33, 46-49] manners.
According to the FRET [43, 44] or chemiluminescence resonance energy transfer
(CRET) [45], the fluorescence of fluorophore-labeled aptamer was quenched in the
presence of graphene. After binding with thrombin, the aptamer—thrombin complex
left graphene surface, resulting in the restoration of fluorescence, which elucidated
the binding event. In a typical label-free manner, graphene sheets were assembled
on positively charged Au film via electrostatic interaction (Fig. 3.1b) [33]. Then,
thrombin aptamer was adsorbed onto the graphene layer through the strong non-
covalent binding. The binding between the aptamer and thrombin greatly disturbed
the interaction between the aptamer and graphene, resulting in the signal changes of
both SPR (Fig. 3.1¢c) and EIS (Fig. 3.1d). This strategy represents an easy, label-free
manner, which could be generalized to detect a spectrum of targets via SPR
spectroscopy and EIS using different aptamers. Other strategies, such as incorpo-
rating nanomaterials including magnetic microbeads [50] and CdSe [51] into
graphene sheets, have also been revealed for thrombin detection.

3.4 Enzyme

Enzymes are large biological molecules responsible for the thousands of chemical
interconversions that sustain life. They are highly selective catalysts, greatly
accelerating both the rate and specificity of metabolic reactions, from the digestion
of food to DNA synthesis. Like proteins, enzymes are long, linear chains of amino
acids that fold to 3D structure. To get a deep understanding and reveal the functions
of enzymes, new substrate materials with appropriate structures, morphology,
functionalities, and compositions are urgently needed and explored. Graphene or
GO seems to be an ideal choice with the unique 2D structure, flat plane, tunable
functionalities, oxygenic groups, and heterogeneous electron transfer, etc. As an
example, horseradish peroxidase (HRP) was directly immobilized on GO surface
through electrostatic interaction. With AFM and enzyme activity assays, it was
found that full retention of the conformation of immobilized enzyme should be the
key to improve its catalytic performance [52]. Enhanced direct electron transfer for
the HRP-Fe(III)/Fe(Il) redox center of HRP was obtained at sulfonated graphene
[53], GO-MWNTs [54], and graphene—Fe3;O,4 [55] hybrid. Later, De et al. revealed
GO as an inhibitor in modulating the activity of a-chymotrypsin (ChT) [56].
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The properties, such as coexistence of anionic, hydrophobic, aromatic residues, and
a large surface area-to-mass ratio, all contribute to GO’s inhibition effect. In fact, it
exhibits the highest inhibition dose response (by weight) for ChT inhibition com-
pared with all other reported artificial inhibitors, e.g., CNT, dendrimer, Au NPs,
polymeric micelles, ferric porphyrin, and cyclic peptide. By tuning the properties of
GO or graphene, it is possible to strengthen its applicability to wider targets range
with high specificity and selectivity. Recently, Jin et al. [57] reported an enzyme
positive modulator, polyethylene glycol (PEG)-GO (PEGylated GO), to selectively
and efficiently improve trypsin activity and thermostability, while showing barely
any effect on chymotrypsin or proteinase K (as three well-characterized serine
proteases). Investigation elucidated that the PEGylated GO-induced acceleration
was substrate dependent and 43-fold increase could be achieved depending on the
substrate concentration, which may be attributed to both the terminal amino groups
on polymer coatings and 2D structure of GO. These researches demonstrate the
novel potential of GO (or functionalized GO) in enzyme engineering and enzyme-
based bioassays.

Recently, a label-free ECL biosensor for telomerase detection was constructed
based on a cation porphyrin, meso-tetra(4-N,N,N-tri-methylanilinium) porphyrin
(TAPP) functionalized chemically converted graphene (TAPP/CCG)-modified
GCE, and Tween 20 for prevention of non-specific binding and Ru(bpy)3™ as signal
reporter [58]. This novel ECL assay could detect telomerase activity as low as 10
Hela cells/mL, which was 20,000-fold lower than that of the commonly used
colorimetric analysis method. Due to the large surface area and excellent electrical
conductivity of graphene, the porphyrin/graphene nanocomposite not only pre-
sented abundant positively charged domains for DNA capture but also played a role
of signal amplification in electrochemical detection.

In a recent research, it was reported that GO could induce glucose oxidase
(GOD) to undergo substantial conformation changes both at secondary and tertiary
structure levels, inducing the exposure of flavin adenine dinucleotide (FAD) to
solvent and transferring tryptophan (Trp) resides to a more hydrophobic environ-
ment [59]. These changes resulted in a significant decrease in the catalytic activity
of GOD, which needs to be avoided in the glucose detection. By combining GO
(graphene) with other materials, such as ionic liquid (IL) [60] or CdS [61], syn-
ergetic effects took place. The fabricated hybrids exhibited favorable microenvi-
ronment for GOD immobilization and promoted the direct electron transfer process.
Also, they displayed high sensitivity and stability toward glucose detection. The
specific illustration of the direct electrochemistry of GOD and its catalysis to
glucose would be elucidated in the following glucose detection section. Other
enzymes, such as microperoxidase-11 (MP-11) [62], a-chymotrypsin [63], deoxy-
ribonuclease I [64], endonuclease/methyltransferase [65], and protease [66, 67],
have all been successfully detected. The specific role of immobilized enzymes is
their high catalytic behaviors toward the corresponding targets. Contrary to the
previously mentioned dye fluorescence restoration strategy, a dye fluorescence
quenching manner for helicase detection was developed by Jang et al. [68]. The
design was based on the fact that dye-labeled dsDNA could not be adsorbed onto
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graphene surface because of the efficient shielding of nucleobases within the neg-
atively charged phosphate backbones of dsDNA, where strong fluorescence was
observed. Upon the addition of helicase, the helicase-induced unwinding of dsDNA
proceeded and the fluorescence was gradually quenched, because of the strong
adsorption of unwound ssDNA on graphene. Hence, the helicase could be suc-
cessfully detected via fluorescence decrease. Also, this method may be readily
applicable to any research involving dsDNA unwinding and to the screening of
helicase inhibitors as drug candidates in antivirus therapy.

3.5 Immunosensors

For antigen detection, enzyme-linked immunosorbent assays (ELISA) is the com-
mercially available and routinely used method. However, it is time consuming and
expensive, which inhibit its suitability for field applications. There is an urgent need
to develop alternative methods with lower cost, higher sensitivity and selectivity,
faster response, and point-of-care detection. Based on specific antigen—antibody
recognition, immunosensors have gained much attention in many biomedical
research and clinical diagnostics, as a promising approach for selective and sen-
sitive analysis. Immunosensors show great potentials with above merits and highly
designable property in practical applications. Various methods (EC, ECL, CL, FET,
CRET, FRET, colorimetric, etc.) and coupling nanomaterials (CNT, QDs, NPs,
etc.) have been used for immunosensors construction. Typically, a sandwich-type
protocol is often adopted. Previously, the primary antibody (Abl) is immobilized
on a solid surface. Then, the specific antigen binds to the Abl site. Finally, the
labeled secondary antibody (Ab2) binds to the antigen, which triggers the suc-
cessive reactions of species in the solution or on the immunosensor platform. A
signal is obtained to indicate the antigen—antibody recognition. Recently, graphene
has been widely used in immunosensors construction. Examples of these researches
have been illustrated in Table 3.1. Graphene nanomaterials play two main roles in
immunosensors: the building blocks for platform construction (Abl immobiliza-
tion) and the labels in bioconjugates with Ab2.

Using graphene as the substrate for Abl immobilization and an energy acceptor,
Lee et al. reported an immunoassay based on CRET between graphene sheets and
chemiluminescent donors [75]. CRET is a non-radiative dipole—dipole transfer of
energy from a chemiluminescent donor to a suitable acceptor. Comparing with
FRET, CRET occurs via the specific oxidation of a luminescent substrate during
chemiluminescence (CL) reaction without an external excitation source. Therefore,
it could avoid the drawbacks of FRET, such as the requirement of simultaneous
external excitation of both donor and acceptor fluorophores. In their design, the
target C-reactive protein (CRP) triggered the immunoreaction between graphene-
Abl and HRP-AD2 in buffer containing H,O, and luminol (Fig. 3.2a). The reaction
of luminol with ROS (i.e., reactive oxygen species, generated by H,O, and HRP)
resulted in the formation of a high-energy species that decomposed with loss of N,
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Fig. 3.2 a Schematic illustration of a graphene-based chemiluminescence resonance energy
transfer platform for the detection of CRP. Anti-CRP antibody-conjugated graphene and luminol that
is excited by HRP-catalyzed oxidation are used as an acceptor and a donor, respectively. Reprinted
with permission from Ref. [75] Copyright 2012 American Chemical Society. b Schematic
illustration of the multiplexed electrochemical immunoassay protocol and the measurement
principle of the sandwich immunoassay. Reprinted with permission from Ref. [85] Copyright 2011
American Chemical Society. ¢ Schematic of a TRGO FET. Anti-IgG is anchored to the TRGO sheet
surface through Au 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
measurements. Reprinted from Ref. [71] by permission of John Wiley & Sons Ltd.

to give an excited molecule with a strong blue emission at 430 nm. LOD was found
to be 0.93 ng/mL, and the performance was comparable to that of ELISA-based
assay. One advantage of this graphene-based CRET might be that it allowed the
homogeneous immunoassay of specific target without washing out unbound anti-
body or phase separation. Because most sandwich-type immunoassays require the
removal of unbound probes before signal readout to determine analyte concentra-
tion present in clinical and biological samples [75]. It also revealed that the elec-
trons transfer from excited state of luminol to conductive graphene was much easier
than that to GO, an insulator or semiconductor. Other graphene-based platforms
were also fabricated and used in various targets detection with a sandwich-type [73,
77,79, 81, 84, 87, 89, 92, 96, 100, 104, 106, 110-112]. The large surface area and
oxygenic groups of graphene provide a good candidate for nanomaterials anchor-
ing, and then the increment the immobilization amount of probe and target. And its
good electrical conductivity improves the electron transfer. These properties all
contribute to improve the detection sensitivity.
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In sandwich-type immunoassays, the detectable signal derives mainly from the
labels in Ab2-bioconjugates. Research demonstrated that the loading ratio (the
weight ratio of loaded drug to carriers) of GO could reach 200 %, much higher than
that of other nanocarriers such as nanoparticles that usually have a loading ratio less
than 100 % [114]. This could be attributed to the advantages of graphene, such as
large surface area, good biocompatibility, and physiological stability. Besides, the
functional groups of GO facilitate biomolecules binding. Based on these, Du and
coworkers exploited functional GO as a nanocarrier to link enzyme and signal
antibody at high ratio, which greatly increased the detection sensitivity toward
phosphor-p53**% [74]. To increase the immobilization amount of biomolecules and
accelerate electron transfer, GO and graphene have also been decorated with Au
NPs [90], Ag [94], and guanine [107]. The immunoassays signals are greatly
enhanced by incorporating graphene in Ab2-bioconjugates.

Taking the merits of graphene, it has been exploited as both the platform and
label [76, 93, 97, 98, 101]. For instance, Liu et al. [76] designed a graphene-assisted
dual amplification strategy for immunosensor application. Graphene—PDDA/Au
NPs hybrids served as an effective matrix for antibody anchoring with good sta-
bility and bioactivity. Graphene-based nanoprobe (HRP-Ab2/Au/PDDA-EGO) was
designed for constructing a sandwich-type immunosensor. Enhanced sensitivity
was achieved by combining the advantages of high binding capacity and excellent
electrical conductivity of graphene platform with the multilabel nanoprobe signal
amplification. The application of this immunosensor to real clinical serum samples
showed comparable detection results to that obtained by ELISA with the relative
deviations ranging from —3.50 to 7.89 %. Biocompatible graphene sheets as an
immunosensor platform or a label in bioconjugates not only present an abundant
domain for bimolecular binding but also play a role in fast electron transfer kinetics
and further signal amplification. Sensitive, selective, and simultaneous detection of
multianalytes may be the trend in the future clinical diagnostics. Recently, Tang
et al. [85] presented the simultaneous electrochemical determination of AFP and
CEA in biological fluids. Anti-AFP (Abl) and anti-CEA (Ab2) were coimmobilized
on Fe;0, NPs-coated graphene sheets to obtain MGO-Ab1,2 substrate. HRP-fer-
rocene and HRP-thionine were encapsulated into nanogold hollow microspheres
(GHS) to form the signal tags as GHS-Abl and GHS-Ab2, respectively. Then, a
sandwich-type immunoassay format was employed for the online detection of AFP
and CEA by coupling a flow-through detection cell with an external magnet
(Fig. 3.2b). The detection ranges of 0.01-200 ng/mL and 0.01-80 ng/mL were
observed for AFP and CEA, respectively. The LODs for both analytes were down
to 1.0 pg/mL. Results showed that this multiplexed immunoassay manner fulfilled
the needs of clinical diagnosis. Later, a novel multiple-label method and dual
catalysis amplification for simultaneous detection of PSA and fPSA were proposed
by Han et al. [105]. In their design, Au NPs-modified nanoparticles were decorated
on onion-like mesoporous graphene sheets, (Au—PBNPs/O-GS and Au—NiNPs/O-
GS), as distinguishable signal tags. Subsequently, streptavidin and biotinylated
alkaline phosphatase (bio-AP) were employed to block the possible remaining
active sites. With the bio-AP, the amplification signals could be achieved by
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catalysis of the ascorbic acid 2-phosphate to produce AA in situ. Then, AA was
further catalyzed by Au-PBNPs/O-GS and Au-NiNPs/O-GS nanocomposites,
respectively, to obtain the high signal responses.

To gain distinguishable detection signals, sandwich-type immunoassay, as above
mentioned, is often used, in which labels of Ab2-bioconjugates trigger the reac-
tions. This manner possesses high sensitivity and selectivity. Meanwhile, the
multiple attaching and washing steps make the procedures complex and time
consuming and also cause the loss of samples. Direct or label-free monitoring the
antigen—antibody recognition may be of highly important and demanded. In this
manner, the second Ab2-bioconjugates are not necessary as in a sandwich-type
assay. Examples are illustrated in the following. By incorporating redox species
into graphene platform, both DPV [80, 91, 109] and CV [83, 99, 103] are used to
monitor the redox behaviors of the electroactive species before and after antigen
recognition. This could also be realized by the redox indicators in the electrolytes
[82, 88, 113]. Sensitive ECL immunosensing by incorporating QDs in graphene
platform is also demonstrated [78, 86]. Comparing to CV or DPV with large
stimulating potentials, EIS is less destructive and invasive to the biological inter-
actions due to the low amplitude of applied potential or current. Besides, it is highly
sensitive to the electrode interfacial property changes when high molecular weight
or electrically charged biomolecules are binding to the platform. Recently, EIS has
been successfully applied to immunoassay [72, 95]. For example, Loo et al. [72]
designed an impedimetric immunosensor for IgG based on chemically modified
graphene (CMG). Low impedance value was obtained at CMG-modified electrode
due to the total accessibility of Fe(CN)é_M_ to electrode. When anti-IgG was
immobilized on CMG electrode, impedance value increased due to the decrease of
accessibility. Finally, IgG bound to CMG/anti-IgG and a further increase of
impedance value was observed due to the additional steric hindrance caused by the
bulky IgG molecules or the electrostatic interaction between IgG and Fe(CN)z "+~
The linear detection range was from 0.3 to 7 pg/mL. This impedimetric strategy is
comparatively simple due to the elimination of the second Ab-conjugates reaction
step. However, the performances (LOD, sensitivity, selectivity, etc.) are still not
comparable to other electrochemical strategies. Further efforts are needed to
improve the platform’s performance with high sensitivity and selectivity to inter-
facial property changes.

