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Abstract 

The combination of nanomaterials with biomolecules yields functional 

nanostructured biointerfaces with synergistic properties and functions. Owing to a 

unique combination of its crystallographic and electronic structure, graphene and its 

derivatives exhibit several superior and typical properties, which has emerged as an 

attractive candidate for fabrication of the novel nanobiointerface with kinds of unique 

applications. As known, nucleic acids are stable and ease to handle the modification, 

and can recognize a wide range of targets with high selectivity, specificity, and affinity. 

The integration of nucleic acids with graphene-based materials has been substantially 

advanced in the past few years, which achieved amazing properties and functions, 

thereby exhibiting attractive potential applications in biosensing, diagnostics, drug 

screening and biomedicine. Herein, this review addresses the recent progress on 

design and fabrication of graphene/nucleic acid nanostructured biointerface, 

fundamental understanding of their interfacial properties, as well as the various 

nanobiotechnological applications. To begin with, we summarize the basic features of 

the graphene and nucleic acid-based nanobiointerface, especially the interfacial 

interaction mechanism and the resulted biological effects. Then, fabrication and 

characterization methodology of graphene and nucleic acids-based nanobiointerface 

are discussed. Next, particular emphasis is directed to the exploration of their 

biosensing and biomedical applications, including small molecule detection, protein 

and DNA sensing/sequencing, as well as gene delivery and therapy. Finally, some 

significant prospects, further opportunities and challenges in this emerging field are 

also suggested. 

 

Keywords：Graphene; Nucleic Acid; Interface; Biosensor; Drug Delivery; Cell 

Imaging 
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1. Introduction 

Nanobiotechnologies are being applied to many fields of science and engineering, 

which hold one of the greatest significant promises.
1-9

 This highly interdisciplinary 

field focuses on several important areas of research, including biological inspired 

nanomaterials synthesis, nanomaterials-mediated regulate biological processes, 

biocompatible nanostructures fabrication for the use in both biology and medicine, 

and so on.
10

 Advances in this field offer novel and potentially useful approaches for 

building functional structures, such as energy generation, conversion and storage 

materials, optical devices, and new detection and therapeutic tools.
4, 5, 9-12

 Although 

the field is still embryonic, major achievements have been made. 

As one subfield of nanobiotechnology, how the biosystem reacts to nanomaterials 

and how the nanostructured biointerface works, are drawing a great attention. Indeed, 

the exploration and fabrication of nanobiointerface are emerging at the intersection of 

material sciences, and molecular biotechnology, which is closely associated with both 

the physical and chemical properties of nanomaterials, as well as to the various 

aspects of biology.
4, 5, 13

 With the rapid advance in nanoscience and nanotechnology, a 

wide range of nanostructures have been introduced to nanobiotechnology. The unique 

properties of nanostructures facilitate the fabrication of functional nanostructured 

biointerfaces. Moreover, by adjusting the biological activity of the biointerface 

appropriately, these nanostructured biointerfaces would exhibit the capability for 

characteristic bio/nano applications. Considering its multidisciplinary nature, the 

nanobiointerface is to study the interfacial interactions between the nanostructured 
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materials interaction with biological systems, and further on a higher level between 

the so-called exact sciences (e. g., physics, chemistry) and the life sciences. 

Over the past three decades, biotechnology and material science have developed 

into the powerful disciplines. Since the 1990’s, studies have originated on interfacing 

nanomaterials with biocomponents, with the goal of monitoring biomolecules or 

bio-related phenomena. In 1996, Mirkin’s group
14

 and Alivisatos’s group
15

 

experimentally demonstrated not only that DNA could be used for the organization of 

nanostructures, but also that nanoparticles were highly sensitive to the DNA 

hybridization events.
16,17

 As successful synthesis of crystalline, size-selected, and 

epitaxially capped semiconductor quantum dots (QDs) early in the 1990s, QDs 

conjugated with antibodies were used for targeting with specific biomolecules in cells 

