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Abstract Graphene material has been widely used for optical
sensors owing to its excellent properties, including high-
energy transfer efficiency, large surface area, and great bio-
compatibility. Different analytes such as nucleic acids, pro-
teins, and small molecules can be detected by graphene-
material-based optical sensors. This review provides a com-
prehensive discussion of graphene-material-based optical sen-
sors focusing on detection mechanisms and biosensor designs.
Challenges and future perspectives for graphene-material-
based optical sensors are also presented.
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Introduction

Graphene is a single-layer sheet structure composed of sp*
hybridized carbon atoms arranged in a honeycomb lattice [1].
Since it was first isolated via peeling graphite with adhesive in
2004 by Andre Geim and Konstantin Novoselov, who were
awarded the Nobel Prize in Physics 2010 for this creative
work [2, 3], graphene has emerged as a rising star in materials
science owing to its excellent physical and chemical proper-
ties. Graphene material has been widely used in the fields of
nanoelectronics, catalysis, field-emission displays, composite
materials, energy storage, transparent conductors, and bio-
medicine [4-8]. It has also been proven to be an extraordinary
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material in chemo/biosensing research, owing to its large
surface area, high electron transfer rate, high quenching abil-
ity, and excellent biocompatibility. Several critical review
articles covering the topic of graphene-material-based sensors
are worth reading [9-12]. A graphene-material-based optical
sensor is one particular application, and has already achieved
great success in recent years. These sensors benefit from the
excellent optical properties of graphene material and are gen-
erally designed with an energy transfer mechanism. There
have been some critical reviews in this area and they provide
very useful information for researchers [13—15]. For example,
the review by Morales-Narvaez and Merkogi [13] in 2012
discussed different potentially exploitable properties of
graphene oxide (GO) structures and presented an overview
of the approaches for optical biosensing applications. The
review provides valuable information, including a compre-
hensive summary of the photoluminescence properties and
quenching abilities of different GO fabrication processes and
structures. In this review, we focus on discussion of the
biosensor design principle and detection mechanism, which
are mainly based on energy transfer and the interaction of
biomolecules with graphene material. We will also discuss
graphene-material-based aqueous-phase and solid-phase sens-
ing systems. In addition, the content of graphene—plasmonic
hybrid material will be discussed.

Energy transfer of graphene material

Fluorescence resonance energy transfer (FRET) is a
nonradiative energy transfer phenomenon which occurs when
for two molecules in close proximity there is overlap between
the emission spectrum of the donor fluorophore and the ab-
sorption spectrum of the acceptor; the effective distance is
often in the range of 10 nm or less [16, 17]. FRET has been
widely used for biosensing with different materials, such as
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gold nanoparticles (AuNPs), carbon nanotubes, and graphene
materials. Compared with other materials, graphene material
has many advantages for FRET sensors:

1. The large planar surface structure makes graphene mate-
rial an excellent energy acceptor with very high
quenching efficiency. It has been reported that GO can
reach up to 100 % quenching efficiency [18, 19]. Com-
pared with other carbon materials such as graphite, carbon
nanotubes, and carbon nanofibers, GO is a better quench-
er for FRET biosensors [20-22].

2. Benefiting from its structural characteristics, graphene
material can quench different excitation wavelengths
from different fluorophores. It is a universal quenching
material, which broadens its application range. Besides,
the large surface area allows adsorption of different fluo-
rescent probes, so it can be applied for multiple probes
and multicolor detection.

3. Graphene material can be easily connected to biomol-
ecules by n— stacking and hydrophobic interactions.
Moreover, the graphene derivative GO is a partially
oxidized product of graphene which bears a large
number of oxygen-containing functional groups, such
as hydroxyl, epoxy, and carboxyl groups, located on
the edge and surface of the sheet. These functional
groups make GO water-soluble and biocompatible as
well as the giving it the ability to covalently bond to
biomolecules.

Graphene material breaks the FRET distance barrier of
donor and accepter molecules. Typically, the efficiency of
the FRET process (F) is inversely proportional to the sixth
power of the distance between the donor and the acceptor
(d): E=1/[1+(d/dy)®], where d, is the distance at which
half of the energy is transferred, and depends on the
spectral properties and orientations of the donor and the
acceptor [23, 24]. So the effective distance is within
10 nm, and this makes analysis of large proteins difficult.
However, graphene with a quenching distance of up to
30 nm has been reported, with an inverse dependence on
the fourth power of the distance rather than the sixth
power [25-27]. Theoretical calculations suggest the in-
verse dependence of the energy transfer efficiency on
the fourth power of the distance follows a nanometal
surface energy transfer mechanism, which is very similar
to energy transfer to AuNPs. This type of energy transfer
might occur because of the similarity of the graphene
structure with the structure of the metal surface. However,
most authors tend to refer to the energy transfer process as
the well-known FRET process. It might be useful to gain
better understanding of the energy transfer mechanisms of
graphene material to provide better insight for researchers
to design graphene-material-based optical sensors.
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Graphene material as a fluorescence acceptor for optical
sensors