The unique properties of graphene, such as single layer, extremely large surface
area and high carrier mobility, make it suitable for FET applications as revealed in
the previous DNA electrical detection segment. Graphene-based FETs (G-FETs)
have also been constructed and used for immunosensors [69—71]. The recognition
event could induce significant changes in the electrical characteristics of G-FETs,
which represents it as a label-free manner with simplicity and sensitivity. Using G-
FET for biological assay, there are two main considerations. One is the recognition
reaction must occur within the Debye length, which is simply defined as the typical
distance required for screening the surplus charge by the mobile carriers present in a
material. The other is that no defects are introduced on single-layer graphene surface
to enable specific detection and minimize non-specific binding [69]. Based on this,
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Ohno et al. [69] succeeded in label-free IgE detection using an aptamer-modified G-
FET with a dissociation constant of 47 nM. As artificial oligonucleotides produced
in vitro, aptamer may bind graphene with high affinity. However, the directly
immobilized antibody on graphene may be unstable and readily removed through
simple washing processes. This introduces undesirable effects, such as poor device
reproducibility and non-specificity. To overcome this, Mao et al. [70, 71] designed
Au NP-antibody conjugates to modify G-FET with high affinity (Fig. 3.2c). Very
low LOD of 0.2 ng/mL was reached, which was among the best of reported carbon
nanomaterial-based biosensors. Besides, the performance might be improved by a
large piece of single-layer graphene sheet with high antibody density.

Toward various antigens detection, electrochemical methods, such as DPV, CV,
and SWV, are mostly adopted (Table 3.1) due to the features of simple pretreatment
procedures, fast response, precise measurement, cost-effectiveness, high sensitivity
and selectivity, and feasible miniaturization. However, the performances are largely
dependent on the labels of Ab2-conjugates, which make the procedures complex.
EIS and FET techniques represent as the simple, direct, and label-free manner,
while high-quality, cost-efficient graphene platforms exhibiting high sensitivity and
selectivity toward biomolecules binding events are still highly required. Simulta-
neous multiplexed immunoassay using EIS and FET is hardly realized due to their
restriction of simple readout signal. Immunosensors adopting ECL, CL, CRET, and
FRET show comparable performances to electrochemical methods, but share with
the similar problem. A versatile detection method with all merits seems impossible.
Choosing the most suitable one for specific target detection seems to be particularly
important. Furthermore, there is room for improving the quality and property of
graphene-based platforms or antibody bioconjugates.
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Chapter 4
Graphene for Glucose, Dopamine,
Ascorbic Acid, and Uric Acid Detection

Abstract Since every atom in graphene single sheet is a surface atom, molecular
interaction and electron transport through graphene can be highly sensitive to
adsorbed biomolecules. Graphene materials act as good candidates for glucose
sensing due to the high surface area, excellent conductivity, and small band gap,
which are favorable for biomolecules loading and electrons conducting. Generally,
graphene-based platforms for glucose determination could be categorized into two
kinds, namely enzyme catalysis and non-enzyme catalysis. The enzyme catalysis
shows high sensitivity and selectivity. However, the inevitable drawbacks of
instability originating from the intrinsic nature of the enzyme, as well as the critical
operational conditions and complicated immobilization procedure, may limit the
analytical applications. These drawbacks could be overcome in non-enzyme cata-
Iytic biosensors, which are stable, simple, reliable, and cost-effective. Detailed
descriptions are illustrated in the following. The concentrations of dopamine (DA),
ascorbic acid (AA), and uric acid (UA) in human body are important in the diag-
nosis, monitoring, prevention, and treatments of some certain diseases, such as HIV
infections, schizophrenia, Parkinson, hyperuricemia, and a type of arthritis. Then
various graphene platforms for the detection and quantification of DA, AA, and UA
are also demonstrated.

Keywords Graphene - Glucose + Enzyme - Dopamine « Ascorbic acid - Uric acid

4.1 Glucose Detection

4.1.1 Catalysis by Enzymes

Glucose detection plays an important role in biotechnology, life science, food
industry, and clinical diagnostics. Diabetes is a worldwide public health problem and
one of the leading causes of death and disability in the world. In 2000, it was
estimated that 2.8 % of the world population was affected by diabetes mellitus, a
disease with hyperglycemia (i.e., elevated blood glucose level) as the major symptom
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[27]. The diagnosis and management of this disease requires a tight monitoring of
blood glucose level [28]. Back in 1962, Clark and Lyons [29] first illustrated the
enzyme-based determination of glucose using a Cuprophane—GOD-Cuprophane
membrane and a pH electrode. Glucose diffusing through the membrane was con-
verted to gluconic acid, which then diffused both toward the pH sensitive glass and
back into the donor solution. This caused a drop in pH, the magnitude of which was
largely determined by the concentration of glucose, the rate of the flow and buffering
capacity of the glucose-containing solution, temperature, and pH. Ever since then,
great efforts have been devoted to the design and fabrication of glucose biosensors for
sensitive, selective, and precise glucose determination. In most of the enzyme-based
glucose biosensors, glucose oxidase (GOD) has received considerable attention and
is used as the model enzyme, due to its high catalytic ability and selectivity to glucose.
It could catalyze glucose to gluconolactone in the presence of molecular oxygen,
simultaneously producing hydrogen peroxide (flowing equations). Then glucose is
generally quantified by electrochemical oxidation of the liberated hydrogen peroxide
or less commonly by the electrochemical reduction of consumed oxygen [27].

Glucose + GOD-FAD — gluconolactone + GOD-FADH,
GOD-FAD + 2H" + 2¢~ « GOD-FADH,
GOD-FADH; + O, — GOD-FAD + H,0,

H,0, — 2H" + 0, + 2¢~

Two major limitations in immobilizing GOD on electrode surface still remain
challenging, including the poor direct electron transfer (DET) between the active
site of the enzyme and the electrode and the enzyme leaching. As the active redox
center of GOD, flavin adenine dinucleotide (FAD) is deeply embedded in a pro-
tective protein shell, which makes the DET with electrodes difficult. Realizing the
DET between the redox enzyme and electrode seems to be extremely important and
urgent in electrochemical glucose detection. Various materials, such as CNT,
AuNPs, ILs, and metal oxides [30-34], have been developed as the substrates for
GOD immobilization and glucose detection. Recently, graphene materials act as
good candidates for glucose sensing due to the high surface area, excellent con-
ductivity, and small band gap, which are favorable for biomolecules loading and
electrons conducting. Since every atom in graphene single sheet is a surface atom,
molecular interaction and electron transport through graphene can be highly sen-
sitive to adsorbed biomolecules. Various graphene-based materials have been used
in constructing glucose biosensors (Table 4.1).

Exploiting their intrinsic properties, graphene and GO have been utilized as the
matrixes for GOD immobilization and glucose detection [1-4]. It is found that
graphene can remarkably enhance the DET kinetics of GOD, which may be
ascribed to graphene’s unique electronic structure and the surface defects. These
defects result in high density of electronic states near the Fermi level, leading to the
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enhancement of DET kinetics. A study was intended to intrinsically change the
density of electronic states of graphene by nitrogen doping [5]. Using nitrogen
plasma treatment, the Fermi potential of graphene was changed and the electron
transfer efficiency was enhanced. Higher redox peak currents and faster electron
transfer kinetics of GOD were obtained on N-doped graphene than on graphene.

There are two main important parameters to evaluate the performance of GOD
on modified electrode surface. The DET constant (K,) of GOD on modified elec-
trode can be estimated by using the Laviron model [35] at high scan rates:

RT ol — a)nFAE,
Log K, = oLog(1 — 1 —o)L —Log— ——— 0
og Ky = alog(l — ) + (1 — «)Loga — Log nFy 2.3RT

where Kj is the electron transfer rate constant, a is the charge transfer coefficient,
which could be estimated from the plots of E,, and E,,. versus the logarithm of the
scan rates with the line slopes of 2.3RT/(1 — a)nF and —2.3RT/anF at high scan
rates, R is the universal gas constant, T is the temperature, n is the number of
electrons transferred, F' is the Faraday constant, v is the scan rate, AE,, is the peak
separation of the FAD/FADH, redox couple.

The apparent Michalis—Menten constant—K,, an indicator of enzyme—substrate
reaction kinetics, is often used to evaluate the biological activity of the immobilized
enzyme, which can be calculated from the Lineweaver-Burk equation [36]:

1 Kol 1

iSS imax C imax

where i is the steady-state current after the addition of substrate, i.., is the
maximum current measured under saturated condition, C is the bulk concentration
of substrate. The smaller K,,, value indicates that the immobilized enzyme possesses
higher enzymatic activity.

As in the sensing of other biomolecules, the aggregation of graphene sheets
needs to be perfectly resolved prior to glucose detection. Our group is among the
first ones to carry out well-dispersed graphene for constructing glucose biosensors
[6-8]. To solve this issue, we firstly used polyvinylpyrrolidone (PVP) to protect
graphene, and then polyethylenimine-functionalized ionic liquid (PFIL) to disperse
PVP/graphene. PFIL had good film stability and high ionic conductivity for
enhanced electrochemical response. Besides, the high biocompatibility and
exchangeability of the counterions in PFIL were much favorable for further
immobilization of biomolecules, such as negatively charged GOD. A novel PVP-
protected graphene/PFIL/GOD electrochemical biosensor was constructed for the
DET of GOD and glucose biosensing [6]. The direct electrochemistry of GOD at
PFIL-graphene electrode was investigated with CV (Fig. 4.1a), which exhibited a
pair of well-defined redox peaks with formal potential (E°") —0.43 V (vs. Ag/AgCl
in saturated KCI) and cathodic to anodic current intensity ratio ~ 1. This was the
characteristic reversible electron transfer process of FAD in GOD, which underwent



62 4 Graphene for Glucose, Dopamine, Ascorbic Acid ...

-3 !
e
a2
a0l
a8

By heizie

: = 2 mM [Glweose] / M
0.8 A6 0.4 0.2 0.0 4% 06 04 02 00 [ ] 04 06 04 0.2 o0 0z
E/V vs. AglAgCl E/V vs AgiAgCl E/V vs. AglAgCl

Fig. 4.1 a CVs of graphene—PFIL (dashed), graphite—GOD-PFIL (dotted), and graphene—GOD-
PFIL (solid)-modified electrodes in 0.05 M PBS solution (pH = 7.4) saturated with N, at a scan
rate of 0.05 V/s. b CVs at various scan rates from 0.01, 0.025, 0.05, 0.10, 0.15, 0.20, and 0.25 to
0.3 VIs, respectively. Inset Plot of peak current (i) versus scan rate. ¢ CV measurements at the
graphene-GOD-PFIL modified GC electrode in various concentrations of glucose PBS solution
saturated with O,: 2, 4, 6, 8, 10, 12, and 14 mM from outer to inner. The inset is the calibration
curve (R = 0.994) corresponding to amperometric responses at —0.49 V. Scan rate: 0.05 V/s.
Reprinted with permission from Ref. [6] Copyright 2009 American Chemical Society

a redox reaction with two protons and two electrons exchanged. From the peak
currents and scan rate, the redox process of GOD in the composite was a reversible
and surface-confined process (Fig. 4.1b). Finally, the graphene—PFIL-GOD elec-
trode was applied to glucose detection as shown in Fig. 4.1c. The linear glucose
response from 2 to 14 mM on graphene—PFIL-GOD electrode was suitable for
practical application in determining blood glucose level, which is maintained
between about 4 and 6 mM. In the following studies, another IL, amine-terminated
ionic liquid (NH,-IL), was covalently anchored on GO via epoxide ring-opening
reaction [7]. The graphene-IL provided a favorable microenvironment for the DET
of GOD, which could be used as an amperometric biosensor for routine analysis of
glucose in real blood serum samples. Later, based on the synergistic effect of
graphene and AuNPs, both the reduction of H,O, and O, were achieved at
graphene/AuNP/CS/GOD electrode, which exhibited good response to glucose [8].

By incorporating nanoparticles, such as quantum dots [9, 10], Pd [11], Pt [12], Au
[13-15], and Ag [16], into graphene sheets, the resulting hybrids possess excellent
conductivity and ultrafast electron transfer rate. Using CdTe-CdS core—shell quan-
tum dots as ultrafast electron transfer relay, Gu and coworkers fabricated an elec-
trochemical glucose biosensor with low LOD of 3 pM and high sensitivity of
5,762.8 nAnM ! cm 2 [9]. The K, value reached as low as 5.24 X 10~% mM, which
was smaller than most of the graphene-based glucose biosensors. These metal
nanoparticle-modified graphene exhibited high performance toward DET of GOD
and glucose detection based on the high electrocatalytic ability of noble metals.
However, the supply of these noble metals may be a restriction in the long run for
their rare amount. Other biocompatible materials, such as nafion [18, 19], chitosan
[20, 21], carbon nanospheres [22], silane [23], Ppy [24], PEI [25], and TiO, [26],
have also been adopted as components in graphene-based glucose biosensors. For
instance, Yin et al. [22] devised one-step green preparation of graphene nano-
sheets—carbon nanospheres mixture (GNS-CNS) method. They revealed that GNS-
CNS could provide a unique microenvironment for GOD to maintain its bioactivity
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and facilitate the electron transfer between GOD and electrode. The small K,,, value
of 0.12 mM indicated that the immobilized GOD possessed high enzymatic activity
and high affinity to glucose. The K; value of 2.64 s™' indicated fast electron transfer
kinetics process.

4.1.2 Non-enzymatic Catalysis

Enzyme-based glucose detection shows high sensitivity and selectivity. However,
the inevitable drawbacks of instability originating from the intrinsic nature of the
enzyme as well as the critical operational conditions and complicated immobili-
zation procedure may limit their analytical applications. Moreover, the catalytic
activity of enzyme is easily affected by environmental conditions, such as tem-
perature, pH, humidity, ionic detergents, and toxic chemicals. These drawbacks of
the enzyme-based biosensors and the growing need for a stable, simple, reliable,
and cost-effective sensor for glucose, particularly in the biomedical field, have lead
to the emergence of a new generation (also called the fourth generation) of
amperometric glucose sensors, known as ‘non-enzymatic’ or ‘enzyme-free’ glucose
sensors, that is, not involving any enzyme [27]. In the field of non-enzymatic
glucose sensor, the pioneering work was done in 1909 by Walther Loeb, who
electrocatalytically oxidized glucose in H,SO, at a lead anode. In spite of decades
of research in this field, the practical application of non-enzymatic glucose sensors
was prevented due to the lack of selectivity, sluggish kinetics of glucose oxidation
at many of the bare electrodes, and fouling of electrode surface by the constituents
of real samples, such as chloride ions and proteins. With introducing of nanoma-
terials, modified electrodes have been widely used in non-enzymatic glucose
sensing to alleviate the drawbacks as mentioned above. Majority of the non-
enzymatic sensors rely on the current response of glucose oxidation directly at the
electrode surface, the mechanism of which considerably depends on the electrode
material used. Two models, namely activated chemisorptions model [37] and
incipient hydrous oxide/adatom mediator model [38] have been proposed to explain
the mechanism of electro-oxidation of glucose at various electrode materials.