and also for effective intracellular imaging.
18-21

 Lately, bioconjugated magnetic 

nanoparticles were found with the capability for sophisticated imaging and targeted 

destruction of cancer cells.
22-24

 Almost simultaneously, carbon nanotubes were 

discovered,
25

 and several versatile semiconductor nanowires were grown.
26-28

 As their 

extreme aspect ratio and sensitivity to charge-transfer interaction, nanotubes and 

nanowires were revealed as the sensitive sensing platforms for the detection of 

biomolecules.
29-31

 Research in the current decade has led to seeking sophisticated 

tools for tailoring particles to specific problems in sensing, imaging, drug delivery and 

therapy. Moreover, various bio/nano systems were proposed with applying 

zero-dimensional (0D) and one-dimensional (1D) nanomaterials (semiconducting 

nanoparticles, silicon nanowires, etc.), which led to the development of valuable tools 
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and devices for biosensing, diagnostics and biomedicine.
29-32

   

Since its discovery in 2004,
 33

 graphene has generated great interest and leading to 

the rapid development of two-dimensional (2D) nanotechnology. Owing to a unique 

combination of its crystallographic and electronic structure, graphene and its 

derivatives exhibit several superior physical, chemical and mechanical properties,
34-39

 

which has emerged as an attractive candidate for the fabrication of the novel 

nanobiointerface with kinds of unique applications.
12, 35, 40-44

 In particular, the 

coupling of nucleic acids with graphene-based materials has substantially attracted 

much more attention in the past several years.
42-46

 As known, nucleic acids are stable 

and ease to handle the modification, and can recognize a wide range of targets with 

high selectivity, specificity, and affinity.
47-49

 Therefore, nucleic acids-interfacial 

graphene would achieve improved properties and functions, such as good 

biocompatibility and biomolecular recognition capabilities, thereby exhibiting 

attractive potential for further applications, such as biosensing, diagnostics, drug 

screening and efficient drug delivery.  

With the advent of the rapidly growing field of exploration and fabrication of the 

nano/bio interfaces between nanomaterials and biocomponents, the integration of 

nucleic acids with graphene has been substantially advanced. This review addresses 

recent advances in the fabrication, exploration, and applications of nucleic 

acids-functionalized graphene biointerfaces. Discussions about the interfacial 

fundamental and properties are presented and schematically illustrated in Scheme 1. 

To begin with, we summarize the fundamental and methodology of the 
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graphene-nucleic acid interface, and the related biological effect. Sequentially, the 

analytical approaches of graphene and nucleic acids-based functional nanostructured 

biointerfaces are discussed, emphatically on the techniques such as fluorescence 

resonance energy transfer (FRET), electrochemistry, field-effect transistor (FET) and 

nanopore-based analysis. Next, particular emphasis is directed to the exploration of 

applications in biotechnology, including small molecule detection, protein and 

immuno-biotechnology, as well as the DNA sensing/sequencing. Furthermore, gene 

delivery and therapy, drug delivery and biomedical potentials by utilizing graphene 

and nucleic acid-based nanobiointerface are summarized, showing its amazing 

prospects of this unique inorganic-organic complex. Finally, some significant 

prospects and further developments in this exciting interdisciplinary field are also 

suggested.  

2. Graphene and Nucleic Acid-based Nanobiointerface  

2.1 Brief Introduction to Graphene Physics and Chemistry 

Graphene is a 2D carbon material, constituting a single- or few-layered sheet of 

sp
2
-bonded carbon atoms, which are closely packed in a honeycomb lattice 

structure.
34-39

 Since it is considered as the basic building block of the other graphitic 

materials in the different dimensions, graphene are also considered as “the mother of 

all graphitic forms” 
38

 For example, graphene can be wrapped up into 0D fullerene, 

rolled up into 1D nanotube or several graphene layers stacked into 3D graphite. 