Energy-transfer-based sensors such as FRET sensors are
mainly composed of three parts: donor, acceptor, and bridge
group. For graphene quenching sensors, graphene material is
used as an energy acceptor, and GO is the most widely used
material among of all the graphene materials owing to its
advantages of water solubility and bearing functional groups,
so this section mainly discusses GO-based quenching sensors.
The bridge group can be many kinds of different molecules,
including nucleic acids, proteins, and peptides, and the targets
can be nucleic acids, proteins, and small molecules. Fluores-
cence signal transduction is generally induced by a change in
the distance between the donor and the acceptor in the pres-
ence of target molecules interacting with the bridge group.
Since GO has excellent quenching ability for donors with
different emission wavelengths, many types of donor mate-
rials, such as fluorescent organic dyes, quantum dots (QDs),
silver nanoclusters (AgNCs), and upconversion nanoparticles
(UCNPs), can be used as a fluorescent label for sensor design.
Organic dyes are a simple means to produce a fluorescent
label and have been widely used in GO-based FRET assays.
Nevertheless, these organic dyes might suffer from
photobleaching and photoinstability. As a result, there have
been many attempts to use new fluorophores in biosensor
areas. Various kinds of nanomaterials have been used to serve
as efficient fluorescent labels for GO-based optical sensors,
such as AgNCs, QDs, and UCNPs. They have shown advan-
tages as fluorophores over traditional organic dyes owing to
their attractive optical and chemical features such as high
resistance to photobleaching, stable fluorescence, good bio-
compatibility, water solubility, and high quantum yield. In this
section, we will discuss sensor design methods and applica-
tions based on different bridge groups.

DNA as a bridge group

DNA can be adsorbed onto the GO surface via 7 stacking
interaction between nucleobases of the DNA and the sp*
hydridized atoms of the GO nanosheet or through covalent
bonding. When the fluorescently labeled DNA probe and GO
are brought close to one another, the fluorescence from the
fluorophore can be quenched by GO. The fluorescence can be
restored after the target DNA interacts with the DNA probe to
take the fluorophore away from the GO surface. The sensing
strategy follows this basic principle by using DNA as probe to
develop GO-based FRET optical sensors.

Sensors based on DNA hybridization

GO has different affinities toward single-stranded DNA
(ssDNA) and double-stranded DNA (dsDNA). Single-
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stranded DNA (ssDNA) can easily adsorb GO via 7 stack-
ing interaction between nucleobases of the DNA and the sp*-
hybridized atoms of the GO nanosheet. On the other hand, GO
binds more weakly with dsDNA because the negatively
charged phosphate can efficiently shield nucleobases from
GO and weaken the m— stacking interaction. Lu et al. [28]
have reported a GO-based FRET sensor utilizing this mecha-
nism. The fluorescence of fluorescein amidite (FAM)-labeled
ssDNA which was designed as a complementary sequence
with target DNA was quenched efficiently owing to the high
quenching efficiency when it was adsorbed onto the GO
surface. In the presence of target DNA, the dsDNA formed
left the surface of GO, and fluorescence recovery was ob-
served (Fig. 1a). This simple approach resulted in good sen-
sitivity for DNA detection owing to the high quenching effi-
ciency of GO.

Because organic dyes might suffer from photobleaching
and photoinstability, different labeling approaches have been
developed. AgNCs have advantages such as high lumines-
cence quantum yields, tunable emissions controlled by their
size, good photostability, water solubility, biocompatibility,
and low toxicity. A GO-based biosensor using a DNA-
templated AgNC probe has been developed. The AgNCs were
synthesized in solution using ssDNA as a template, and the
fluorescence of AgNCs was quenched by GO when the
ssDNA probe was adsorbed onto the surface. Fluorescence
was recovered when the target DNA hybridized with the
probe [31]. Furthermore, QDs are excellent fluorescent labels
for a GO-based sensor owing to their broad absorption and
narrow emission spectra [32]. Since the large surface area of
GO allows adsorption of many probe molecules, rapid, sensi-
tive, and multicolor fluorescent DNA analysis can be realized
[33-37]. The approaches using noncovalent m— stacking
interaction to adsorb DNA probes onto GO surfaces have
many advantages, such as high sensitivity and a simple ad-
sorption process. However, this approach might suffer from
weak selectivity, and this might limit its application for com-
plicated biological samples because extensive ssDNA probe
loading onto GO might cause nonspecific strand displacement
by nonspecific ssDNA. In this case, a false signal will be
induced by nontarget DNA molecules. On the other hand,
low loading of the ssDNA probe onto GO might cause target
DNA to adsorb on unoccupied sites on the GO surface, and
the sensitivity would be impaired to some extent.