As above mentioned, the unique properties of graphene make it an ideal platform
for biosensor construction in non-enzymatic glucose detection field. As an example,
Mallesha et al. [27] used concentrated HNOj to treat graphene, which resulted in
graphene with carboxylic and phenolic groups. The functionalized graphene-
modified graphite electrode exhibited good sensitivity, stability, and shelf life
toward glucose in alkaline medium. Moreover, in the interference studies (applied
potential + 0.4 V), this proposed biosensor exhibited good selectivity toward glu-
cose in the presence of ascorbic acid (AA), uric acid (UA), and dopamine (DA),
which are the most common and potentially important interferents for a glucose
biosensor in a clinical setting because these substances are co-oxidized at similar
potentials, producing noise anodic current and also reducing the sensitivity.
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Fig. 4.2 SEM images of a 3D graphene foam and b 3D graphene/Co;04 nanowire composite.
¢ Amperometric response of the composite electrode (holding at 0.58 V) upon addition of glucose
to increasing concentrations. d Amperometric response to 25 nM glucose. An exponential fitting
with a time constant of ~3.7 s was shown. Reprinted with permission from Ref. [39] Copyright
2012 American Chemical Society

By using graphene as an excellent 2D support, graphene—metal (or metal oxide)
nanocomposite materials have aroused tremendous attention in non-enzymatic
glucose sensing for the property combination of two components. Various metal
oxide and metal (or metal alloy), such as Co304 [39, 40], Ni(OH), [41], NiO [28,
42], Ni [43], Pd [44, 45], Cu [46], PtNi [47], and Au—Pt [48], have been loaded on
graphene for direct glucose detection based on the their electrochemical redox
behaviors or the high electrocatalytic ability. For instance, Dong and coworkers
fabricated 3D graphene/Co3;0, composite for electrochemical glucose detection
(Fig. 4.2) [39]. In alkaline medium, Co3;0,4 underwent the following electrochem-
ical reactions:

Co304 + OH™ 4 H,O < 3CoOOH + e~

CoOOH + OH™ < Co0O, + H,O + ¢~
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With the introduction of glucose, CoO, catalyzed glucose to gluconolactone by:
2Co0; + glucose — 2CoOOH + gluconolactone

This composite showed an ultrahigh sensitivity of 3.39 mA mM ' ¢cm ™2 and a
remarkable low LOD of <25 nM (S/N = 8.5). The authors illustrated that, in the
composite formation, graphene served as a 3D support with large capacity to
uniformly anchor Co3;04. The rapid charge transfer of defect-free graphene foam,
exceptionally electrochemical and electrocatalytic properties of Coz0,4 nanowires,
and the enormous accessible active area of the composite all contributed to the high
performance toward electrochemical glucose detection. What’s more, the syner-
gistic co-operation between graphene and metal oxides promises many novel
properties and performances. Using the abundant surface functional groups of GO
as the reactive sites for the nucleation and binding of noble metal nanoparticles,
Gao et al. [47] reported a facile one-step ultrasonication-assisted electrochemical
method to synthesize graphene/PtNi composite. Well-dispersed PtNi alloy with
high density was loaded on the effectively electrochemically reduced GO. Com-
paring to PtNi alloy, PtNi-chemically reduced GO, and PtNi-SWNT, the graphene/
PtNi-modified electrode exhibited smaller electron transfer resistances and larger
electrochemically active surface area. When used for non-enzymatic glucose
detection, the graphene/PtNi composite exhibited high selectivity, superior resis-
tance to poisoning, rapid response, and excellent stability, etc.

Besides the commonly used electrochemical methods, fluorescent [49], FET [50],
and colorimetric [51, 52] strategies have also been adopted for glucose detection. In a
fluorescent manner, Zhang and coworkers designed a new glucose detection platform
based on the FRET between NaYF,:Yb,Er upconverting phosphors (UCP) and GO
[49]. Different from previously reported FRET models based on n—m stacking
interaction, in their design, donor and acceptor were brought into FRET proximity
through specific molecular recognition. ConA and chitosan (CS) were covalently
attached to UCP and GO, respectively. The known tight binding of ConA with CS
brought UCP and GO into appropriate proximity and hence induced energy transfer.
Thereafter, the FRET process was inhibited (in part) because of competition between
glucose and CS for ConA, which served as foundation of glucose sensing. Low LOD
of 0.025 pM was calculated, and this strategy possessed high reproducibility and
specificity. In a recent report, CVD-grown graphene was functionalized with the
linker molecules to immobilize enzymes that induced the catalytic response of glu-
cose [50]. Through measurements of the Dirac point shift and differential drain-
source current, the graphene-based FET sensor could detect glucose levels in the
range of 3.3-10.9 mM, which mostly covered the reference range of medical
examination or screen test for diabetes diagnostic. Based on the intrinsic peroxidase
catalytic activity, both GO—~COOH [51] and GO-Fe;04 [52] catalyzed the reduction
of peroxidase substrate 3,3,5,5-tetramethylbenzidine (TMB) in the presence of H,O,
to produce a blue color. In the presence of GOD, colorimetric detection of glucose
was sensitively and selectively detected. Kinetic analysis indicated that the catalysis
followed typical Michaelis—Menten kinetics and a ping-pong mechanism.
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4.2 DA, AA, and UA Detection

Dopamine, ascorbic acid, and uric acid are compounds of great biological and
chemical interest and play a potential role in the metabolic system of human bodies.
Dopamine (DA) is a monoamine neurotransmitter found in brain and is essential for
the normal functions of the central nervous system. Ascorbic acid (AA) is important
in health care of human beings. It is especially essential to the skin, connective
tissues, and immune system. Uric acid (UA) is the final oxidation product of urine
metabolism and is excreted in urine. Detection and quantification of DA, AA, and
UA are important in diagnoses, monitoring, prevention, and treatments of some
certain diseases such as HIV infections, schizophrenia, Parkinson, hyperuricemia,
and a type of arthritis. Therefore, determination of these three species is of great
significance not only in biomedical chemistry and neurochemistry but also for
diagnostic and pathological investigations.

Back in 1976, Adams [53] described a number of electroanalytical techniques
that were developed to investigate the role of neurotransmitters in the brain. It
inspired many people to get involved in this research. Twelve years later, Wight-
man and coworker reported the use of in vivo probes, especially voltammetric
microelectrodes, to monitor dynamics of neurochemical events in the extracellular
space of the brain [54]. Especially, it represented that rapid, simple, and sensitive
electrochemical methods have shown the great potential in neurotransmission
detection. While, it is well known that at traditional bare electrodes, DA, AA, and
UA exhibit oxidation peaks at potentials very close to each other, resulting in an
overlapping voltammetric response. Moreover, high overpotentials are usually
required for these analytes to undergo electrochemical oxidation at bare electrodes,
and the electrode surface suffers fouling effect due to the accumulation of oxidation
products. The sensitive and selective detection of one in the presence of the other
two species or their simultaneous determination has been the major goal of many
researches. Using nanomaterial-modified electrodes as platforms, electrochemical
biosensors have been widely designed and used in these detections in recent years.
It is always attractive to develop new nanomaterials or improve their properties to
meet the demand.

To realize this, a new material, multilayer graphene nanoflake films (MGNFs)
were fabricated on Si substrate using microwave-assisted plasma CVD without
metal catalysts or any surface pretreatments [55]. The MGNFs were made of highly
graphitized knife-edge nanoflakes with a 2-3-nm-thick sharp edge and had a pref-
erentially vertical orientation relative to the Si substrate. It was found that the
MGNFs possessed superior electron transfer kinetics, which could be ascribed to the
abundance of edge planes and defects (such as kinks, steps, vacancies, and dangling
bonds), unique electronic structure of graphene and the good electrical contact with
Si. These edge defects could have different electrochemical interaction potential with
the biomolecules of interest. They could also be locally negatively charged due to
structural motifs, unpaired electrons, or surface polarizations, then repelled UA and
AA anions and formed a molecular sieve permeable only to cationic DA. Therefore,
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the MGNFs demonstrated well-resolved simultaneous discrimination of DA, AA,
and UA as well as the sensing ability of DA with the detection limit of 0.17 uM. The
biosensing performance was superior to all other untreated, unmodified carbon-
based electrodes and was comparable only to the edge plane pyrolytic graphite
(EPPG). Based on edge-plane defects, anodized epitaxial graphene (EG), consisting
of oxygen-related defects, was also found to show enhanced electroanalytical per-
formances toward DA (pK, = 8.87), AA (pK,=4.17), and UA (pK, = 3.70) in neutral
condition [56]. Rich edge defects lead to sufficient density of states (DOS) near the
Fermi level, which are responsible for the fast electron transfer process. As far as the
possible effect of the surface oxygen functional groups on the simultaneous deter-
mination of such biomolecules was concerned very recently, it was found that the
ratio of O to C (O/C) was very important in the determination of DA, AA, and UA.
Since the type and quantity of oxygen groups of graphene play significant roles in
determining its unique properties, the changes in composition and structure would
inevitably affect the electrochemical behavior. Statistical results indicated that dif-
ferent oxygen functional groups play entirely distinct roles. Particularly, -C=0 on
the basal plane hindered AA oxidation more seriously and -COOH on the edges
accelerated the electron transfer of DA faster than AA in the electrocatalytic oxi-
dation process on electrochemically reduced graphene-modified electrode [57]. By
adjusting the electrochemical reduction conditions and tuning the oxygen groups,
sole and simultaneous DA and AA detection would be achieved. However, the exact
function mechanism of these oxygen groups in analysis is still needed to be resolved.
Results illustrated that with the O/C ratio up to 7 %, the electrochemically oxidized
carbon electrodes have no ability to distinguish the three biomolecules [58].

4.2.1 DA

Employing graphene directly modified electrodes, electrochemical determination of
DA has been achieved [59-62]. In these studies, it was revealed that the interaction
between DA and graphene accelerated the electron transfer process and graphene-
modified electrode exhibited excellent electrocatalytic activity toward the electro-
chemical oxidation of DA. While, in a recent research, it was suggested that the
modification of graphite electrodes with graphene had no significant analytical
advantage and exhibited reduced analytical performance toward DA and UA [63].
Using graphene, which was well characterized, completely free of surfactants and
had not been purposely oxidized or treated, modified edge- and basal-plane pyro-
lytic graphite electrodes (EPPG and BPPG with fast and slow heterogeneous
electron transfer kinetics, respectively), reduction in the sensitivity, and LOD was
observed. These results were contradictory to most reports which claimed the
application of graphene led to an enhancement in the electroanalytical response.
The authors indicated that with the introduction of graphene, the global coverage of
edge-plane-like sites/defects of the EPPG/BPPG electrode declined given that
graphene was predominantly basal plane in nature and thus when immobilized upon



68 4 Graphene for Glucose, Dopamine, Ascorbic Acid ...

HOMO

Top View

Side View

LUMO

Top View

SideView @GS SHOGS - CIeIeGoBvest

Fig. 4.3 Electron density distribution of electrons in the HOMO (highest-occupied molecular
orbitals, shown in blue and green) and the LUMO (lowest-unoccupied molecular orbitals, shown
in red and yellow) of a (A) 2 x 2 sheet (coronene), (B) 3 x 3 sheet, and (C) 4 x 4 sheet of graphene.
Due to the symmetry of the sheets, the HOMO and HOMO — 1 are degenerate in energy and both
are displayed simultaneously. Similarly, the LUMO and LUMO + 1 are degenerate in energy and
both are displayed simultaneously in these figures. In each case, the 0.035 a.u. surface is shown.
All molecular orbital diagrams were visualized using MOLEKEL 4.2. Reprinted from Ref. [64] by
permission of The Royal Society of Chemistry

an electrode surface, these basal-plane sites effectively blocked the underlying
edge-plane sites resulting in suppressed electron transfer. In their previous work,
density functional theory (DFT) was conducted on symmetric graphene flakes of
varying sizes indicating that the HOMO and LUMO energies were concentrated
around the edge of the graphene sheet, at the edge plane sites, rather than the central
basal plane region [64]. It was found that the probability that the electrons would be
concentrated around the edge of the graphene flake increased as the size of the sheet
increased (Fig. 4.3). The side view showed that any electron density concentrated in
the basal region was less than that concentrated at the edges. Thus, in graphene, the
electrons that have the highest energies and are, therefore, most likely to transfer,
have a higher probability of being concentrated in the edge plane than in the central
basal plane region, which is consistent with the experimental results and funda-
mental understanding regarding the electron transfer sites of graphitic materials. At
graphene-modified EPPG, the authors divided two essential coverage regions for
graphene, where in “Zone I’ graphene addition did not result in complete coverage
of the underlying electrode and increased basal contribution from graphene mod-
ification leading to reduced electron transfer and electrochemical activity; in ‘Zone
I’, once complete single-layer coverage was achieved, layered graphene viz
graphite materializes with increased edge-plane content and thus an increase in
heterogeneous electron transfer was observed with increased layering. While at
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BPPG, no such Zones were observed. These were purely from the perspective of
electrode kinetics, which gave insights into the electrochemical properties of
graphene and guided the electrode design. Hence, the edge to basal ratio, coverage
and orientation of graphene, and underlying supporting electrode are of great
importance in the fabrication of sensing devices.

To best facilitate the performance of graphene in biosensing, one should par-
ticularly pay attention to the C/O ratio, edge defects, edge to basal ratio of
graphene, and also the coverage and orientation on the underlying substrate. Spe-
cifically and precisely tuning the structure and intrinsic properties of graphene still
remains as a great challenge. Other strategies, such as fabricating graphene with
controllable architecture and morphology, incorporating graphene with other
nanomaterials, have already been widely adopted for DA detection. For instance, a
novel architecture, monolithic 3D graphene foam with high conductivity, was
synthesized by CVD method and used for DA detection with remarkable sensitivity
(619.6 pA mM ™' cm™?) and low LOD (25 nM) [65]. The 3D multiplexed con-
ductive pathways of graphene foam and the intimate interactions (hydrophobic and
n—7 interactions) between DA and graphene promoted the efficient electron transfer,
in which the oxidation peak of DA could be easily distinguished from that of UA.
Based on the synergistic effects, various nanomaterials have been incorporated into
graphene sheets, including polystyrene [66], polyaniline [67], p-aminobenzoic acid
[68], polypyrrole [69], poly(methylene blue) [70], polyoxometalate [71], MIPs [72,
73], Cyclodextrin [74, 75], layered double hydroxide film [76, 77], CNT [78],
ferrocene [79], AuNPs [80-82], PANPs [83], Cu,O [84], and ZnO [85]. The main
roles of these incorporators into graphene include preventing graphene sheets
aggregation, improving solubility and stability in long term, enhancing the electrical
conductivity and catalytic ability, increasing the specific surface area, and providing
attachment points for molecules binding. Sensitive and selective electrochemical
DA detection was realized on these nanocomposite-modified electrodes. Recently,
our group fabricated a novel composite, graphene sheets/Congo red-molecular-
imprinted polymer (GSCR-MIP), through free radical polymerization and applied it
as a molecular recognition element to construct DA electrochemical sensor [72].
The template molecules (DA) were firstly adsorbed at the GSCR surface due to
their excellent affinity, and subsequently, selective copolymerization of methacrylic
acid and ethylene glycol dimethacrylate was further achieved at the GSCR surface.
Potential scanning was presented to extract DA molecules from the imprinted
polymers film, and as a result, DA could be rapidly and completely removed by this
way. With regard to the traditional MIPs, the GSCR-MIPs not only possessed a
faster desorption and adsorption dynamics, but also exhibited a higher selectivity
and binding capacity toward DA molecule. Under experimental conditions, selec-
tive detection of DA in a linear concentration range of 0.1-830 uM was obtained,
which revealed a low LOD and wide linear response.