Experiments and/or theories have revealed that graphene exhibits a quantum Hall 

effect at room temperature, ambipolar electric field effect along with ballistic 

conduction of charge carriers, high room-temperature electron mobility, tunable 
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optical properties, a specific surface area, high elasticity and thermal conductivity.
50-59

 

All these properties distinguish graphene from ordinary materials, and make graphene 

excite the scientific community especially in the areas of materials, physics, and 

chemistry.
50-59

 To develop a integrate understanding of its nature and realize the full 

potential of graphene, extensive investigations have proceeded in various directions. 

Although expected to be a single-layer or few-layer carbon sheet, the term 

graphene has been used loosely in the literature, which represents not only pristine 

graphene but also many other derivatives with some similar characteristics, all of 

which we include under the umbrella of graphene.
50-52

 In this review, most of referred 

graphene-related derivatives is graphene oxide (GO), which is obtained by deep 

oxidation of graphite and subsequent exfoliation of the resulting graphite oxide, which 

may contain a high proportion of oxygen, in some cases higher than that of carbon. 

Due to the ease of preparation in large quantities from available graphite, GO has 

been one of the preferred graphene derivatives as catalysts, sensing platform and other 

useful substrate. 
53-56

 A comprehensive description of graphene properties is not 

provided as they can be found in various recent publications.
57-59

 

To date, several strategies have since been developed for the synthesis of graphene, 

including the top-down (e.g. micro-mechanical cleavage) methods and bottom-up (e.g. 

chemical vapor deposition, CVD) methods.
50,60,71

 For instance, graphene has been 

obtained by epitaxial growth on insulating substrates such as SiC and SiO2, and on 

metal substrates such as Ir (111) and Ni (111).
58-61 

CVD and chemical exfoliation, 

thermal oxidation of graphite have made the preparation of large-area graphene 
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feasible.
56, 62 

Of these techniques developed to produce graphene, chemical methods 

are effective for producing graphene sheets from various precursors on a large scale at 

low cost, which enables technical applications in a variety of fields. Particularity, one 

of the most used methods for mass production is chemical synthesis process from 

graphite by oxidation and subsequent reduction.  

The chemistry of graphene has been extensively investigated in the past few 

years.
37,45

 Intensive efforts have been devoted to fabricate large-area graphene with 

minimal defects for various applications; whereas for biosensing and/or biomedical 

applications of graphene in physiological environments, proper surface 

functionalization on graphene is demanded to render high water solubility and 

biocompatibilitys. From the chemical modification perspective, graphene can be 

functionalized by both covalent and non-covalent strategies.
53,67

 Covalent chemistry, 

such as 1,3-dipolar cycloadition and carbodiimide chemistry 

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) coupling 

chemistry, has been developed to modify graphene (including CVD-grown or 

exfoliated pristine graphene).
68

 While, the non-covalent chemistry is particularly 

interesting for biosensing, drug delivery, as many aromatic molecules can be 

physically adsorbed on the polyaromatic graphene surface by π-π stacking
 69-75

 Due to 

the presence of aromatic domains and multiple oxygen functional groups, GO has 

more potential applications in biological system,
44,53-56 

which is ease to handle via 

both covalent and non-covalent functionalization chemistry.
76-79
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Along with advancement of graphene-centered science and biotechnology, various 

nano/bio interfaces have been realized in the areas of bioanalytical chemistry, 

molecular medicine and nanobiotechnologies. Especially, graphene has been widely 

employed as a substrate to be interfaced with various biomolecules and cells, 

including proteins and nucleic acids. 

2.2. Nucleic Acids 

As known, nucleic acids are polymeric biological molecules, including DNA 

(deoxyribonucleic acid) and RNA (ribonucleic acid), which are made from monomers 

known as nucleotides. Each nucleotide has three components of a five-carbon sugar, a 

phosphate group, and a nitrogenous base. If the sugar is deoxyribose, the polymer is 

DNA; if the sugar is ribose, the polymer is RNA. Nucleotides strung together in a 

specific sequence are the mechanism for storing and transmitting hereditary or genetic, 

information via protein synthesis. Research on nucleic acid has always been 

inherently interdisciplinary, encompassing biology, chemistry, and medicine.
80

 In 

recent years, series of called functional nucleic acids (FNAs), including natural FNAs 