The nonspecific ssSDNA displacement effect can be im-
proved using a DNA probe with a sticky end structure. The
sticky end is typically a dangling sequence several nucleotides
in length and is usually used as a toehold which can regulate
well DNA strand displacement. Recently, Miyahata et al. [29]
developed a senor based on tochold-mediated fluorescent
DNA strand exchange on GO. The fluorescent dye moiety
of the probe DNA was placed near GO through a capture
DNA. When targets were added, the probes were released

from the GO through toehold-mediated strand exchange to
recover fluorescence (Fig. 1b). This approach had improved
selectivity compared with direct adsorption—desorption of the
fluorescent ssDNA probe since the nonspecific strand dis-
placement effect could be eliminated. Similarly, Huang et al.
[38] have reported GO-quenched dye-labeled DNA hairpin
probes designed by using the sticky end structure for hybrid-
ization chain reaction. This design could help eliminate non-
specific strand displacement and could also be combined with
a signal amplification strategy to improve sensitivity.

Another approach is to covalently immobilize an ssDNA
probe on GO [30, 39, 40]. This strategy can eliminate non-
specific probe displacement and is more suitable when dealing
with complicated biological samples (Fig. 1c). Besides, it can
be used to monitor continuous processes, which would be
very difficult to realize by noncovalent 7— stacking interac-
tion adsorption since after hybridization with the target, the
dsDNA will leave the surface of GO. Owing to the functional
groups on the surface of GO such as —OH and —COOH,
covalent bonding can be easily realized. Huang and Liu [30]
covalently attached a molecular beacon onto the GO surface
using N-ethyl-NV'-[3-(dimethylamino)propyl]carbodiimide hy-
drochloride as a coupling agent. The covalent probe has the
advantage of allowing detection in a complex biological sam-
ple matrix because the strong covalent bonding can minimize
nonspecific probe displacement.

Sensors based on aptamer recognition

Aptamers are selected short single-stranded oligonucleo-
tides which have highly specific affinity for proteins,
small molecules, or ions. An aptamer-based GO sensor
can be used to detect many different analytes owing to
the recognition ability of the aptamer. A general design
principle is to use a fluorescently labeled aptamer. The
fluorescence is quenched by GO since it has strong
affinity for ssDNA, and after recognition of the target,
the conformational change of the aptamer can cause the
fluorophore to move away from the GO surface,
resulting in recovery of fluorescence. Chang et al. [41]
demonstrated this mechanism with thrombin detection.
A FAM-labeled thrombin aptamer was first adsorbed
onto the GO surface, and so the fluorescence was
quenched. Thrombin combined with the aptamer to in-
duce a G-quadruplex complex to allow FAM to move
away from GO since GO has strong affinity for ssDNA
but less affinity when the nucleobases are shielded in
dsDNA or a complicated DNA structure (Fig. 2a).
UCNPs have the ability to fluorescence strongly in the
visible region under excitation by near-IR (NIR) light, which
would not be absorbed by biological samples, and the auto-
fluorescence background can be minimized. Detection of
different analytes has been realized by a GO-aptamer
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Fig. 1 Sensor based on DNA hybridization. a The fluorescence of a
fluorescein amidite (F4M)-labeled single-stranded DNA (ssDNA) probe
was nearly completely quenched when it was adsorbed onto the graphene
oxide (GO) surface via m— stacking interaction. In the presence of target
ssDNA, the interaction between GO and the dsDNA is weaker, so the
dsDNA was desorbed and the FAM emission was restored. b GO-based
DNA sensing systems using direct adsorption—desorption of the fluores-
cent DNA probe (4) and the indirect toehold-mediated strand displace-
ment approach (B). ¢ A noncovalent sensor which might generate a false
signal by probe displacement or a true signal by forming dsDNA (4).
Covalently linking amino-modified DNA to GO can be achieved by N-