By utilizing rGO as an enhancement, an ECL strategy for DA detection was
recently proposed by Li et al. [86]. In their design, the electronic material RGO was
mixed into the Nafion to improve its conductivity and facilitate the charge transfer
in the electrochemical redox process of the RuNWs, because the RGO with the two-
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dimensional planar structure had excellent conductivity. With the presence of tri-
propylamine and DA, the ECL intensity of RuNWs was sensitively decreased with
the increase of DA content. A near-linear detection range of 1 pM-10 pM was
observed for DA with low LOD reaching 0.31 pM. The excellent performance was
ascribed to the RuNWs that aggrandized the contacting surface area of the electrode
and the rGO that made the charge transfer much easier on the solid-modified
electrode surface. The super fluorescence quenching capacity of graphene and GO
has been extensively employed to develop fluorescent sensors, as depicted in the
above fluorescent DNA detection segment. Their own unique fluorescence and the
potential for chemo- or biosensing are seldom explored. Recently, Chen and
coworkers reported a GO-based photoinduced charge transfer (PCT) label-free NIR
fluorescent biosensor for DA [87]. The multiple non-covalent interactions between
GO and DA and the ultrafast decay at the picosecond range of the near-IR fluo-
rescence of GO resulted in effective self-assembly of DA molecules on the surface
of GO, and significant fluorescence quenching, allowing development of a PCT-
based biosensor with direct readout of the near-IR fluorescence of GO for selective
and sensitive detection of DA. The developed method gave a LOD of 94 nM and
was successfully applied to the determination of DA in biological fluids with
quantitative recovery (98—115 %).

4.2.2 AA

Direct oxidation of AA at bare electrodes is irreversible and the product, 2,3-
diketogluconic acid, is readily adsorbed onto electrode surface resulting in the
electrode fouling and a high overpotential for AA oxidation [88, 89]. To overcome
these drawbacks, Wu and coworkers fabricated PANPs-GO composites for the
electrochemical oxidation of AA in neutral media [89]. PANPs with a mean
diameter of 2.6 nm were homogeneously deposited on GO sheets by the redox
reaction between PdCl,>~ and GO. Based on the synergistic effect, the anodic peak
potential of AA at PANPs-GO-modified electrode was shifted negatively, and large
anodic peak potential separation of AA and DA was observed comparing to bare
GCE or Pd electrode. Sensitive and selective sensing of AA was achieved even in
the presence of DA. Sensitive determination of AA is also obtained at graphene-
doped carbon paste electrode [90] and graphene immobilized pyrolyzed photoresist
film electrode [91]. In a comparative study, it was also reveled that the C/O atomic
ratio appeared to be a critical parameter affecting GO’s electrochemical charac-
teristics and electrocatalytic potency [92]. Using AA as the analyte, GO with low
oxygen content exhibited sufficiently high catalytic currents and fulfilled the criteria
for construction chemical sensors for AA.
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423 UA

Through electrostatic interaction, positively charged PDDA-AuNPs/graphene
hybrids were prepared and used for attracting negatively charged UA molecules [93].
At the hybrid-modified electrode, the anodic peak current of UA obtained by CV
increased 102-fold in comparison to bare GCE under optimizing conditions. Quan-
titative determination of UA had been successfully carried out in buffer solution, in
urine samples and in the presence of adrenaline. Polymers, such as poly(acridine red)
[94] and poly(acridine orange) [95], have also been incorporated into graphene sheets
for sensing UA with satisfactory results. Recently, through the replacement of car-
boxyl acid groups at the edges of graphene sheets, neutral red (NR) was covalently
anchored on graphene sheets with amine groups [96]. The introduction of NR
improved the solubility and stability of graphene, also accelerated the electron
transfer. The resultant hybrid exhibited good electrocatalytic activity toward the
oxidation of UA, with linear range of 0.125-12.25 uM and LOD of 0.062 uM. The
combination between dye molecule and graphene via covalent bond would open up
new avenues to synthesize other multifunctional graphene materials with excellent
photochemical or electrochemical properties, as the authors indicated.

4.2.4 Simultaneous Determination of DA, AA, and UA

Simultaneous determination of DA, AA, and UA has recently been achieved at
graphene-modified electrodes. Our group is among the first ones to carry out this
study utilizing graphene nanocomposite-modified electrodes [97-99]. For instance,
chitosan—graphene composite was synthesized by direct blending of chitosan and
GO followed by an in situ chemical reduction [97]. Chitosan molecules were
intercalated among graphene layers and acted both as dispersant and stabilizer. The
obtained chitosan—graphene hybrid could easily be purified, stored, and re-dis-
persed in water by adjusting the pH value of the solution (Fig. 4.4a). Furthermore,
the re-dispersed acidic chitosan-graphene solution depicted excellent dispersion and
stability even after aging for a week. Sensitive and selective simultaneous deter-
mination of DA, AA, and UA in mixtures was realized at the hybrid-modified
electrode (Fig. 4.4b—d). The linear ranges for DA, AA, and UA were 1.0-24 uM,
50-1,200 uM, and 2.0-45 puM, respectively, and the LODs were 1.0, 50, and
2.0 uM, correspondingly. The chitosan—graphene composite showed good elec-
trochemical catalytic activity to the oxidation reactions by considerably degreasing
the overpotential. In a followed study, GO-templated polyaniline (GO-PAN) mi-
crosheets were prepared via oxidation polymerization of aniline with GO as tem-
plate [98]. The resulted GO-PAN microsheet exhibited preferable electroactivity
even in neutral media and displayed excellent electrocatalytic activity toward
oxidation of DA, AA, and UA. In DA, AA, and UA ternary mixture, three well-
defined peaks located at about 195, —55, and 385 mV were obtained. Over 200 mV
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Fig. 4.4 a Synthesize of chitosan—graphene composite and snapshots of the outcomes at different
stages of the procedure; DPVs at chitosan—graphene—glassy carbon electrode in 0.05 M PBS (pH
7.0). b 100 uM AA, 20 uM UA, and different concentrations of DA; ¢ 5 uM DA, 20 uM UA, and
different concentrations of AA; d 100 pM AA, 5 uM DA, and different concentrations of UA. Scan
rate: 5 mV/s pulse amplitude 25 mV. Inset Plot of peak current versus sample concentrations.
Reprinted from Ref. [97] by permission of John Wiley & Sons Ltd.

difference of oxidation peak potential between DA and AA was also obtained at Pt/
PFIL/graphene sheet-modified electrode, leading to distinguishable signal of AA
from DA [99]. The proposed sensor was also examined in real human urine samples
with three independent oxidation peaks observed.

Tuning the composition, structure, and properties of graphene seems as an
efficient way to adjust it for various applications. As one of the most effective
strategies, chemical doping with heteroatoms, such as nitrogen or boron atoms, has
been adopted to modulate the electronic properties and surface chemistry of
graphene [100, 101]. A review on graphene doping could also be found [102].
Recently, Sheng et al. [103] reported nitrogen-doped graphene (NG) for simulta-
neous determination of DA, AA, and UA, where well-defined oxidation peaks with
large peak separations and peak currents were observed. The authors indicated that
the highly electrocatalytic activity of NG could be attributed to the fact that nitrogen
atoms in NG layers interacted with these molecules via hydrogen bond, which
activated the hydroxyl and amine groups and accelerated the charge transfer
kinetics of these molecules at NG surface. Meanwhile, the n—r interactions between
graphene layers and these molecules also promoted the charge transfer. It was found
that oxidation peak currents of DA, AA, and UA were influenced by the nitrogen
doping level, while the peak potentials remained nearly unchanged. A nitrogen
content of 8.4 % was finally set in NG. NG nanosheets could be promising can-
didates for constructing biosensors, bioelectronics, and biofuel cells. Sensitive and
selective DA, AA, and UA simultaneous determination has also been achieved on
functionalized graphene [104], PTCA—graphene [105], graphene/IL/chitosan [106],
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CD-graphene-MWCNTs [107], RGO-AuNPs—CSHMs (chitosan/silica sol—gel
hybrid membranes) [108], RGO/AuNPs [109], AuNPs—3-CD-graphene [110], Cu-
zeolite A/graphene [111], graphene/Pt [112], etc.
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Chapter 5

Graphene for Detection of Adenosine
Triphosphate, Nicotinamide Adenine
Dinucleotide, Other Molecules, Gas,
and Ions

Abstract Graphene-based electrochemical aptasensing platforms have been rapidly
developed to detect different targets by combining various electrochemical tech-
niques with aptamer-based signal conversion strategies. Electrochemical aptasensor
for adenosine triphosphate (ATP) detection was recently realized by using func-
tionalized graphene nanosheets. Nicotinamide adenine dinucleotide (NADH) is
involved as a cofactor in hundreds of enzymatic reactions of NAD*/NADH-
dependent dehydrogenases. The mechanism of NADH oxidation was thoroughly
studied on graphene platform. Graphene sheets also serve as good substrates for
detection of various other molecules, including acetylcholine/choline, cholesterol,
benzenediol isomers (hydroquinone, resorcinol, and catechol), and epinephrine. The
unique structure and oxygenic functionalities of GO facilitate it to be easily turned
into a potentially useful gas storage material and biological ionic and molecular
channels. Functionalized nanopores in graphene monolayers were designed and used
as ionic sieves with high selectivity and transparency. Some cations, such as Li*, Na*
and K" ions and anions, such as CI” and Br~ ions have been detected by graphene
nanopores.

Keywords Graphene - Adenosine triphosphate - Nicotinamide adenine
dinucleotide - Gas sensor - Ion-selective sensor

5.1 ATP

Adenosine triphosphate (ATP), as the major carrier of chemical energy in living
species, is an important substrate in living organisms, which plays a critical role in
the regulation and integration of cellular metabolism. In addition, it has also been
used as an indicator for cell viability and cell injury [1]. Therefore, the detection of
ATP is highly important in biochemical study and clinic diagnosis. Electrochemical
aptasensor represents an attractive choice, which is simple, rapid, and allows device
miniaturization. Until now, graphene-based electrochemical aptasensing platforms
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have been rapidly developed to detect different targets by combining various
electrochemical techniques with aptamer-based signal conversion strategies. For
instance, Guo et al. [2] demonstrated a new kind of electrochemical label-free
aptasensor based on graphene—mesoporous silica—gold NP hybrids (GSGHs) as an
enhanced element of the sensing platform for detection of ATP using a parallel-
motif DNA triplex system for amplification. The GSGH platform had good
biocompatibility and large electrode surface area and provided suitable microenvi-
ronment for signal amplification. Based on ‘enhanced three-step sensing platform,’ a
low LOD of 0.023 nM was obtained for ATP detection. This strategy provided some
new avenues on the design of nanomaterial-based aptamer sensors to direct the
development of nanoelectroanalytical chemistry. Another wisely designed
electrochemical aptasensor for ATP detection was recently realized by using por-
phyrin-functionalized graphene nanosheets as the platform [3]. The ATP aptamer
adsorption on the platform decreased the electrochemical signal of porphyrin. In the
presence of ATP, the aptamer caught ATP on electrode surface, which made a
barrier and inhibited electron transfer, resulting in further decrease of porphyrin
signal. Besides, the electrochemical behavior of ATP, with an irreversible oxidation
peak appearing at 1.369 V (vs. SCE), was achieved on graphene—chitosan-modified
graphite electrode with diphenylacetylene, which showed a direct, simple detection
manner [4]. Different from the commonly used manner in which graphene was the
platform for aptamer anchoring, Wang et al. [5] reported that ATP aptamer-immo-
bilized Au electrode could adsorb graphene, resulting in a large decrease of the R
value. When aptamer bound with ATP, the adsorption of graphene was inhibited on
the electrode surface and the R, value would not decrease. The R, value change
served as the signal for ATP detection with label-free, sensitive, and simple features.
Recently, graphene nanoribbons were prepared by oxidative unzipping of MWCNTSs
and used in FET for ATP sensing [6]. It was found that the graphene nanoribbons
exhibited high on/off ratio of ~52.0 = 8.6 (n = 10 devices) and lower LOD with two
orders of magnitude than that of SWCNTs.

Fluorescent aptasensors for ATP have also been constructed using graphene as
the platform due to its fluorescence-quenching capability. Based on the strong n—mn
stacking interactions between aptamer and graphene, coupling the specific inter-
action between ATP and aptamer, ATP assays have been successfully realized via
various strategies, such as logic gates [7], aptamer [8, 9], molecular aptamer beacon
[10], hybridization inhibition [11], ATP-dependent enzymatic reaction [12], and
upconversion nanophosphors [13]. Though high sensitivity and low LOD were
achieved, attention still needs to be paid to the non-specific desorption of aptamer
from graphene or GO surface. In particular, when the concentration of coexistent
non-targets exceeds a certain level, non-specific desorption increases significantly,
resulting in a strong false-positive signal. Hence, the non-specific effect cannot be
ignored and it is necessary to reduce or eliminate the false-positive signal. To
address this issue, an interesting imaging method for in situ ATP detection was
recently developed by Tan et al. [14]. Instead of using aptamer, ATP aptamer
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Fig. 5.1 a An ATP aptamer molecular beacon (AAMB) is adsorbed on GO to form a double-
quenching platform. After the AAMB/GO complex spontaneously enters cells, the AAMB is
released and then opened by intracellular ATP. The resulting fluorescence recovery (Aep, = 580 nm)
is used to perform ATP live-cell imaging. Moreover, in the presence of an internal reference, i.e.,
FAM-labeled ssDNA (4e, = 520 nm), which is released non-specifically from GO when inside
cells, this system can also be used for ATP semi-quantification inside living cells. Reprinted with
permission from Ref. [14] Copyright 2012 American Chemical Society. b Schematic illustration of
the IL structure and synthesis of IL-graphene. Reprinted from Ref. [41] by permission of The
Royal Society of Chemistry. ¢ CVs of bare GC electrode, chitosan, chitosan/IL—graphene (after
NaBH, reduction), chitosan/graphene (without any protection), and chitosan/IL—graphene (before
NaBH, reduction)-modified GC electrodes (from fop to down) in PBS (0.05 M, pH 7.4) in the
absence (dash line) and presence (straight line) of 1 mM NADH. Scan rate: 0.05 V s L Reprinted
from Ref. [31] Copyright 2010, with permission from Elsevier

molecular beacon (AAMB) was utilized to form AAMB/GO system for cellular
delivery (Fig. 5.1a). The AAMB/GO spontaneously entered cells, and AAMB was
released and opened by intracellular ATP. The resulting fluorescence recovery was
used to perform ATP live-cell imaging with greatly improved background and
signaling. Using the non-specific desorption as the internal reference, a semi-
quantitative assay for intracellular ATP imaging was also realized, which is currently
a challenging task. This strategy holds great potential to detect other biomolecules
inside living cells, especially proteins with known aptamers.
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5.2 NADH

Nicotinamide adenine dinucleotide (NADH) is involved as a cofactor in several
hundred enzymatic reactions of NAD*/NADH-dependent dehydrogenases. The
electrochemical oxidation of NADH has attracted considerable attention due to its
significance both as a cofactor for dehydrogenase enzymes and its role in the
electron transfer chain in biological system, and also due to the need to develop
amperometric biosensors for substrates of NAD"-dependent dehydrogenases. The
electrochemical reaction of NADH involves an electron transfer followed by de-
protonation and a second electron transfer. The mechanism of NADH oxidation is
as follows.

NADH — e~ — NADH*
NADH" — NAD +H"
NAD — e — NAD™

Problems inherent to such anodic detection are the large overvoltage encoun-
tered for NADH oxidation at commonly used electrodes and surface fouling
associated with the accumulation of radical intermediates produced. In addition, the
electrochemical oxidation becomes unselective at high overpotential, because other
electroactive species present in the electrolyte would undergo oxidation. Oxidation
of NADH at lower overpotential and avoiding the fouling effect can be achieved
through electrode modification, which improves the reaction kinetics and decreases
the effects of product adsorption and side reactions that happen at bare solid
electrodes. Consequently, considerable effort has been devoted to identify new
electrode materials and new methods that will reduce the overpotential for NADH
oxidation and minimize surface passivation effects.