(e.g. Ribozymes and Riboswitches) and artificial FNAs (e.g. aptamers, DNAzyme, 

and aptazymes), are produced. by a combinatorial method called in vitro selection or 

systematic evolution of ligands by exponential enrichment (SELEX), whose functions 

are beyond the conventional genetic roles of nucleic acids.
81-83

 For instance, aptamer, 

the specific DNA or RNA binding with high affinity and specificity to targets, is 

pretty useful in biotechnological and therapeutic applications, as they offer molecular 

recognition properties and other advantages over antibodies such as stability and 
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higher binding affinity.
82,84,85

 One other class of important synthetic oligonucleotides, 

called molecular beacons (MBs), are hairpin shaped molecules with an internally 

quenched fluorophore that can report the presence of specific nucleic acids in 

homogenous solutions.
86,

 Moreover, both of DNA and RNA molecule possess 

remarkable self-assembly features and programmable biorecognition capability. 

Therefore, combination of the extraordinary properties of nanomaterials with the FNA 

units can result in a robust nanomaterials-nucleic acids biointerface, which should 

have fundamental significance and practical importance in many fields.
29, 32, 72, 87-92

  

2.3 Graphene Biointerfacing with Nucleic Acid 

The interplay of graphene with nano/micrometer-scale bio-components (DNA, 

proteins, bacteria and other cells, etc.) has been profoundly investigated, and 

fascinated practical applications in material science, molecular recognition, and 

biomedical imaging. To date, the theoretical studies for the adsorption mechanism 

between graphene and nucleic acids have been carried out, to explore the binding 

mechanism and the relative binding strength of four DNA nucleobases [guanine (G), 

adenine (A), thymine (T), and cytosine (C)].
93- 102

 

Gowtham et al.
101

 used density functional theory (DFT) formalism with plane-wave 

pseudopotential considering periodic lattice of graphene-nucleobase complexes, 

finding significant differences between interaction strengths when a nucleobase is 

physisorbed on graphene. The analysis of binding energies illustrated that the base 

molecule polarizabilities would effectively determine the nucleobase-graphene 

interaction strength. Varghese et al. optimized structures of graphene-nucleobase 
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complexes using Hartree-Fock method,
93

 whereas Sastry and co-workers 
99 

studied 

interaction of graphene with the nucleobases using dispersion-corrected DFT based 

approach, finding that the binding energy depends on curvature of the molecule. 

Bhattacharyya and co-workers have carried out detailed quantum chemical 

calculations of complexes of graphene nanosheets and the nucleobases using 

dispersion corrected DFT.
94

 Basically, these planar nucleobase-graphene model 

systems simplified the complexity of DNA structure adsorbed on graphene, thereby to 

provide a possibility for direct experimental characterization of the molecular 

interactions with graphene. According to previous DFT calculations within the local 

density approximation (LDA),
101

 the binding energy of the nucleobases on graphene 

varies in the order of G > A ≈ T ≈ C. If calculation with the more accurate 

second-order Møller-Plesset perturbation theory and the DFT methods including van 

der Waals interactions,
99, 123

 the binding energy strengths of nucleobases with 

graphene was suggested to be the ordering of G > A > T > C, which was consistent 

with the single solute adsorption isotherm study at the graphite-water interface.
104

 

In addition, the interaction between nucleic acid and graphene has also been 

experimentally studied, partially thanks to the significant improvement of 

high-resolution measurement methods.
46, 105-111

 It is demonstrated that the large 2D 

graphene or GO can bind single-stranded DNA (ssDNA) via hydrophobic and π-π 

stacking interactions between the ring structures in the nucleobases and the hexagonal 

cells of graphene. Patil et al.
112

 reported the use of DNA in the preparation of stable 

aqueous suspensions of graphene and proposed a DNA and graphene interaction 
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mechanism (surface binding model) which was similar to that of carbon nanotubes.
113