platform using different labels such as UPNCs, AgNCs, and
QDs [42-45]. Besides, a two-photon fluorescent dye has been
reported for a GO—aptamer-based FRET optical sensor in vitro
and in vivo assay which can effectively reduce the self-
absorption, autofluorescence, and photodamage [46]. The
GO-aptamer approach has the advantages of high sensitivity
and selectivity owing to the high efficiency of GO and the
high affinity of aptamers [47-51]. In addition, different
fluorophore-labeled aptamers could be adsorbed onto GO
surfaces to achieve multiplexed analysis [42, 52-54]. Liu
et al. [42] have developed an AgNC and GO system for the
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ethyl-N'-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC)
coupling (step /), but only a fraction of the DNA is covalently attached,
and the remaining DNA is physisorbed (B). Washing in buffer cannot
completely remove physisorbed DNA, and complete desorption requires
washing with complementary DNA (cDNA; step 2). The cDNA needs to
be washed away (step 3). The covalent sensor can be used for detection
(step 4). It is likely that some of the cDNA also remains on the GO surface
after washing without interfering with the detection. (a From [28], copy-
right 2009 Wiley-VCH Verlag GmbH & Co. KGaA; b adapted from [29]
with permission, copyright 2013 Royal Society of Chemistry; ¢ from
[30], copyright 2012 American Chemical Society)

multiplexed analysis of genes, including the hepatitis B virus
gene, the human immunodeficiency virus gene, and the syph-
ilis (Treponema pallidum) gene, based on DNA hybridization,
and of ATP or thrombin based on aptamer recognition. Owing
to their size-controlled fluorescent property, red-emitting
AgNCs (616 nm) and NIR-emitting AgNCs (775 nm) could
be used (Fig. 2b). It is envisioned that, owing to the develop-
ment of the systematic evolution of ligands by exponential
enrichment (SELEX) method, more aptamers for more bio-
molecules will be selected and the application of GO—aptamer
sensors will be broadened.
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Fig.2 a A graphene fluorescence a

resonance energy transfer (FRET)
aptasensor and the detection
mechanism for thrombin.
Fluorescence of the dye-labeled
aptamer is quenched when the
aptamer binds to graphene owing
to FRET between the dye and
graphene. The fluorescence

recovers when thrombin
combines with aptamers to form a
G-quadruplex complex, which
has much less affinity for
graphene, causing FAM to move
far away from the graphene
surface. b Assay of the target
DNAs using DNA-templated
silver nanocluster (AgNC)-GO
hybrids and proteins using an
aptamer-elongated DNA-AgNC— b
GO hybrid system as sensing
matrices. (a From [41], copyright
2010 American Chemical
Society; b from [42], copyright
2013 American Chemical
Society)

Sensors based on metal ion and mismatched DNA recognition

Besides the previously discussed conformational change in-
duced by DNA hybridization and aptamer—target recognition,
a metal ion is another way to introduce a change in the
conformation of DNA. It has been demonstrated that some
mismatched DNA base pairs can selectively form a complex
with certain metal ions owing to their strong affinity. Many
GO-based quenching sensors have been developed for metal
ions and targets. This type of sensor is generally based on
interaction between mismatched DNA and analytes, which are
metal ions in most situations. The metal-DNA complex can
induce the conformational change of the DNA probe and
cause the fluorophore to move away from the GO surface,
so the fluorescence signal would change in the presence of
metal ions. For example, thymine has been reported as a
specific ligand for Hg*" to form thymine-Hg” —thymine base
pairs [55, 56] owing to the strong interaction. Similarly, Ag"
and cytosine can form a cytosine-Ag —cytosine duplex [57,
58]. Several biosensors have been developed using this de-
sign; the analytes include Hg*", Ag", and biothiols [59-62].
Wen et al. [59] reported a FRET sensor based on a cytosine-
rich DNA probe and GO. In the presence of Ag", a DNA-Ag"

Aptamer Thrombin

complex was formed, and the conformation of the probe
changed to straight stiff dsDNA, resulting in desorption of
DNA from the surface of GO and fluorescence recovery
(Fig. 3a). Gao et al. [60] developed a GO-based fluorescent
probe to quantitatively analyze biothiols. They used fluores-
cein isothiocyanate labeled ssDNA rich in thymine bases. The
addition of Hg*" resulted in the formation of thymine—Hg*'—
thymine and a self-hybridized duplex structure in dsDNA to
keep FAM away from the surface of GO; thus, Hg*" led to a
large amount of fluorescence recovery. Since biothiols have
high affinity for heavy metal ions, especially Hg*", the selec-
tively competitive binding of Hg”>" between thiols can cause
the duplex DNA structure to revert to ssDNA, resulting in
fluorescence quenching (Fig. 3b).