The discovery of graphene essentially offers an opportunity to the pursuit men-
tioned above. A comparative study was carried out to investigate the electrochemical
activity of SWNTs, pristine GO, chemically reduced GO, and electrochemically
reduced GO using NADH as the redox probes [15]. It was concluded that the fast
electron transfer kinetics for the NADH oxidation at electrochemically reduced GO
and SWNTs could be mainly associated with the presence of the quinone-like
moieties. Other elements, such as C/O ratio, surface chemistry, and surface clean-
ness, are also considered to closely associate with the fast electron transfer kinetics.
Recently, Brownson et al. [16, 17] explored the electroanalytical performance of
CVD-grown graphene electrode and compared the response to EPPG and BPPG
electrode, toward a selection of electrochemically active analytes. In the best case,
similar electroanalytical performance (analytical sensitivity) was observed at EPPG
and CVD-graphene electrode due to the similar DOS present at both electrodes,
which for the CVD-graphene was as expected given the prevalence of graphitic
island across its surface, which contributed to a large global coverage of edge plane
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sites (an abundance of electron transfer sites leading to fast heterogeneous electron
transfer) that would closely replicate the composition of a highly ordered pyrolytic
graphite (HOPG) electrode. In other cases, the response of the CVD-graphene was
worse than that of an EPPG electrode due to the lack of oxygenated species, where it
appeared that the control of such oxygenated species (either their absence or pres-
ence) was of high importance in electroanalysis. Actually, the adsorption of NAD™ at
graphene was due to the presence of oxygenated species, namely carboxylic groups,
formed at the edges and the edge-like defects of graphene sheets [18]. No relevant
interactions were observed when the NADH and NAD" were on the basal plane of
graphene or close to hydrogen-only substituted edges of graphene sheets, which
revealed the role of oxygenated species of graphene in molecule interaction. This
was evidenced by a recent research that functionalized graphene with low C/O ratio
caused a decrease of the overpotential for the electrochemical oxidation of NADH
[19]. The oxygen functional groups and lattice defects of graphene played a
prominent role on the electrochemical activity. When using chemically fabricated
graphene-modified EPPG for NADH oxidation, a substantial negative shift of the
anodic peak potential was observed when compared with bare EPPG [20]. The
ability of graphene-modified EPPG alleviating surface passivation during the oxi-
dation of NADH might be attributed to the presence of oxygen groups and defects.
Existing defects, such as kinks, steps, and vacancies, can produce localized edge
states between the conduction and valence bands, resulting in the high DOS near the
fermi level, which promote the electroanalytical reaction. The surface cleanness of
graphene also makes a contribution to the electrochemical performance. For
example, surfactants, routinely used in the production of graphene and additionally
in the solubilization with the aim of reducing the likelihood of coalescing, may be
detrimental in the electrochemical oxidation of NADH [21]. It was suggested that
given the wide variety of ionic and nonionic surfactants, the use of control experi-
ments in the form of surfactant-modified electrodes must be performed when claims
of electrocatalysis for graphene was made to deconvolute the origin of the electro-
chemical response, which was usually (wrongly) attributed to graphene itself!
Besides the surfactants, carbonaceous oxidative debris, derived from the disruption
of graphene sheets owing to the harsh oxidative and strong acidic environment, also
affects profoundly the electrochemical behaviors of graphene or GO. Carbonaceous
debris is actually a mixture of polyaromatic derivatives rich in functional groups,
which can strongly adhere to graphene sheets via n—x stacking and hydrogen bonds.
Researchers found that the presence of the carbonaceous oxidative debris deterio-
rated the electrochemical catalysis of GO and greatly slowed down the heteroge-
neous electron rates, while when GO was in situ electrochemically reduced to
graphene, the debris (reduced forms) favored the electrochemical catalysis of
reduced GO and accelerated the heterogeneous electron kinetics [22]. These are only
plausible explanations, and further efforts are still needed to undergo investigations
for more rational explanations. When using graphene in electroanalytical perfor-
mance, one should particularly pay attention to these factors to get more reliable and
precise results.
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Using graphene-modified electrodes for electrocatalysis, a summary was
recently made by Valentini et al. [23] to elucidate that the electrochemical per-
formance was related to (a) electrostatic interactions between the structural defects
of the oxidized graphene and the electroactive probes; (b) n—m stacking-based
interactions, between the graphene basal plane and the electroactive probes; (c)
different electrochemical-based redox interactions occurring between the edge
defects of graphene and the biomolecules; (d) the covalent-based interactions due to
the presence of oxygen functional groups. They used graphene-modified screen-
printed electrode (SPE) for NADH detection, and good results were obtained
comparing to that of pristine SWCNT paste electrode. Various forms of graphene,
such as chemically reduced GO [24, 25], acid-treated graphene [26], free-standing
graphene [27], DMF-exfoliated graphene [28], and Q-graphene [29], have been
adopted for electrochemical detection of NADH. Lower overpotential and better
anti-fouling properties are mainly attributed to the dense edge-plane-like defective
sites and valuable oxygen content of graphene. For instance, a newly synthesized
type of graphene, Q-graphene, had been physically and electrochemically charac-
terized and showed the potential as a new electrode material for future use in
advanced electroanalytical applications, particularly where a high level of edge-
plane-like sites/defects was required to tailor and optimize a specific response (i.e.,
where an intermediate level of basal plane content was also required) or through
utilization of its valuable oxygen content for beneficial implementation where
oxygenated electrocatalytic reactions were employed for electrocatalysis study [29].

Using graphene as a good substrate, various materials have been incorporated
with graphene to form hybrids with tailoring and tunable properties for electro-
chemical NADH determination, including IL [30, 31], methylene blue [32, 33],
methylene green [34], AuNPs [35, 36], metal-nitride [37], TiO, [38], MWCNTs
[39], and PEDOT:PSS [40]. Our group firstly exploited IL-functionalized graphene
(IL-graphene) [41] for low-potential NADH detection [31]. As shown in Fig. 5.1b,
—NH,-terminated IL was covalently anchored on GO through the epoxy ring
opening reaction, and the resultant IL-graphene possessed excellent dispersibility
and stability [41]. At IL-graphene/chitosan-modified GCE, a substantial decrease
(440 mV) in the overvoltage of NADH oxidation was observed with oxidation
starting at ca. 0 V (vs. Ag/AgCl) (Fig. 5.1c), which might be ascribed to the high
specific surface area, electrical conductivity, and n-conjugation structure of
graphene, coupling the unique properties of IL as high ionic conductivity and
solubility toward various substrates. The NADH amperometric response at such a
modified electrode was more stable (95.4 and 90 % of the initial activity remaining
after 10 and 30 min at 1 mM NADH solution) than that at bare electrode (68 and
46 %). Furthermore, the IL-graphene/chitosan-modified electrode exhibited a good
linearity from 0.25 to 2 mM and high sensitivity of 37.43 pA mM ' cm ™. Instead
of covalent anchoring, GO was directly dispersed in IL to form a dispersion and
then to modify SPE for NADH detection [30]. High peak currents and significant
potential shift were detected, which were attributed to the large surface area, the
disordering effect due to the dispersion in IL, and consequent exposure of the
nanoribbons to electron transfer processes, the oxygen groups, and unsaturated
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carbons also responsible for a more efficient electron transfer. The performances of
the GO/IL-modified SPEs suggested that they might have great potential for the
assembly of biosensors for various purposes.

Recently, graphene-MB film was formed in a simple immersion process and
could be loaded on different substrates as electrode [33]. This strategy avoided the
inconvenience of dispersion and chemical reduction, and problems of the low
loading limit of electroactive dyes. The oxidation of NADH started from —0.08 V
(vs. Ag/AgCl) at the graphene-MB thin film electrode, showing a decrease of
530 mV in overpotential compared to a Ti metal electrode. Later, a facile and
versatile route to synthesize nanohybrids of titanium nitride (TiN) decorated on
nitrogen-doped graphene (NG) was reported by Wen et al. [37]. In the investigation
of NADH oxidation, the TiN/NG electrode led to a remarkable increase of the peak
current in comparison with the bare GCE and the NG electrode. The peak potential
markedly shifted from 760 mV for the bare GCE to 230 mV for the TiN/NG
electrode, indicating a considerable decrease (by 530 mV) in the overpotential of
NADH oxidation. Through the first-principle density functional theory (DFT) cal-
culations, Ti atoms of TiN interacted 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 graphene to contact
TiN nanoparticles, which enabled the whole system to act metallically so that the
electronic structure of graphene was disturbed. Consequently, the TiN—graphene
hybrids could provide the channel of electron transfer through orbital hybridization
and show catalytic properties for electrochemical oxidation and reduction of some
electroactive substrates. It was believed that the electrocatalytic activity of TiN/NG
mainly arose from the synergetic effects between TiN and NG. The uniform deco-
ration and high surface area provided reactants with more active sites in TiN
nanoparticles. The excellent conductivity of NG provided a path for transferring
electrons back and forth between the electrode and the external circuit.

5.3 Other Molecules, Gas, and Ions Sensing
5.3.1 Other Molecules

Graphene sheets also serve as good substrates for various other molecule detection,
including acetylcholine/choline [42], cholesterol [43], benzenediol isomers (hydro-
quinone, resorcinol, catechol) [44], epinephrine [45], aromatic molecules (crystal
violet, amaranth, phosphorus triphenyl [46], and rhodamine 6G, rhodamine B, methyl
violet, methylene blue [47]), folic acid [48], naphthalene and 1-naphthol [49], mal-
achite green [50], microcystin-LR [51], cocaine/adenosine [52], pyrogallol [53, 54],
nitric oxide [55], urea [56], hydrazine [57], nitrophenol [58], catechol [59], hypo-
xanthine [60], chlorite [61], paraoxon [62, 63], phenol [64], heparin [65, 66], trini-
trotoluene (TNT) [67, 68], bleomycin [69], ochratoxin A, and fumonisin B; [70].
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For instance, Deng and coworkers constructed a graphene-amplified solid-state ECL
biosensing platform, in which CdTe QDs were anchored on electrochemically
reduced GO (ERGO) [42]. Using O, as coreactant, the QDs/ERGO-modified elec-
trode showed ECL intensity increase by 4.2 and 178.9 times as compared with
intrinsic QDs and QDs/GO-modified electrodes due to the adsorption of dissolved O,
on ERGO and facilitated electron transfer. The amplified ECL of QDs/ERGO was
used to construct sensitive biosensors for choline and acetylcholine based on the
consumption of dissolved O, in enzymatic reaction with LOD of 8.8 and 4.7 uM.
Utilizing hemin—graphene nanosheets as an ECL amplification and sensing element, a
cathodic electrogenerated ECL sensing platform was also developed for the detection
of cholesterol with good specificity and excellent stability [43]. In luminol—
NaOH-H,0, system, graphene—magnetite-MIP (GM—-MIP) was developed as a CL
platform for determination of hydroquinone, resorcinol, catechol, and epinephrine
[44,45]. In the preparation of GM-MIP, graphene was used to improve the adsorption
capacity, and Fe;0,4 NPs were used for separation and immobilization. The obtained
GM-MIP-CL sensor had shown to provide a sensitive and fast method for on-site
determination of hydroquinone, resorcinol, catechol, and epinephrine.

The superior structure of GO, such as the large surface area, presence of oxygen
functionalities, and m-conjugated basal planes, makes GO an ideal host material to
adsorb aromatic compounds. Recently, GO (graphene) has been used in con-
structing SERS substrate [46—48]. For instance, Liu et al. [46] designed fGO/
AgNPs substrate by combining the properties of f{GO and AgNPs, including the
high affinity of fGO toward aromatic molecules and the localized surface plasmon
resonance (LSPR)-based SERS property of AgNPs. As a consequence of the
proximity of fGO to AuNPs, more molecules were trapped in the enhancement
region and resulted in better enhanced SERS signals than AgNPs alone. As a result,
crystal violet, amaranth, and phosphorus triphenyl were ultrasensitively detected.
The possible effect of f{GO on the SERS intensities of these model molecules was
attributed to the following: (a) fGO is a double-sided polyaromatic scaffold with an
ultrahigh specific surface area and therefore is capable of adsorbing aromatic
compounds and (b) f{GO could chemically enhance the Raman signals of adsorbed
molecules. Hence, the synergistic effects of more molecules near the metal surface
and fGO-induced chemical enhancement endowed the fGO-modified AgNPs
nanostructure film with better SERS performance. In a similar manner, versatile
SERS determination of rhodamine 6G, methyl violet, rhodamine B, methylene blue,
and folic acid was also achieved by using Ag- or Au NP-decorated single-layer rGO
[47] and GO/PDDA/AgNP [48] substrates.

Adsorption technique represents one of the most simple and effective ways for
aromatic pollutant elimination. However, the adsorption capacities of present
materials are not high enough. The large surface area of graphene enables it to have
potential application in this field. Unfortunately, two main aspects restrict its per-
formance, namely the tendency to aggregate and poor dispersibility in aqueous
solution. Recently, Zhao et al. [49] found an effective way to address this problem
through the sulfonation of GO with the aryl diazonium salt of sulfanilic acid. The 3-
nm-thick sulfonated graphene exhibited high dispersibility in aqueous solution and
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high adsorption capability toward naphthalene and 1-naphthol approaching
~2.3-2.4 mM/g, which is one of the highest capabilities of today’s nanomaterials.
By incorporating magnetite into graphene sheets, Fe;0,/RGO was fabricated with
one-step solvothermal strategy and used for adsorption of dye pollutants [50].
Excellent removal efficiency (over 91 % for rhodamine B and over 94 % for
malachite green) was obtained, and the adsorption behavior fitted well with the
Freundlich isothermal and the pseudo-second-order kinetic model. Moreover,
Fe;04/RGO adsorbent could be removed completely from aqueous solution by an
external magnetic field and regenerated by simply washing with ethylene glycol.
Besides nanoparticles, RNA had also been covalently anchored on GO sheets for
adsorption of microcystin-LR [51]. Furthermore, aptamer covalently immobilized
on GO nanosheets is a potentially useful tool in recognizing, enriching, and sep-
arating small molecules and biomacromolecules in the purification of contaminated
water and the preparation of samples.

Aptamer-conjugated GO for selective enrichment and detection of cocaine and
adenosine from plasma samples using MS was reported by Gulbakan et al. [52].
When combined with aptamer-based affinity capture, their results showed that GO
provided an efficient platform for selective enrichment of target analytes and the
attainment of direct MS readouts, even from very complex media. Using GO could
eliminate the need for any additional energy-adsorbing matrix for ionization and
background interference, which is the biggest problem when conventional MALDI
matrices are employed. This graphene-based, aptamer-enhanced extraction MS
could be extended to a more complex system and be used when analyzing different
biological samples, including proteins, metabolites, and cell surface markers.