 

It was demonstrated that DNA electrostatically interacted with graphene basal planes 

and ssDNA showed much stronger affinity towards graphene than double-stranded (ds) 

DNA. As Lu and coworker reported, GO could bind and quench dye-labeled ssDNA 

probes, while it has less affinity toward dsDNA or secondary and tertiary structured 

ssDNA.
110

 Fan and co-workers further carried out the molecular dynamics (MD) 

simulation to investigate the observed large difference in binding affinity of ss- and 

ds-DNA with GO.
113

 Wu and co-workers studied the adsorption and desorption of 

DNA oligonucleotides on GO as a function of salt concentration and DNA length.
105

 

They found that shorter DNAs were adsorbed more rapidly and bind more tightly to 

graphene, and the adsorption was favored by a lower pH and a higher ionic strength.
 

Yi et al. designed an aptamer-two-photon dye/GO-based fluorescent nanosensing 

conjugate for molecular probing the binding affinity of the aptamer to the target in 

biological fluids, living cells, and zebrafish.
106

 On the other hand, Yang and 

coworkers investigated the binding ability and stability of ssRNA on GO, finding that 

ssRNA could bind strongly to the GO surface and be effectively protected from 

enzymatic cleavage.
108

 On the basis of above findings, ssDNA/ssRNA-graphene 

complexes have been used for the detection of a variety of analytes. 

It is known that the binding between ssDNA/ssRNA and graphene is ascribed to the 

π-π stacking interactions between them, however, there are still controversies about 

the driving force for the interactions between ds-DNA/RNA and graphene.
115-117

 

Several studies suggested that the hydrophilic external surface of dsDNA/dsRNA 
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could prevent favorable interaction with the hydrophobic graphene surface.
114 

Whereas, several reports indicated the hydrogen bonding or van der Waals attractive 

forces between DNA and graphene would be sufficient to render the DNA adsorbed 

on the graphene. For examples, Lei et al. reported that dsDNA could bind to GO, 

forming dsDNA/GO complex in the presence of a high concentration of salts
.117

 Zhao 

et al. used molecular dynamics simulations to study the interaction of dsDNA 

segments with the surfaces of graphene in aqueous solution,
118

 finding that DNA 

duplex could self-assemble on the graphene surface by the π-stacking interactions 

between the ending base pairs of DNA and graphene. The simulations, however, did 

not consider the counter ions, or charges on the graphene or its derivatives like GO, so 

that electrostatic force and hydrogen bonding were not considered. In order to clarify 

these controversies, we systematically investigated the interaction between DNA and 

GO with series of experiments, finding that DNA duplexes interacted with GO may 

be facilitated by partial deformation of the DNA double helix.
115

 In combination with 

fluorescence and melting results, the primary driving force was suggested to be 

π-stacking interactions between the ending base pairs of DNA and the carbon rings. 

On the other hand, we supposed that the binding affinity of dsDNA to GO may also 

be enhanced by hydrogen-bond formation between oxygenous groups of GO and 

DNA bases. These results coincide well with previous molecular dynamics 

calculations.
118

  

3. Biological Effects of Graphene/Nucleic Acid Interface 
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Nanomaterials show special biological effects due to their unique structures and 

properties when interacting with biocomponents.
119,121

 For examples, protective 

ability of nanomaterials with nucleic acids has been reported for silica 

nanoparticles,
122

 silica nanotubes,
123

 gold nanoparticles (GNPs),
124

 and carbon 

nanotubes (CNTs). 
125-128 

Recently, numerous works demonstrated that nucleic acids 

binding on graphene or its derivative could be effectively protected from nuclease 

digestion. Tang et al. reported the protection behaviors of GO to ssDNA, showing that 

ssDNA adsorbed on GO surfaces can be effectively protected from enzymatic 

cleavage by deoxyribonuclease (DNAse I, a common enzyme that promotes DNA 

degradation)
129

  Lately, other groups also observed similar results.
110, 119, 121, 130-136

 