These approaches provided a homogeneous assay for
convenient, rapid, robust, and sensitive detection of metal
ions such as Hg”" and Ag". Also, small molecules such as
biothiols and cysteine which can interact with these metal
ions can be detected. These sensors have a wide linear
range, and the detection limits for metal ions can reach
down to the nanomolar to subnanomolar range, which is
suitable for analysis of environmental and biological
samples.
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Fig. 3 a A FRET sensor for Ag(I) ions based on the target-induced
conformational change of a FAM-labeled silver-specific cytosine-rich
oligonucleotide (SSO) and interaction between the fluorogenic SSO
probe and GO. b A GO-based molecular-beacon-like probe for biothiol
analysis. (a From [59], copyright 2010 Royal Society of Chemistry; b
from [60], copyright 2012 Elsevier)

Sensors based on DNAzymes

Since 1990, some DNA molecules referred to as DNAzymes,
catalytic DNAs, or deoxyribozymes have been reported to
possess a unique catalytic activity toward specific substrates
when combined with metal ions [63, 64]. Several types of metal
ion sensors have been developed based on FRET, including
Cu?*, Pb*", and Hg*" sensors [65—67]. These types of sensors
often used a DNA probe labeled with both a fluorophore and a
quenching group as a substrate of DNAzymes, so first the
fluorescence is quenched. DNAzymes selectively combine
with a metal ion to catalyze cleavage of the DNA probe, so
free fluorophores are released, leading to fluorescence recovery.
Along with the development of graphene material, GO com-
bined with a DNAzyme platform has been developed for
detection of different metal ions [68—70].

Compared with methods using both fluorophore and
quenching group labels, GO-based sensors have the advan-
tages of higher quenching efficiency and a simpler labeling
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process, and some label-free approaches can also be achieved.
For example, Liu et al. [68] have developed a “turn -on”
sensor for Cu®" based on the change in the conformation of
GO-DNAzyme in the presence of Cu”" (Fig. 4a). Benefiting
from the high quenching efficiency of GO, the limit of detec-
tion based on this method was 0.4 nM, which was better than
that of the previous Cu”*-dependent DNAzyme sensors [71,
72]. Label-free GO—DNAzyme-based fluorescent biosensors
have been developed for detection of Cu®* by Liu et al. [70].
They extrinsically intercalated the fluorophore into the
DNAzymes, which contain duplex and triplex regions. Then,
the fluorescence of the self-assembled GO-DNAzyme com-
plex was quenched. When the target Cu”" was subjected to the
sensing system, the fluorescence signal was recovered
(Fig. 4b). Since numerous types of DNAzymes have been
selected to bind a wide range of metal ions, the GO—
DNAzyme system provides a new general homogeneous op-
tical platform for sensitive (nanomolar to subnanomolar de-
tection limit) and selective detection of various metal ions.

Sensors based on DNA signal amplification

Although GO has great quenching ability, the sensitivity for
DNA detection is normally limited to the nanomolar range
when a signal amplification approach is not used [13]. This
sensitivity is suitable for many applications, but for some
applications, such as clinical diagnosis, gene therapy, and mu-
tation analysis, ultrasensitive detection of DNA is important.

One approach is to load a large amount of fluorescent
labels, but this would increase the cost of the labeling process
and the time required. Another way is based on target cycling
to amplify the signal. In recent years, several GO-based FRET
sensors based on DNA signal amplification approaches have
been developed, including exonuclease-mediated amplifica-
tion [73-76], endonuclease-mediated amplification [77-80],
isothermal circular strand displacement amplification [81-84],
and hybridization chain reaction [38, 85-87]. Although these
methods improved the detection limit to the picomolar level,
they often required very careful control and optimization of
the enzyme and different DNA probe concentrations. More-
over, these approaches were time-consuming and encountered
the problems of complicated procedures, high cost, and false-
positive signals. There are still some challenges to be over-
come in order to achieve practical applications.