Employing graphene, both 3D GO/hemoglobin hydrogel [54] and 2D graphene/
hemin [53] had been constructed for pyrogallol catalysis in organic and aqueous
solvents, respectively. Based on the strong electrostatic attraction, GO and hemo-
globin formed a hydrogel, where hemoglobin still kept its catalytic activity [54].
After addition of GO/hemoglobin hydrogel into the reaction system, a microin-
terface between the water phase and organic solvent formed. Since pyrogallol is
hydrophilic and insoluble in organic solvent, they accumulated on the surface of the
gel and then crossed the interface to enter the gel for reaction. The 3D network with
pore sizes as large as 5-10 pum facilitated the diffusion or release of reactants.
Though the hydrogel had a lower apparent activity in the initial stage of reaction, it
maintained its activity for a much longer time, which resulted in a higher average
activity in the whole reaction period. Different from the electrostatic attraction, the
formation of 2D graphene/hemin was through n—n stacking interactions (Fig. 5.2a)
[53]. The graphene/hemin conjugates also functioned as effective catalysts in the
oxidation of pyrogallol with exceptionally high catalytic activity (k.,) and sub-
strate-binding affinity (Kyy) approaching that of natural enzymes (Fig. 5.2b—d). An
iron—porphyrin derivative, tetramethylpyridyl-porphyrin iron (FeTMPyP), was also
immobilized on graphene with nearly enzyme-like activity, demonstrating the
general applicability of graphene as a support for metalloporphyrin species. The
authors illustrated that the enhanced performance may be attributed to several
features. First, graphene-supported hemin or FeTMPyP could prevent molecules
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Fig. 52 a Formation of graphene/hemin conjugates through n—m stacking interactions.
b Oxidation reaction of pyrogallol, in which pyrogallol was oxidized to purpurogallin by
hydrogen peroxide. ¢ The initial pyrogallol oxidation profile catalyzed by graphene/hemin
conjugates (5 uM hemin equivalent). The concentrations of pyrogallol ranged from 0.1 to 2 mM.
d Lineweaver—Burk plot of the pyrogallol oxidation catalyzed by the hemin—graphene conjugates.
Reprinted from Ref. [53] by permission of John Wiley & Sons Ltd.

from self-dimerization to form catalytically inactive species. Second, graphene as a
support could block one side of the porphyrin molecule which could prevent H,O,
attack from both sides, thus lowering the possibility of oxidative destruction of the
catalyst molecules themselves. Third, graphene provided a 2D support with a large
open and accessible surface area; therefore, the diffusion of the substrate and
product away from the catalytic centers was much easier, which could be beneficial
to the reaction turnover rate and the binding interactions. Moreover, graphene could
function as a w donor to the iron centers of hemin through cation—r interactions.
Exploring graphene-based composites as the platforms, various molecules have
been detected using electrochemical (CV [55-58], CA [59-64], and ASV [67]),
colorimetric [66], and fluorescent [65, 68—70] methods. For instance, Tu et al. [61]
introduced positively charged picket-fence porphyrin (FeTMAPP) to functionalize
rGO with good biocompatibility and dispersibility in aqueous solution. The planar
side of FeTMAPP reduced the distance between the porphyrin plane and flattened
rGO, thus resulting in a fast electronic communication between FeTMAPP and
flattened rGO. Due to the synergistic effect, the nanocomposite showed excellent
electrocatalytic activity toward the reduction of chlorite, leading to highly sensitive
amperometric biosensing at low applied potential. The biosensor for chlorite
showed a LOD of 24 nM at a signal-to-noise ratio of 3. Recently, a novel label-free
colorimetric strategy was developed for ultrasensitive detection of heparin based on
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GO quenching the color of self-assembly Au nanorods [66]. They took full
advantage of the strong electrostatic interaction between GO and CTAB-stabilized
Au nanorods as well as high binding affinity of protamine with heparin, and attained
the ultrasensitive detection of heparin with LOD of 5 ng/mL. A fluorescent assay
was also developed for heparin detection by Cai et al. [65]. In their design, a water-
soluble pyrene-based butterfly-shaped conjugated oligoelectrolyte (TFP) was syn-
thesized and integrated with GO. Efficient fluorescence quenching of TFP by GO
occurred due to the electrostatic and m—mn interactions, leading to nearly dark
emission in the absence of analytes. Addition of heparin minimized the fluorescence
quenching of GO toward TFP, and strong yellow fluorescence was observed, which
allowed to light up visual discrimination of heparin from its analogs. The LOD was
estimated to be 0.046 U/mL, which was practical for heparin monitoring during
postoperative and long-term care.

Theoretical and experimental studies of graphene have indicated that its band
gap and optical properties could be manipulated by reducing its size to nanolevel,
forming GQDs. When their sizes are down to 100 nm, GQDs possess strong
quantum confinement and edge effects. If their sizes are reduced to ca. 10 nm, the
two effects would become more pronounced and induce new physical, optical
properties. Recently, researches have been carried out to illustrate the fabrication,
property, and application of GQDs [71-78]. The new photoluminescence of GQDs
expands the application of graphene-based materials especially in photovoltaics,
bioimaging, and fluorescent assay. Based on this, our group, for the first time,
reported that water-soluble and surface-unmodified GQDs served as a novel,
effective, and simple fluorescent sensing platform for ultrasensitive detection of
2,4,6-trinitrotoluene (TNT) in solution by FRET quenching [68]. The fluorescent
GQDs could specifically bind to TNT species via n—mn stacking interaction between
GQDs and aromatic rings. As a consequence, TNT molecules suppressed strongly
the fluorescence emission by the FRET from GQDs donor to the irradiative TNT
acceptor through intermolecular polar—polar interactions at spatial proximity. The
unmodified GQDs sensitively detected down to ~0.495 ppm (2.2 mM) TNT with
the use of only 1 mL of GQDs solution. Eliminating further treatment or modifi-
cation, this method simplified and shortened the experimental process. It possessed
good assembly flexibility and could find new avenues in other analytes detection
employing the own photoluminescence of GQDs.

5.3.2 Gas

The unique structure and oxygenic functionalities of GO facilitate it to be easily
turned into a potentially useful gas storage material. Yildirim et al. showed that by
using the well-known reactivity between boronic acids and hydroxyl groups, GO
layers could be linked together to form a new layered structure, naming graphene
oxide framework (GOF) [79, 80]. Such GOF structures had tunable pore widths,
volumes, and binding sites depending on the linkers, and exhibited interesting gas
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sorption properties. The GOF exhibited reasonably higher surface area about
470 m?/g compared to the ca. 10 m?/g for GO. Both isosteric heat of adsorption and
the adsorbed hydrogen capacity per surface area were twice as large as typical
porous carbon materials and comparable to metal-organic frameworks with open
metal centers. They found that the pillaring unit was highly important in expanding
GO layers and keeping some available room for hydrogen adsorption. Also,
through theoretical calculations, the ideal GOF structures should have much higher
surface area, which could be improved by chemical reduction to remove unreacted
functional groups. Using graphene as the support, MoS,/RGO [81] and Al,Os/
graphene [82] were fabricated for hydrogen evolution reaction and ethanol gas
sensing, respectively.

5.3.3 Ions

Biological ionic and molecular channels play a key role in many cellular transport
phenomena, where channels with novel structures and recognition principles are in
need. To achieve this goal, functionalized nanopores in graphene monolayers were
designed and served as ionic sieves of high selectivity and transparency [83].
Nanopores were formed by ion etching and modified by local oxidation. The F-N-
pore was terminated by negatively charged nitrogens and fluorines, favoring the
passage of cations, such as Li*, Na*, and K* ions (Fig. 5.3a a). The H-pore was
terminated by positively charged hydrogens, favoring the passage of anions, such as
CI" and Br ions (Fig. 5.3a b). MD simulations were used to study the ions passing
the nanopores, where ions were driven by an electric field E applied in the direction
perpendicular to the graphene sheet. Different dynamics were revealed from the
distance fluctuations. The Na* ion passed the F-N-pore fast, without significantly
binding with it. The ion rarely got closer than 5 A to the pore center and stayed
most of the time in the water region (d > 10 A) (Fig. 5.3a ¢). The C1~ ion had more
stable binding to the symmetric H-pore, where it stayed for ~70 % of the time
(Fig. 5.3a d). The ion selectivity and passage rates through these nanopores could
be optimized by choosing the type of monolayer material, the size and shape of the
nanopores, and the structure and number of functional ligands attached to their rim.
Moreover, atomic monolayers with different types of nanopores might be arranged
in dense arrays that would allow fast and efficient separation of different molecular
species at the microscale and nanoscale. Recently, nanosized N-doped GO with
visible fluorescence in water was prepared by cutting and unzipping of N-doped
CNTs and used to distinguish between normal and transition metal ions [84]. It was
found that the normal metal ions enhanced the fluorescence, whereas the transition
metal ions caused the decrease of fluorescence intensity of N-doped GO when the
concentration was high.

Because of their obvious advantages (e.g., maintenance-free, robustness, and cost-
effective fabrication), solid contact ion-selective electrodes (SC-ISEs) have emerged
as the most promising generation of potentiometric ion sensors. The main component
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Fig. 5.3 a Functionalized
graphene nanopores. (a) The
F-N-terminated nanopore.
(b) The H-terminated
nanopore. (c¢), (d) Time-
dependent distance d between
the Na* and CI ions, and the
centers of the F-N-pore and
H-pore, respectively, at the
field of E = 6.25 mV/nm.
Small arrow showed the only
passage time of Na* through
the F-N-pore. The dynamics
of passage of these ions
through the two pores was
very different. Reprinted with
permission from Ref. [§83]
Copyright 2008 American
Chemical Society. b Scheme
of the GC/graphene/K*-ISE.
Reprinted from Ref. [85] by
permission of The Royal
Society of Chemistry

of SC-ISEs is a SC ion-to-electron transducer between the ion-selective membrane
(ISM) and the conducting substrate (CS), whose intrinsic properties greatly determine
the analytical performance of SC-ISEs, in particular the stability and reproducibility
of potential readings. Various materials have been developed as the transducer layer,
such as Au clusters [86], CNT [87, 88], conducting polymers [89, 90]. Recently,
efforts have been devoted to exploring graphene as the potential transducer in
SC-ISEs due to its specific capacitance. For instance, our group first fabricated a new
type of K™ SC-ISE using graphene as the intermediate layer between an ionophore-
doped solvent polymeric membrane and a GCE (Fig. 5.3b) [85]. The obtained
potentiometric sensors were characterized with a calibration line of slope close to
Nernstian (59.2 mV/decade) within the activity from 10* 0 0.1 M. A significant
water layer was not detected in the ion-selective membrane or the transducer layer
interface, preventing the adverse influence of gases. The high capacitance of the
graphene SC resulted in a signal that was stable over 1 week. The short response time
was less than 10 s for activities higher than 107> M. Almost at the same time, a K* SC-
ISE with graphene as the SC was also fabricated, which exhibited a Nernstian
response of 59.2 mV/decade and a detection limit of 107%% M [91]. Actually, by
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changing the components of the ISM, the SC-ISE could be switched to detect other
ions. For instance, Ca** SC-ISE was developed also using RGO of different thick-
nesses as the ion-to-electron transducer materials [92]. RGO films acted as asym-
metric capacitors, creating a capacitance due to the constant-phase elements present
in the system. Highly reproducible sensing responses overtime with an outstanding
increased signal-to-noise ratio with drifts of only 10 uV/h were obtained. These
performance parameters were among the best compared to those of other ISE
transducer materials so far. Screen-printed Ca®* SC-ISE was also prepared by a one-
step electrodeposition technique [93]. The disposable electrode exhibited a Nernstian
slope (29.1 mV/decade), low detection limit (107> M), and fast response time (less
than 10 s). With its ease of fabrication and processing into reproducible films of
controlled thickness and ease for further tailoring chemical composition and electrical
properties, graphene offers great promise as a reliable high-performance transducer
material for SC-ISE sensors.

By using an ion-selective crown ether and FRET from carbon dots to graphene, a
metal ion sensor with high K™ selectivity and tunable dynamic range was reported
recently [94]. LOD was estimated to be 10 uM, and sufficient discrimination was
obtained against other ions, especially Na* (37-fold). Moreover, the strategy could
be readily extended to sensing of other cations by simply using other specific crown
ethers.

Heavy metals are extremely harmful pollutants in the biosphere due to their
toxicity, and even trace amounts of them pose a detrimental risk to human health. It
is very important to detect them with high sensitivity, selectivity, and rapidness.
Based on the specific formation of cytosine—Ag—cytosine and the super quenching
ability of GO, a type of fluorescent assay for Ag* was recently reported [95]. In
their design, fluorophore-labeled cytosine-rich oligonucleotide was adsorbed on GO
in the absence of Ag®, where the fluorescence was quenched. While with the
addition of Ag®, the oligonucleotide specifically interacted with Ag™ and the
resulted structure left from GO surface, leading to the restoration of the fluores-
cence. By modifying this procedure, a dual-output fluorescent DNA INHIBIT logic
gate for detection of Ag* and cysteine was also developed with two separate
cytosine-rich oligonucleotides [96].

Exploiting the optical property of GO (length or width <1 pm), a novel platform
for effective ‘turn-on’ fluorescence sensing of Pb?* in aqueous solution was
developed [97]. The AuNP-functionalized graphene exhibited minimal background
fluorescence, while fluorescence restoration and significant enhancement happened
upon adding Pb>*, which was attributed to the fact that Pb>* could accelerate the
leaching rate of AuNPs on graphene surface in the presence of both thiosulfate and
2-mercaptoethanol. Low LOD of 10 nM and high selectivity over common coex-
istent metal ions were achieved. Highly selective adsorption of Pb** was obtained at
SiO,/graphene with the maximum adsorption capacity of 113.6 mg/g [98]. This
composite showed potential application in the removal of Pb* from agricultural
and industrial wastewater. Recently, DNAzymes, which are in vitro-selected DNA
molecules with enzyme-like catalytic activities, have been utilized in constructing
Pb>* sensors with graphene as the fluorescence quencher [99, 100]. Pb**-dependent
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DNAzyme hybridized with fluorophore-labeled substrate strand and the single
ribonucleotide served as the cleavage site. In the presence of Pb>", the substrate
strand was specifically and irreversibly cleaved at this cleavage site, resulting in the
disassembly of the duplex into three ss-DNA fragments and changes of the fluo-
rescence intensity. Low LOD reached 0.3-0.5 nM. In a similar manner, Cu?t-
dependent DNAzymes have also been designed and used for sensitive Cu>*
detection with the LOD down to nM level [101, 102]. Furthermore, the controllable
DNA cleavage reaction provides an original and alternative internal method to
regulate the interaction between graphene and DNA relative to the previous external
sequence-specific hybridization-dependent regulation, which will open new
opportunities for nucleic acid studies and sensing applications in the future.

Due to the strong van der Waals interactions between long alkyl chains and
hydrophobic graphene surfaces, 1-octadecanethiol molecules could self-assemble
into large-scale highly ordered monolayers on single-layer graphene regardless of
the roughness of graphene surfaces inherited from the underlying amorphous SiO,
dielectric substrates [103]. AFM images showed that after contacting with Hg**, the
height of graphene changed from 0.6 to 1.6 nm. Then, detection of 10 ppm Hg>*
ions with alkanethiol-modified graphene-FETs was achieved, which opens up new
opportunities for graphene-based electronics as heavy metal sensors. Highly
selective adsorption of Hg2+ by PPy-RGO composite was recently achieved with
an adsorption capacity of 980 mg/g and desorption capacity of up to 92.3 %,
showing practical utility for wastewater treatment [104]. The polymerization of
pyrrole along graphene sheets resulted in an increased surface area and adsorption
sites, which contributed to the enhanced adsorption capacity. Later, electrochemical
detection of Hg** using PPy—RGO was also reported [105, 106]. The metal ion Hg”
* was believed to selectively coordinate with the nitrogens of the pyrrole unit in a
1:4 complexation mode from a mixed solution of Cu®*, Pb**, Cd**, Zn**, and Hg**
due to a greater binding affinity of PPy—RGO for Hg>* than for the other four metal
ions. When square-wave anodic stripping voltammetry (SWASV) was used, the
adsorbed Hg”* was then reduced to Hg” at a certain potential. The anodic stripping
current (that is, Hg® was reoxidized to Hg**) was obtained in a potential range for
the identification of Hg?*. Excellent sensitivity (0.124 uA nM ') and low LOD
(15 nM) results were achieved. Monodispersed AuNP-decorated graphene had also
been used for voltammetric detection of Hg2+ [107].