Furthermore, we and other groups investigated the biological behaviors of DNA 

duplex assembled on graphene surface, such as specific enzyme cleavage effect. 
115, 

116, 117,133
 It was demonstrated that the protective effect of ssDNA and dsDNA could 

be freely tuned by adjusting the salt concentration.
117 

At low salt concentrations, the 

adsorbed ssDNA on GO was protected from nuclease digestion, while the desorbed 

dsDNA could be digested. However, when the salt concentration was increased, 

dsDNA could be adsorbed on the GO surface and be protected from nuclease 

digestion, showing that dsDNA on GO could be effectively cleaved by DNA enzyme 

I and restriction endonucleases as EcoR I, while being highly resistant to the 

degradation by Exo III.
115 

As reported, the binding affinity of nucleic acid on GO was 

found to be affected by experimental conditions.
64, 77, 134, 136 

Therefore, in order to 

establish an ideal GO-protected nucleic acid system, certain critical experimental 
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conditions, such as buffer solution, incubation time, concentration of nucleic acid and 

nuclease, were needed to be optimized.  

Although it is still elusive for the mechanisms of the protection property of 

graphene on nucleic acid, there are some common senses as proposed in some 

reports.
149,151, 121

 First, the interaction between nucleic acid and graphene may cause a 

conformational change of the nucleic acid, rendering its unrecognizable by enzyme 

binding pockets and protected from cleavage. Second, the change of local ion 

concentration induced by graphene inhibited enzyme activity. This point was also 

presented to interpret the protective properties of silica and GNPs.
122-124

 Third, the 

most popular perspective is steric hindrance, which prevents nuclease from 

approaching the nucleic acids to initiate enzymatic hydrolysis. Likewise, nucleic acid 

adsorption on graphene can result in steric hindrance, change in local ion 

concentration, or change in probe conformation, thereby protecting nucleic acid from 

nuclease digestion.
115 

4. Analysis Methods for Graphene/Nucleic Acid Interface 

The nanobiointerface of graphene and nucleic acids has been characterized by 

microscopic and many other analytical techniques. Basically, the physical techniques 

including atomic force microscopy (AFM), transmission electron microscopy (TEM), 

scanning tunneling microscopy (STM), and X-ray diffraction (XRD), could be applied 

for the characterization of morphology, structures, crystal structure, chemical 

compositions and intrinsic properties of the nucleic acid/graphene materials 

interface.
136

 Whereas, optical techniques are most often used to demonstrate the 
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nanobiointerface of graphene/nucleic acid, including fluorescence spectroscopy and 

fluorescence resonance-energy transfer (FRET). Besides, electrochemical method is 

another frequently-used technique which has shown its superiorities in the 

construction of graphene/nucleic acid interface, which is simple and fast, with low 

cost and easy operation. And, field-effect transistor (FET) and nanopore are the 

burgeoning approaches in recent studies, which exhibit great potential in the graphene 

and nucleic acid-related applications. In this section, we will introduce some cases 

about the methods/techniques for the characterization and construction of 

graphene/nucleic acid interface. 

 

4.1 Graphene/Nucleic Acid Interface-based Fluorescence Resonance Energy 

Transfer  

Fluorescence resonance energy transfer (FRET) is a photophysical process based 

on a non-radiative energy transfer in the fluorescence pair of donor and acceptor. The 

two components of the FRET pair have an energetic compatibility, where the 

absorption spectrum of the acceptor overlaps the emission spectrum of the donor. 