Protein as a bridge group

Immunoassay using antigen—antibody recognition is a well-
developed platform for protein detection. The antigen—anti-
body recognition makes possible highly selective analysis of
proteins. Many detection methods have been widely adopted
for immunoassay, such as colorimetry, fluorescence labeling,
electrochemistry, chemiluminescence, and surface-enhanced
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Raman spectroscopy [88-91]. Owing to the extraordinary
quenching ability of GO, which can reach a distance up to
30 nm for effective quenching, an antibody or antigen can be
used as a bridge group to specifically recognize protein targets
[92-94]. The large amounts of carboxyl, hydroxyl, and epoxy
groups on the surface of GO sheets allow convenient covalent
conjugation with other molecules. For example, Liu et al. [92]
developed an ultrasensitive fluorescence immunoassay to de-
tect a-fetoprotein (AFP) based on FRET between CdTe QDs
(donor) and GO (acceptor), which broke the distance limit
(10 nm) of traditional fluorescent biosensors. The capture
antibody (Abl) was connected to GO sheets via covalent
bonding. In the presence of target AFP, because of the self-
assembled immunocomplexes (AbS5/AFP/Abl), the bridge
AFP would give rise to several effective orientations or local-
izations of the immunocomplexes, resulting in the quenching
of the emission of the QDs (Fig. 5a).

In addition to antibody—antigen recognition, the reaction
between saccharide and protein can be used to build a bridge
connection for sensors. Several GO quenching biosensors
based on a saccharide and protein bridge have been developed
[95, 97, 98]. For example, Zhang et al. [95] developed a novel

FRET biosensor platform to detect glucose through specific
molecular recognition. In their work, GO covalently attached
to chitosan was used as a powerful fluorescence acceptor.
UNCPs with covalent attachment of concanavalin A (ConA)
were used as an effective fluorescence donor. They were
brought close to chitosan by specific molecular recognition
interaction between ConA and chitosan, and the fluorescence
of UCNPs was quenched by GO. Owing to the competition
between glucose and chitosan for ConA, in the presence of
glucose, the UCNPs would leave surface of GO and this
resulted in recovery of fluorescence (Fig. 5b). UCNPs have
the ability to fluorescence strongly in the visible region under
excitation by NIR light, which can eliminate the autofluores-
cence background of biological samples.

For these types of sensors, the unique interactions between
protein and graphene material might have a negative effect on
the sensor performance because it might cause the protein to
lose function and thus be unable to recognize targets. Exper-
iments [99, 100] and simulations [101] have shown that the
conformational change and loss of function of the biomole-
cules would occur while they are covalently or noncovalently
connected to the nanomaterial surface because the activity and
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selectivity rely on specific tertiary or quaternary structure of
biomolecules. Recent work has demonstrated protein function
can be effectively preserved by adding a self-assembled
monolayer (SAM) between graphene material and protein
[96, 102, 103]. The SAM can be large molecules or polymers
adsorbed onto the surface of graphene material via 7 stack-
ing or hydrophobic interactions, and they can covalently link
to the protein molecule. For example, the function of the
protein ConA was preserved by covalently immobilizing
ConA onto a SAM of multivalent tripodal molecules which
adsorbed on single-layer graphene (Fig. 5c¢).

Peptide as a bridge group
A peptide is another important bridge group for GO
quenching sensors mainly focused on protein or peptidase

analysis. For protein detection, peptide—protein interaction is
a general design [104—106]. For example, Wang et al. [104]

@ Springer

O ucP «

% 100
o %

Q Qb <8 Av1 -4 Abs © AFP

conA

Specific binding

Loss of biological
function

ConA/SLG ~ ConA/Tripod/ SLG

Non covalent attachment to
graphene

used pyrene-labeled RGD as probe for integrin 33 detec-
tion. The fluorescence of pyrene was quenched because the
probe could adsorb to the GO surface via 7— stacking inter-
action. After addition of the target, the quenched fluorescence
was significantly enhanced by virtue of the competitive bind-
ing of the peptide and protein (Fig. 6a). This work used RGD
to target cancer cells for intercellular analysis since integrin
o, 33 is a general biomarker expressed by cancer cells.

For noncovalent bonding, the interactions are from 7—m
stacking and the hydrophobic effect. When designing appro-
priate peptide sequence so the peptide can strongly adsorb on
GO, one needs to consider amino acids bearing aromatic
rings, such as phenylalanine, histidine, tyrosine, and trypto-
phan [108]. For analysis of different peptidases, GO—peptide-
based biosensors can be constructed by designing different
peptide sequences. In this type of sensor there is usually a
peptidase cleavage site for peptidase to cleave the
fluorophore-labeled peptide to recover the fluorescence
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quenched by GO, and both in vitro and intracellular analysis
can be achieved [107, 109—-111]. For instance, Wang et al.
[107] adopted a GO—peptide-based sensor for intracellular
caspase-3 activation imaging in living cells. The intracellu-
lar protease sensor for high-contrast imaging of apoptotic
signaling in living cells was based on intracellular delivery
of a GO—peptide conjugate and caspase-3-mediated cleav-
age of the substrate peptide. First, the fluorescence of the
FAM-labeled peptide was quenched, and after the cleavage

of the peptide mediated by caspase-3 in the living cell, the
FAM label left the GO surface, and so the fluorescence
image of the cell could be obtained. Covalent bonding of
the peptide and GO was stable in a high-concentration
protein medium. According to their results, the noncovalent
GO-—peptide complex might not serve as an efficient carrier
to deliver peptides into cells owing to the desorption of
peptides from the GO surface induced by large amounts of
protein in the cell culture medium (Fig. 6b).
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Graphene material as a fluorescence donor for optical
sensors