Based on the interaction between mercapto group and Hg®*, both fluorescent
measurement [108] and voltammetric [109] measurement of Hg2+ were realized by
using graphene as the substrate. Another well-known interaction is the thymine—Hg?
*_thymine complex, in which Hg** ions are sandwiched between the poly(T)-oli-
gonucleotides (PTO). According to this, fluorescent detection of Hg?* was achieved
by using graphene as the fluorescence quencher [110, 111] or fluorescence donor
[112]. Exploiting GO as an electrochemically active indicator, electrochemical
detection of Hg>* was recently reported by Park et al. [113]. In their design, thiol-
functionalized PTO was anchored on gold electrode and used as the platform for
trapping Hg?* ions, taking advantage of forming thymine—Hg?*—thymine complex
and stronger n—n interactions of sSDNA with GO than dsDNA due to disclosed base
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moiety of ssDNA. In the absence of Hg2+, GO interacted with PTO and the elec-
trochemical reduction peak of GO was observed. While, in the presence of Hg>*, a
little amount of GO could be adsorbed on dsDNA-modified electrode and very low
intensity of the electrochemical reduction peak of GO was obtained. Using the
thymine—Hg2+—thymine system, very low LOD (lower than 1 nM) was achieved.
Simultaneous and selective electrochemical sensing of several metal ions seems
to be extremely important and challenging. Recently, this was achieved by Wei
et al. [114] using SnO,/RGO composite. SnO, was used in combination with
graphene to fabricate an electrochemical platform for the simultaneous analysis of
Cd**, Pb**, Cu?*, and Hg”* in solution by SWASV. The SnO, nanoparticles not
only prevented the graphene from gathering together but also acted as electro-
chemical catalyst in detecting these metal ions. LODs toward Cd**, Pb**, Cu®*, and
Hg”* ions were 0.1015, 0.1839, 0.2269, and 0.2789 nM, respectively, which were
very below the guideline value given by the World Health Organization (WHO).
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Chapter 6

Graphene in Drug Delivery, Cellular
Imaging, Bacteria Inhibition, Versatile
Targets Bioassays

Abstract The evaluation of potential risk of graphene to human body has been
carried out due to its exceptional promise in various applications, such as glucose
detection, drug delivery, and cellular imaging. Small nanosheets entered cells
mainly through clathrin-mediated endocytosis, and the increase in graphene size
enhanced phagocytotic uptake of the nanosheets. Cellular imaging and drug
delivery have also been achieved by using biocompatible material-grafted graphene
platforms. Graphene can also be used in pathogen and bacteria inhibition in the
form of graphene nanowalls deposited on stainless steel substrates. Recently, ver-
satile bioassay represents one of the main challenges in bioanalytical applications.
The large surface area and universal fluorescence quenching ability of graphene
sheets enable it to be an efficient platform for multiplex targets assay in a fluo-
rescent manner. Based on this, multiplex analytes, such as DNA, thrombin, Ag+,
Hg?*, cysteine and DNA, thrombin, ATP in logic gate operations, have been
successfully detected with high sensitivity and simplicity.

Keywords Graphene - Drug delivery - Cellular imaging - Bacteria inhibition -
Targets bioassay

6.1 Graphene Cytotoxicity, Cellular Imaging, and Drug
Delivery

Given the exceptional promise of graphene and GO in various applications, it is
critically important that a systematic evaluation of their potential risk to human health
should be carried out. Research demonstrated that the cytotoxicity of GO nanosheets
arose from direct interactions between the cell membrane and GO nanosheets that
resulted in physical damage to the cell membrane [1]. This cytotoxicity occurred
mostly during the initial contact stage of GO and cells and was independent of
exposure duration. This effect was largely attenuated when GO was incubated with
fetal bovine serum (FBS), an often employed component in cell culture medium, due
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to the extremely high protein adsorption ability of GO. The long-term in vivo bio-
distribution of '*I-labeled nanographene sheets functionalized with PEG and the
potential toxicity of graphene over time were systematically examined [2]. This
PEGylated graphene did not cause appreciable toxicity at tested dose (20 mg/kg) to
the treated mice in a period of 3 months as evidenced by blood biochemistry,
hematological analysis, and histological examinations. However, a recent study
reported that GO with dose less than 20 pg/mL exhibited no toxicity to human
fibroblast cells, and the dose of more than 50 pg/mL exhibited obvious cytotoxicity
[3]. The experiments to mice also showed a dose-dependent toxicity effect of GO.
Hence, GO exhibited dose-dependent toxicity to cells and animals, such as inducing
cell apoptosis and lung granuloma formation, and could not be cleaned by kidney.
Besides the dose-dependent toxicity, a recent research illustrated that the toxicity of
GO and graphene was dependent on the exposure environment (i.e., whether or not in
aggregation state) and mode of interaction with cells (i.e., suspension versus adherent
cell types) [4]. When GO and graphene are explored for in vivo applications, the
dose-dependent cytotoxicity and their present status, such as sheet size, morphology,
exfoliation extent, and oxygen content, must be considered. On the other hand, these
research results are highly encouraging and pave the way for future graphene-based
in vivo biomedical research. Besides, graphene nanoparticles were illustrated to
induce photothermal death of U251 human glioma cells in vitro, mediated through
induction of oxidative stress and mitochondrial damage [5]. Graphene with different
morphologies might induce varying degrees of damage, and the cytotoxicity of GO
could be regulated by different reducers. For instance, glucose-reduced GO sheets
exhibited excellent NIR photothermal therapy efficiency to LNCaP prostate cancer
cells in vitro, which was better than hydrazine-reduced GO and CNT [6]. From the
in vivo and in vitro studies, one can see that graphene represents one of the most
promising biocompatible nanomaterials in bioapplication.

To fully realize the potential of graphene as biomaterials platforms, pretreat-
ments of graphene are usually needed to enhance its dispersity, stability in elec-
trolytes, and the biocompatibility with drugs and cells. Recently, Hong and
coworkers designed two complementary strategies, utilizing either electrostatic or
steric stabilization, to enable graphene to stay dispersed in cell culture media and
serum [7]. The treated graphene nanosheets exhibited an enhancement of >250 % in
the bioconjugation efficiency of streptavidin in comparison with untreated nano-
sheets, demonstrating the excellent performance as potential drug delivery vehicles.
GO nanosheets are able to enter into cells, which renders them to become promising
candidates for intracellular delivery of drugs and cellular imaging. However, the
mechanisms of how the emerging nanostructures interface with biological systems
are still largely unknown. In particular, a fundamental understanding of its ability to
penetrate cell membranes and other biological barriers is still lacking. To illustrate
these, Mu et al. [8] carried out studies about the cell surface adhesion, subcellular
locations, and size-dependent uptake mechanisms of protein-coated GO nanosheets.
They found that small nanosheets entered cells mainly through clathrin-mediated
endocytosis, and the increase in graphene size enhanced phagocytotic uptake of the
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Fig. 6.1 a A working model
for cell uptake of protein-
coated GO nanosheets.
Numbers (/—4) and letters
(a—d) indicate different steps
of large and small nanosheets
internalizing into cells,
respectively. Reprinted with
permission from Ref. [§]
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Copyright 2012 American
Chemical Society. b Laser
confocal fluorescence
micrographs of HepG2 cells
treated with 0.25 pg/mL DOX (b)
(a, b) and DOX-loaded GNC-
RGO (c, d). (a,

¢) Fluorescence micrographs.
(b, d) Overlay of the
morphological and
fluorescence images after
incubation for 14 h. Images
were acquired at 400-fold
magnification. Reprinted from
Ref. [26] by permission of
John Wiley & Sons Ltd.

nanosheets (Fig. 6.1a). These results provided fundamental understanding of
interactions at the interface of two-dimensional nanostructures and biological
systems.

Based on the unique structure and properties of graphene (modified graphene),
cancer cells detection had been achieved by using either electrochemical [9, 10] or
colorimetric [11] methods with the LOD of 500 cells/mL, 794 cells/mL, and
1,000 Hela cells, respectively. It is revealed that surfaces with good biocompati-
bility and tissue-specific inductive capabilities are highly desirable in various tissue
engineering and cell therapeutic applications. Recently, fluorinated graphene sheets
as the scaffold for stem cell growth was reported by Wang et al. [12]. Results
showed that fluorinated graphene induced higher proliferation and stronger polar-
ization of mesenchymal stem cells (MSCs). Morphological changes in terms of
cytoskeletal and nuclear alignment promoted the differentiation of MSCs toward the
neuronal lineage, and the effect could be further enhanced with the addition of
neuron-inductive agent, retinoic acid. More importantly, by leveraging on align-
ment induced neuronal differentiation, the stem cells could be controllably patterned
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on fluorinated graphene, pointing to a large-scale and rapid strategy to align MSCs
and the ability to induce neuronal lineage in the absence of chemical inducer. Also,
cardiomyocyte-like HL-1 cells were recently cultured on graphene-based solution-
gated FETs (G-SGFETs) and exhibited a healthy growth [13]. The action potentials
of these electrogenic cells could be effectively resolved and tracked across the
transistor array. Analysis of the recorded cell signals and the associated electronic
noise of the transistors in the arrays confirm that G-SGFETSs surpass the perfor-
mance of state-of-the-art devices for bioelectronic applications.

Cellular imaging and drug delivery have also been achieved by using biocom-
patible material-grafted graphene platforms. For instance, Dai and coworkers used
PEG star polymers to covalently grafting nano-GO sheets for cellular imaging and
drug delivery [14, 15]. The PEG-GO conjugate showed photoluminescence from
visible to the NIR range, which was used for cellular imaging with little back-
ground. This conjugate also served as a carrier for the delivery of water-insoluble
aromatic drugs via simple adsorption and noncovalent interaction. Later, inspired
by Dai’s work, fluorescein-functionalized GO was synthesized via a PEG bridge
and the conjugate could be efficiently taken up by cells and served as a fluorescent
nanoprobe for intracellular imaging [16]. It was revealed that cellular uptake of the
conjugate possibly relied on direct penetration of cell membranes, rather than
energy-dependent pathways. The single sheet structure, high biocompatibility, and
loading capability of graphene make it a highly useful and suitable nanocarrier for
cellular imaging and drug delivery. To enhance the cellular uptake, various other
materials, such as gelatin [17], herceptin [18], o-methacrylate [19], folic acid [20],
B-cyclodextrin [21], poly(N-isopropylacrylamide) [22], and polyethylenimine [23],
have been incorporated into graphene sheets. Recently, nanoscale GO (NGO) was
functionalized with sulfonic acid groups, which rendered it stable in physiological
solution, followed by covalent binding of folic acid (FA) to the NGO, thus allowing
it to specifically target MCF-7 cells, human breast cancer cells with FA receptors
[20]. Two anticancer drugs, doxorubicin (DOX) and camptothecin (CPT), were
controllably loaded onto the FA-conjugated NGO (FA-NGO) via n—r stacking and
hydrophobic interactions. It was demonstrated that FA-NGO loaded with the two
anticancer drugs showed specific targeting to MCF-7 cells, and remarkably high
cytotoxicity compared to NGO loaded with either DOX or CPT only. This work
showed the viability of utilizing functionalized GO as the nanocarrier for controlled
loading and targeted delivery of multiple drugs, which may have potential clinical
advantages pertaining to increased therapeutic efficacy. Besides the biocompatible
small aromatic molecules and polymers, nanoparticles, such as Fe;O4 [24], AuNPs
[25], and gold nanoclusters (GNC) [26], have been anchored onto graphene basal
planes by electrostatic, m—r stacking, cation-m, or van der Waals interactions. For
instance, GNC-RGO nanocomposites were recently prepared and explored as new
cancer therapeutic techniques by Wang et al. [26]. This material caused inhibition
of HepG2 cells at high concentration; but more interestingly for oncotherapy, it
could carry anticancer agents such as DOX inside the cells while leading to some
synergy in inducing karyopyknosis. It was observed that GNCs anchored on RGO
retained their NIR fluorescent property and Raman spectroscopy was used to
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investigate the performance of DOX-loaded GNC-RGO nanocomposites against
hepatocarcinoma and provide important mechanistic clues about their interactions
with proteins and DNA. As shown in Fig. 6.1b, DOX alone did not distribute well
in the cells, with about half of the DOX molecules resting on the cell membrane
surface or in between cells (a and b). Conversely, when loaded onto GNC-RGO
nanocomposites, DOX was well distributed inside the cells (¢ and d), establishing
that GNC-RGO acted as a drug delivery platform that improved DOX internali-
zation by HepG2 cells. Results suggested that GNC-RGO vectorization might have
enhanced membrane permeability through interactions with phospholipids and/or
proteins, resulting in high drug transfer into the cells.

Real-time detection of biologically interesting substances in the live cells or on
the cell surface has fundamental significance in understanding of cellular functions
and pathology, and practical importance in the development of applications in
diseases diagnosis and drug discovery. Among these substances, caspase-3 [27, 28],
nitric oxide [29], and integrin avB3 [30] have been selectively detected. For
instance, Wang et al. designed a novel intracellular protease sensor for caspase-3
via the GO—peptide conjugate [27]. Based on the intrinsic properties of GO as a
nanocarrier for delivering peptide cargos inside live cells and a fluorescence
quencher for fluorophores adjacent to its surface, the GO—peptide conjugate, after
being transported into cells followed by cleavage of the peptide by intracellular
proteases, provided greatly enhanced fluorescence imaging as a result of the release
of fluorophores from the GO surface. Confocal fluorescence microscopy experi-
ments with HeLa cells suggested that the GO—peptide conjugate was efficiently
delivered into live cells and acted as a ‘signal-on’ intracellular sensor for specific,
high-contrast imaging of caspase-3 activation. A similar strategy was also reported
for real-time imaging and monitoring of caspase-3 activation during the progress of
apoptosis in vitro and in vivo [28]. Real-time detection of nitric oxide remains a
great difficulty due to its trace level release from cells, and more critically, the rapid
reaction of nitric oxide with oxygen and its short half-life. Recently, Guo et al. [29]
reported a new approach to build a free-standing biomimetic sensor by covalently
binding RGD-peptide on the surface of pyrenebutyric acid functionalized graphene
film, in which the RGD—peptide component provided desired biomimetic properties
for superior human cell attachment and growth on the film surface to allow real-
time electrochemical detection of nitric oxide under drug stimulations. The film
sensor exhibited good flexibility and stability by retaining its original response after
45 bending/relaxing cycles and high reproducibility from its almost unchanged
current responses after 15 repeated measurements. Based on the ligand—receptor
pair of RGD peptide and a cancer cell surface marker, integrin avf3, a nanoscale
RGD-pyrene-GO biosensor was prepared for real-time in situ fluorescent detection
of the marker [30]. The competitive binding of RGD with integrin avp3 disturbed
the adsorption of RGD—pyrene onto the GO surface, resulting in the recovery of
pyrene fluorescence.
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6.2 Pathogen and Bacteria Inhibition

The edges of graphene nanosheets with extremely high aspect ratio (the ratio of
lateral size to the atomic thickness) can be proposed as one of the excellent and
ideal nanostructures for an effective direct contact interaction with microorganisms.
Bacterial toxicity of graphene nanosheets in the form of graphene nanowalls
deposited on stainless steel substrates was investigated for both Gram-positive
Staphylococcus aureus (ConA) and Gram-negative Escherichia coli (E. coli) bac-
teria [31]. The efflux of RNA of the bacteria indicated that the cell membrane of the
bacteria was effectively damaged by direct contact of the bacteria with the very
sharp edges of the nanowalls, resulting in inactivation of the bacteria by the
nanowalls. A higher bacterial toxicity of the reduced nanowalls was observed
compared to the unreduced nanowalls, which was attributed to more sharpening of
the edges of the nanowalls providing stronger contact interaction with the cell
membrane and/or better charge transfer between the bacteria and the reduced
nanowalls, resulting in more cell membrane damage of the bacteria. Almost at the
same time, the antibacterial activity of GO- and rGO-based paper was also studied,
which inhibited the growth of E. coli bacteria and showed minimal cytotoxicity
[32]. Recently, an interesting study was carried out by Akhavan et al. [33] to wrap
bacteria by graphene sheets for isolation from environment. In the melatonin-
bacterial suspension, aggregation of the graphene sheets resulted in trapping of the
E. coli bacteria within the aggregated sheets (a kind of bacterial inactivation)
(Fig. 6.2a left). The GOs with the oxygen-containing functional groups could better
trap the bacteria than the GSs with reduced functional groups (Fig. 6.2a right). On
the basis of measuring the glucose consumption of the bacteria, it was found that
the bacteria trapped within the aggregated graphene sheets were biologically dis-
connected from their environment. In addition, the bacteria trapped within the
graphene sheets were inactive without any chance for proliferation in a culture
medium. After removing the aggregated graphene sheets from the surface of the
bacteria by using sonication, they could be reactivated. But, the near-IR irradiation
at 808 nm could inactivate the bacteria forever by excessive local heating of the
bacteria trapped within the aggregated graphene sheets. Under visible light irradi-
ation, viruses could also be photoinactivated by graphene—tungsten oxide com-
posite [34]. Annealing the composite at 450 °C in air resulted in the formation of
W-C and W-O-C bonds of graphene-tungsten oxide (Fig. 6.2b left), which
showed visible light photocatalytic performance in photoinactivation of bacterio-
phage MS2 viruses. The photocatalysis of the viruses on surface of the graph-
ene—tungsten oxide composite resulted in a nearly complete destruction of the viral
protein (Fig. 6.2b right) and a sharp increase in the RNA efflux after 3-h light
irradiation at room temperature. These results suggested the promising environ-
mentally friendly applications of the low-cost and highly effective carbon nano-
material in bacteria detection and growth inhibition.