Since the FRET efficiency is dependent on the inverse sixth power of the distance 

between the donor and acceptor, the two fluorescence molecules have to be in close 

proximity to allow a significant FRET. Therefore, FRET could promote its versatile 

application in diverse fields, e.g., to study the conformational dynamic change of 

biological molecules such as DNA, protein, etc., and to construct variety of 

biosensing and diagnostic platforms.
137-139 

Compared with organic quenchers, 
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graphene shows superior quenching efficiency for various organic dyes and QDs, with 

a quenching distance up to 30 nm.
140-144

 Theoretical calculations and experimental 

studies illustrated that both energy-transfer and electron-transfer processes could 

allow to the deactivation of excited fluorophores on graphene.
142, 143

 Along with the 

selective binding property of graphene to nucleic acids, FRET was often used to 

investigate the interaction between nucleic acids and graphene surface.
73, 107, 144

 

In a typical graphene-based FRET process, graphene is applied in various roles as a 

substrate in fluorescence quenching detection schemes. The fluorescein-labeled DNA 

(or RNA) probe was first adsorbed onto the graphene sheet, which results in quenched 

fluorescence. After adding the target, the fluorescence is recovered due to duplex 

formation and subsequent desorption. In this process, the fluorophore-to-GO distance 

increased from zero to infinity to achieve the maximal fluorescence enhancement. 

Based on these properties, several GO-based sensors have been developed for the 

detection of DNA, proteins, and other small molecules by using fluorophores-labeled 

complementary oligonucleotide or aptamer as recognition units.
120, 134, 145-156 

 
In addition to the fluorescence quenching ability, GO has tunable 

photoluminescence arising from the small sp
2
 graphitic clusters embedded in a sp

3
 

matrix.
157-165

 In the presence of various oxygenous functional groups, GO would open 

the band gap of graphene. The size of GO can be controlled to within a few 

nanometers, resulting in tunable photoluminescence properties, and thereby producing 

a new pathway to develop optical sensors.
157,164-168

 For instance, Seo and co-workers 

demonstrated that the photoluminescence of GO could be quenched by GNPs because 
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of FRET between GO and GNPs.
166

 With the unique photoluminescence properties, 

the graphene-based photoluminescence sensor promotes its versatile application in the 

multiplex bio/chemical detection.
164 

All together, fluorescence is a highly sensitive 

technique for the nanobiointerface study on the graphene/nucleic acid. 

4.2 Graphene/Nucleic Acid-Based Electrochemistry 

Due to its excellent electronic conductivity and electrocatalytic activity, 

graphene-modified electrodes are showing promising applications in electronics, 

catalysis, energy storage devices and biosensors. As a single layer of carbon atom in a 

closely packed honeycomb two-dimensional lattice, graphene can greatly promote the 

electron transfer rate and electrocatalytic activity owing to its unique properties such 

as large specific surface area and high mobility of charge carriers. The average 

electrochemical activity of graphene-modified electrode has been systematically 

investigated by electron-transfer mediation across modified electrode surfaces.
44, 68, 169, 

170
.For example, electron-transfer mediation to redox probes, such as Fe(CN)6

3-/4-
, 

Ru(CN)6
3-/4-

, and Ru(NH3)6
3+/2+

 have been used to probe the surface electrochemical 

properties of the graphene-modified electrodes.170 The results suggested that the 

existence of graphene could enhance the charge-transfer kinetics and fast the 

heterogeneous electron transfer,
171-173

 possibly owing to the finite density of states of 

graphene at the redox Fermi energy of the electrochemical probe. Additionally, 

graphene has exhibited many other advantages such as wide potential windows, 

relatively inert electrochemistry, excellently electrocatalytic activities with favorable 

microenvironment. Therefore, the unique 2D crystal structure makes it as extremely 
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attractive electrode material for the incorporation/interfacing of biomolecules 

including nucleic acid. Electrochemical techniques such as cyclic voltammetry (CV), 

differential pulse voltammetry (DPV), electrochemical impedance spectroscopy (EIS), 

and electrochemiluminescence (ECL) have been used for interfacial investigation of 

nucleic acid on graphene-based electrode. 

4.2.1 Voltammetry.  

The electrochemical investigation of DNA bases has been an important field of 

research, because most of the label-free electrochemical biosensors are based on the 

redox properties of DNA bases. As its ability for rapid and sensitive detection of 

single nucleotide polymorphisms (SNPs), direct oxidation of DNA is known as one of 

the simplest methods for DNA electrochemical analysis,.
174-176

 Since Paleček first 

reported the electrochemical detection of DNA in 1958,
174

 a variety of electrodes have 

been fabricated towards the development of powerful electrochemical DNA sensors. 