Photoluminescence can be induced in graphene material when
the size, structure, and surface property are controlled properly
[112] as for traditional semiconductor-based QDs. Fluorescent
graphene material has great potential for application in
bioimaging and drug delivery and can be used for a FRET
optical sensor as a donor.

AuNPs can act as effective quenching material for GO, and
some biosensors have been developed using this strategy
[113-119]. Jung et al. [113] synthesized a fluorescent GO
array and covalently connected the array to an antibody, a
secondary antibody was labeled with AuNPs, in the presence
of the target pathogen, and AuNPs were brought close to the
GO array to quench the fluorescence via immunorecognition
(Fig. 7). This work illustrates the great potential of GO to be
applied for biosensors as a novel fluorescent tag.

Currently, most of the reported fluorescent colors of
graphene material are in the visible range [120—122], but if
the fluorescence spectra were extended to the NIR and even
IR regions, the application area could be expanded greatly.
The current challenge is obtaining narrow graphene material
with a uniform structure and surface property to control fluo-
rescence. Graphene QDs (GQDs) have attracted great atten-
tion in recent years as fluorescent graphene material. GQDs
are a zero-dimensional nanomaterial with a size of less than
100 nm [123]. Therefore, GQDs have some unique character-
istics associated with graphene and carbon dots such as low
cytotoxicity, large surface area, good water solubility, high
stability, and high biocompatibility [124—128]. In addition,
owing to quantum confinement and edge effects, GQDs are

Y
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Fig. 7 Analytical principle of the GO-based immunobiosensor. 45 anti-
body, NP nanoparticle. (From [113], copyright 2010 Wiley-VCH Verlag
GmbH& Co. KGaA)
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highly luminescent and have lots of different emission wave-
lengths. Fluorescent GODs have been synthesized. GQDs
have been widely used to sense different analytes as an energy
donor recently; more information can be found in a review
article focusing on GQD-based sensors [129].

Graphene material in the solid phase for optical sensors

Most of the previously discussed optical sensors are based on
aqueous solution systems because these are simple, conve-
nient, and robust. However, the solution approach is not quite
suitable for high-throughput and multiplexed analysis. Micro-
array technology has become a useful analytical tool for
biochemical analysis because of its intrinsic advantages of
high-throughput monitoring, small reaction volumes, and
multiplex and parallel analysis of many samples in a single
chip. For these types of sensors, graphene material or a probe
can be fabricated on a solid support to form a microarray type
of sensor [130—132]. Morales-Narvéez et al. [131] reported a
pathogen-detection system using antibody—QD microarrays
for pathogen attachment. The free antibody—QD probes ex-
tensively interacted with GO through 77t stacking, so when
GO was added, the fluorescence of the QDs was quenched. In
the presence of the pathogen, the pathogen was selectively
captured by the antibody—QD probes; consequently, the
bound antibody—QD probes barely interacted with GO, so
fluorescence was recovered (Fig. 8a). This pathogen-
detection system is highly sensitive for Escherichia coli in
phosphate-buffered saline and in tap water and might be
extended to detect other types of analytes (e.g., cancer cells)
[131].

Another approach is to print GO layers onto a given sub-
strate. Because micrometer-sized GO is too large and has a
planar structure, the spotting method using a microarray spot-
ter is challenging. Layer-by-layer assembly has been adopted
for the immobilization of GO on a solid glass substrate be-
cause this method is versatile and highly tunable to form thin
films via alternating adsorption of positively and negatively
charged species on the substrate [133—136]. Jung et al. [133]
fabricated multilayer GO on an amine glass substrate using
electrostatic interaction; the number of layers was tunable
(Fig. 8b). The limit of detection for human thrombin with a
ten-bilayer GO array is estimated to be 0.001 nM, which is 30-
fold more sensitive than a solution-based graphene FRET
aptasensor [41]. A solid-phase microarray of graphene mate-
rial optical sensors has the advantages of low sample con-
sumption and high-throughput analysis ability; however, this
approach requires a sophisticated optical and image detection
system as well as an image analysis process. The graphene-
material-based aqueous solution system and the graphene-
material-based solid-phase system can be applied for different
application purposes according to their features.
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Fig. 8 a Antibody—QD a
microarrays for pathogen assay.
In the presence of the pathogen,
the quenching of the probes is
minimal, as they barely interact
with GO (on state); without the
pathogen, the probes are
quenched by electrostatic or
stacking interactions between the
probes and GO (off state). b The
layer-by-layer (LbL)-assembled
GO multilayer array (4) and the
aptamer-based protein sensing
mechanism (B). (a From [131],
copyright 2013 Wiley-VCH
Verlag GmbH& Co. KGaA; b
from [133], copyright 2013, rights
managed by Nature Publishing
Group)