Recently, a graphene-based FET for detection of bacteria was reported, in which
large-sized graphene was grown by CVD and functionalized with anti-E. coli
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Fig. 6.2 a AFM image of the bacteria trapped between the GO sheets aggregated together after
reduction by melatonin (left); ratio of the number of the active bacteria obtained from the as-
prepared GO-bacterial, the GO-melatonin-bacterial suspensions (right). Reprinted with permission
from Ref. [33] Copyright 2011 American Chemical Society. b AFM image of the graphene—
tungsten oxide composite (left); SDSP electrophoresis of the viral protein capsid of bacteriophage
MS?2 after 3-h visible light photocatalysis on surface of the various thin films, as compared to the
electrophoresis of a protein marker. Reprinted with permission from Ref. [34] Copyright 2012
American Chemical Society

antibodies and passivation layer [35]. Significant conductance increase in the
graphene device was observed after exposure to E. coli bacteria at a concentration
as low as 10 cfu/mL, while no significant response was triggered by high con-
centration of the another bacterial strain. Electrochemical detection of bacteria with
graphene platforms has also been reported by Wan et al. using silver enhancement
[36] and impedimetric immunoassay [37]. In the impedimetric manner, reduced
graphene sheets-doped chitosan nanocomposites were electrodeposited on the
electrode surface. Based on the specific interaction between the antibodies and
sulfate-reducing bacteria (SRB), the bacteria were determined by EIS as the R
signal changes according to the different concentrations of SRB.

Exploiting the fluorescence quenching ability of GO or its own photolumines-
cence, fluorescent detection of bacteria has been recently developed. A homoge-
nous solution of GO showed a broad fluorescence emission peak around 547 nm
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upon excitation at 400 nm, which was due to the disruption of the sp” structure of
graphene crystals during the oxidation process resulting in the recombination of
electron—hole pairs localized within small sp? carbon domains that were embedded
in an sp3 matrix [38]. The antibodies for rotavirus were immobilized on GO arrays,
where rotavirus was captured by specific antigen—antibody interaction. Ab—
DNA-AuNPs complexes were then introduced to the assay system, which quen-
ched the GO photoluminescence by FRET between GO and AuNPs. A LOD of
10° pfu/mL was obtained, which was comparable to that of a conventional ELISA
technology. Based on the quenching ability of GO, a conjugated oligomer(4,7-
bis(9,9-bis(2-(2-(2-(2,3.4,5,6-pentahydroxyhexanal)-ethoxy)ethyl)fluorenyl)benzo-
thiadiazole (FBT) was developed and adopted as a fluorophore for ConA and
E. coli detection [39]. Since GO-based quenching followed long-range nanoscale
surface resonance energy transfer that exhibited a (distance) *-dependent
quenching efficiency, the binding process switched from the high-quenching
(almost non-fluorescent) state to the low-quenching (highly fluorescent) state in the
presence of ConA. As such, ConA was detected with a LOD of 0.5 nM.

6.3 Versatile Targets Bioassays

Versatile bioassay represents one of the main challenges in bioanalytical applica-
tions, which need the platforms to be highly efficient, precise, fast, and discriminable
in transducing the recognition signal. Efforts have been devoted to this domain.
Recently, a fluorescence ‘off-to-on’ mechanism of GO nanosheets for assays of
different biological species by the employment of AgNPs functionalized with
ligands, antibodies, and oligonucleotides was proposed by Mei and coworkers [40].
In their design, the fluorescence of GO-n-butylamine (NHBu) was strongly quen-
ched by AgNPs through resonance energy transfer or charge-transfer process. When
the corresponding analyte was added into the system, specific donor—acceptor
interactions occurred between analytes and AgNPs, for example, antigen—antibody
reaction and DNA strand hybridization, which led to the disassociation of AgNPs
from the GO-NHBu nanosheets and their aggregation. Then, the fluorescence of
GO-NHBu nanosheets was immediately recovered, thus providing the rapid
identification and quantification of analytes by the fluorescence (Fig. 6.3a).
Furthermore, the ink of GO-NHBu was easily printed into the highly uniform word
or image for the fabrication of paper-like biosensor (Fig. 6.3b). The GSH, PRO-
TEIN, and DNA words gradually appeared with the increasing amount of analytes
under UV light, which was rapid, simple, efficient, and inexpensive. Moreover, if a
library of AgNPs with various recognition elements was available, a nearly universal
bioassay would be achieved.

The large surface area and universal fluorescence quenching ability of graphene
sheets enable it to be an efficient platform for multiplex targets assay in a fluo-
rescent manner. Similar to the fluorescent single-target detection mechanism as
mentioned above, multiplex DNA or aptamer sequences labeled with different
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Fig. 6.3 a Fluorescence ‘off-to-on” mechanism of GO-NHBu nanosheets for biological assays.
b Visual biosensors. (a) The inkjet printing of GO-NHBu into ‘words’ on microporous
polyvinylidene fluoride membrane. (b) Visual detections of GSH, IgG, and DNA under a UV
lamp. Reprinted from Ref. [40] by permission of John Wiley & Sons Ltd.

fluorophores are adsorbed on graphene surface, where the fluorescences are all
quenched due to the FRET or charge transfer. Probes binding to targets result in
desorption of the respective probes and restoration of respective fluorescent signals,
indicating the recognition of different targets. Based on this, multiplex analytes,
such as DNA, thrombin, Ag*, Hg**, cysteine [41] and DNA, thrombin, ATP in
logic gate operations [42], have been successfully detected with high sensitivity and
simplicity. Combining the merits of graphene platforms, the tailored design of
DNA, molecular beacon, or aptamer sequences allows the sensing matrices for
numerous targets. Nonetheless, particular prerequisites need to be fulfilled for
targets recognition. The association constants of the probe—target complexes must
be sufficiently high to release the probes from the graphene platform. While, the
binding affinity of the probes to graphene platform should be sufficiently high to
eliminate spontaneous desorption leading to perturbing background signals [42].
An equilibrium between the two binding affinity, namely the probe—graphene
binding and probe-target binding, should be achieved to get reliable results.
Besides, particular emphasis should also be paid to the graphene platform (C/O
ratio, defect, structure, number of layer, etc.) and the ambient conditions, such as
the ionic strength, pH, solvent, and temperature.

Matrix-assisted laser desorption/ionization time-of-flight MS (MALDI-TOFMS)
provides a simple analytical approach for high molecular mass species, such as
proteins, DNA/RNA, polysaccharides, and synthetic polymers. For low-mass
analytes (<1,000 Da), this method has significant limitation due to the interferences
of matrix background ions. To solve this problem, graphene has been, for the first
time, used as a novel matrix for MALDI-TOFMS analysis of small molecules [43].
Graphene functioned to trap the analyte molecules and acted as an energy recep-
tacle for laser radiation. Due to its large surface area, it attached to the analytes
more tightly. This prevented the detachment of graphene from the analytes under
vacuum, which avoided the contamination of the ion source and vacuum system.
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On the other hand, the efficiency of desorption/ionization for analytes on a matrix
layer of graphene might be enhanced for its simple monolayer structure and unique
electronic properties. In positive ion mode, the facile analysis of amino acids,
polyamines, anticancer drugs, nucleosides, and steroids had been achieved with
simplicity, low interference, and improved reproducibility. Recently, MALDI-
TOFMS analysis of small molecules with negative ion LDI on graphene flakes was
also developed [44]. Compared to the positive ion desorption/ionization on
graphene flakes, in which multiple sodium or potassium adducts were produced,
deprotonated monomeric species with significant reduction of matrix interference
were detected for the analysis of peptides, amino acids, fatty acids, nucleosides, and
nucleotides in negative ion mode. Better sensitivity and reproducibility were
achieved in the analysis with negative ion mode than positive ion mode.
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Chapter 7
Conclusions and Perspectives

Abstract In this book, we present recent advancements and achievements of
graphene and biocompatible materials decorated graphene in bioanalytical appli-
cations. We highlight the use of simulations and bioinformatics driven approaches
for predictive modeling of the interaction between graphene and biomolecules, the
decoration of graphene with various biomaterials, the enhancement of the analytical
performances, the effective transduction of recognition event to the detectable
signals. Also, future challenges and prospects of graphene in bioanalytical appli-
cations are demonstrated.

Keywords Graphene - Biosensing - Biomaterials - Biomolecules - Analytical
chemistry

Many efforts have been devoted to elucidating the properties, preparation, and
applications of graphene ever since its discovery. Through the collaboration of
scientists in physics, chemistry, biology, as well as the interdisciplinary fields, the
very tip of the iceberg has been uncovered so far. Great progress and achievement
have been observed in large-scale and high-quality preparation, revealing the
extraordinary properties, and various applications in electronics, biosensing, and
energy, etc. Among these applications, biosensing takes a unique and important
position, which is highly associated with human health and environmental pro-
tection. In the present book, we present recent advancements and achievements of
graphene and biocompatible materials decorated graphene in bioanalytical appli-
cations. The unique n-conjugated structure and functional groups, tunable band gap,
large surface area, remarkable mechanical, optical, electronic properties make
graphene especially suitable for bioanalytical applications. However, these
extraordinary properties are only associated with the single-layer graphene sheets,
which is still a main challenge for experimentalists to fabricate and isolate graphene
sheets in a tailored and fine-tunable manner. One efficient way to solve this may be
through the isolation and functionalization of graphene with biological molecules,
such as DNA, peptides, and proteins, which endow graphene with biocompatibility.
Moreover, the synergetic effects result in the bio-nanocomposites as platforms more

© The Author(s) 2015 115
Y. Hu et al., Biocompatible Graphene for Bioanalytical Applications,

SpringerBriefs in Molecular Science,

DOI 10.1007/978-3-662-45695-8_7



116 7 Conclusions and Perspectives

suitable for the anchoring of other substances (NPs, quantum dots, polymers,
organic crystals, small molecules, etc.), which are beneficial for probe immobili-
zation and target detection. We highlight the use of simulations and bioinformatics-
driven approaches for predictive modeling of the interaction between graphene and
biomolecules, various biomaterials decorating graphene based on covalent or non-
covalent modes, the enhancement of the analytical performances, the effective
transduction of recognition event to the detectable signals through optical, elec-
trochemical, mechanical, electronic, etc., methods. Along this line, various targets,
including DNA, amino acid, peptide, protein, enzyme, antigen, glucose, DA, AA,
UA, ATP, NADH, cell imaging and drug delivery, gas, other molecules and ions,
etc., are detected by adopting well-designed biocompatible graphene platforms.
Despite these important achievements, challenges still remain in the exploration of
graphene for bioanalytical performances. (a) Graphene sheets with high-quality,
tailored functionalization, precise and fine-tunable structures and properties (C/O
ratio, defect, edge, etc.) need to be fabricated and adjusted in a more costless,
effective, and easy way. (b) Based on the synergetic effects, functional substances
are often incorporated into graphene sheets. One should pay attention to the sub-
stances distribution, amount, and affinity to graphene sheets, also the nanohybrids’
dispersibility and functionality. (c) The mechanisms of probes interacting with
graphene or decorated graphene need to be thoroughly investigated. The trans-
duction of detecting signals should be optimized to eliminate background noise. (d)
Particular emphasis should be paid to the ambient conditions, such as the ionic
strength, pH, organic solvent, and temperature, which have strong impact on the
target detection. (e) New techniques and analytical methods need to be developed to
exploit and improve the new performance of graphene in bioanalytical applications.



	Preface
	Contents
	1 Introduction
	Abstract
	References

	2 Graphene for DNA Biosensing
	Abstract
	2.1 Investigation of DNA and Graphene Binding Interaction
	2.2 DNA Biosensing Employing Graphene Platform
	2.2.1 Fluorescent Assay
	2.2.2 Electrochemical Assay
	2.2.3 Electrical Assay
	2.2.4 Other Detection Manners
	2.2.5 DNA Sequencing Through Graphene Nanopore, Nanogap, and Nanoribbon
	2.2.6 DNA Cleavage

	2.3 RNA Detection
	References

	3 Graphene for Amino Acid, Peptide, Protein, and Enzyme Detection
	Abstract
	3.1 Amino Acid
	3.2 Peptide
	3.3 Protein
	3.4 Enzyme
	3.5 Immunosensors
	References

	4 Graphene for Glucose, Dopamine, Ascorbic Acid, and Uric Acid Detection
	Abstract
	4.1 Glucose Detection
	4.1.1 Catalysis by Enzymes
	4.1.2 Non-enzymatic Catalysis

	4.2 DA, AA, and UA Detection
	4.2.1 DA
	4.2.2 AA
	4.2.3 UA
	4.2.4 Simultaneous Determination of DA, AA, and UA

	References

	5 Graphene for Detection of Adenosine Triphosphate, Nicotinamide Adenine Dinucleotide, Other Molecules, Gas, and Ions
	Abstract
	5.1 ATP
	5.2 NADH
	5.3 Other Molecules, Gas, and Ions Sensing
	5.3.1 Other Molecules
	5.3.2 Gas
	5.3.3 Ions

	References

	6 Graphene in Drug Delivery, Cellular Imaging, Bacteria Inhibition, Versatile Targets Bioassays
	Abstract
	6.1 Graphene Cytotoxicity, Cellular Imaging, and Drug Delivery
	6.2 Pathogen and Bacteria Inhibition
	6.3 Versatile Targets Bioassays
	References

	7 Conclusions and Perspectives
	Abstract