b
(A)

(8)

Graphene—plasmonic hybrid material for optical sensors

Besides being used as a sensing element for optical sensors,
graphene material can be used as a substrate to improve the
performance of optical sensors when combined with plasmon-
ic materials [137-139]. Graphene material combined with
conventional plasmonic material such as noble metals can
significantly improve the absorption (and interaction) with
visible and IR light, which is only 2.3 % for graphene material
solely. Hence, graphene—plasmonic hybrid devices show not
only great promise for optical sensing in different transduction
versions such as surface plasmon resonance and surface-
enhanced Raman spectroscopy, but also possibilities for im-
proving performance in fluorescence and FRET modes
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[140—144]. Moreover, because graphene material has the ad-
vantages of a large surface area and a rich conjugate structure
for interaction with biomolecules, a surface plasmon reso-
nance sensing strategy based on a graphene material substrate
with noble metal materials has drawn a lot of attention in
recent years; more information can be found in [139].
Research at the University of Manchester demonstrated
much higher fields acting on the molecules studied when
using graphene—plasmonic hybrid devices. Schedin et al.
[145] studied surface-enhanced Raman spectra of graphene
obtained by depositing arrays of AuNPs of well-defined di-
mensions on a graphene/SiO, (300 nm)/Si system and detect-
ed significant enhancement at 633 nm. They achieved very
high sensitivity (an areal mass sensitivity at a level of
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femtograms per square millimeter and detection of individual
biomolecules, respectively) using a graphene substrate func-
tionalized with a nanoarray of AuNPs. The results suggested
that graphene—plasmonic hybrid devices could provide unri-
valled sensitivity on the single-molecule level by careful
design. The results demonstrated graphene—plasmonic hybrid
material holds great potential for the development of simple
and ultrasensitive label-free biosensing technology [146, 147].

Conclusions and future perspectives

In conclusion, graphene material has been widely used in
optical sensors for numerous analytes and has achieved great
success. The most important sensing approach is based on the
energy transfer mechanism; graphene material can be used
either as an energy acceptor or as an energy donor for FRET
sensors. Owing to its extraordinary properties such as large
surface area, strong quenching ability at different wave-
lengths, and great biocompatibility (for some derivatives such
as GO and GQDs), graphene material has shown many ad-
vantages in optical sensing: high sensitivity can be achieved
owing to the high quenching efficiency of graphene material;
excellent biocompatibility and being rich in functional groups
make it possible to conveniently connect graphene material to
biomolecules; the large surface area and strong quenching
ability make the material capable of labeling multifluorophore
probes for multicomponent assays; the donor—bridge—accep-
tor system makes possible easy sensor design. Researchers
have conducted much theoretical and experimental research
and have made significant progress in the optical sensor area.
However, there are still some challenges:

1. Researchers tend to assign the FRET mechanism to the
sensor, but the energy transfer process may follow another
mechanism. Theoretical study of the energy transfer
mechanism is important and should not be neglected.

2. The reproducibly of graphene material fabrication needs
to be improved since different batches may produce a
single layer or several layers of graphene and graphene
with different surface properties, which is not favorable
for research and application.

3. High salt concentration may cause aggregation and pre-
cipitation of graphene material, which may restrict its
application in some enzyme reaction systems.

Although many optical sensors have been developed based
on graphene material, there are still many applications to
explore for graphene-material-based optical sensors. The op-
tical sensors developed mainly use a labeling strategy and are
focused on in vitro analysis. Developing more label-free op-
tical sensors will be very useful. Besides, graphene-material-
based optical sensors hold great potential for in vivo sensing

@ Springer

and imaging because of the great biocompatibility and optical
properties of graphene material. In addition, graphene—plas-
monic hybrid material is worth exploring for the development
of simple and ultrasensitive label-free optical sensors.
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