Nanomaterials including GNPs, CNTs and graphene have been demonstrated with 

improved oxidation signals of the DNA bases in comparison to standard glassy carbon 

electrodes. As noted, graphene is allowed to interact with DNA molecules through 

π−π stacking interactions and hydrophobic interactions, thus laying a powerful basis 

for the application of the graphene/nucleic acid-based interface.
105, 177-182 

Zhou et al. 

firstly reported the simultaneous electrocatalysis of all four DNA bases by 

graphene-based electrode (Figure 1).
177

 They employed chemically reduced GO 

(cr-GO) modified glassy carbon electrodes for electrochemical determining the four 

bases of DNA (i.e. A, T, C and G), finding that the signals of the four bases were well 
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separated and enhanced at graphene electrode. Lately, Lim et al. found that graphene 

nanosheets expitaxially grown on SiC could improve the electrochemical response to 

the DNA bases of dsDNA by anodizing the expitaxial graphene films.
183

 Currently, 

Dubuisson et al. showed that based on direct oxidation of nucleotide bases, the 

anodized epitaxial graphene electrode can detect four DNA bases of ssDNA down to 

the concentration of nM.
184

 

4.2.2 Electrochemical Impedance Spectroscopy.  

Electrochemical impedance spectroscopy (EIS) can measure the response of an 

electrochemical system to an applied oscillating potential as a function of the 

frequency, which is useful to study the molecular binding process on the 

nanomaterials-modified electrode. In the EIS studies, the step-wise electrode 

fabrication process is normally monitored as results of Nyquist plots. The EIS data 

can be fitted to a Randles equivalent circuit, which includes the solution resistance, 

electron transfer resistance (Ret), the constant phase element and Warburg impedance. 

In the Nyquist diagram, the diameter of the semicircle reflects the Ret of redox 

conversion of the electroactive marker on the electrode at certain applied potential. 

This process is strongly dependent upon any modification to the electrode surface.
180

 

Therefore, EIS has often been used to monitor graphene interfacial property changes 

upon DNA immobilization and hybridization in label free studies.
185-189 

4.3 Field-Effect Transistor.   

Field-effect transistor (FET) devices have attracted much attention in the area of 

biosensing, due to their sensitivity for molecular interactions. Basically, FET-based 

Page 20 of 94Chemical Society Reviews



21 

 

biosensor relies on the biomolecular recognition event at the gate of the FET.
41,190-192 

Upon bio-recognition, the electric charge distribution alters the charge carrier density 

at the surface layer, and thereby changing the channel conductivity.
 190-192 

Because of 

its tunable band gap by surface modification, graphene is considered as an ideal 

material for the construction of FET biosensors. In a typical architecture of 

graphene-based FET, graphene is deposited on a Si substrate with a 300 nm SiO2 

layer. The doped Si substrate acts as a gate, which induces a surface charge density 

and thereby shifts the Fermi energy level in graphene. 
193 

So far, several reports 

demonstrate that graphene-based FETs with electrolyte top gating can be efficiently 

used for sensing charged molecules
194-197

 Since nucleic acid has a charged phosphate 

backbone, the graphene-based FET is an ideal tool in the graphene-nucleic acid-based 

interfacial study and sensing applications.
194-197 

For example, Rao et al. studied the 

interaction energies of the nucleobases with graphene using the graphene-based FET. 

Xu et al. recently used CVD-graphene as both electrode and transistor for site-specific 

detection of target DNA, suggesting a path towards all-electrical multiplexed 

graphene DNA arrays.
194

 Mohanty et al. reported the FET-based electrical biosensor 

using few-layer graphene for the detection of DNA and a bacterium with the 

covalent-binding DNA probes.196  Compared with electrochemistry-based signal 

readout, graphene-based FETs use electrical detection to exploit resistivity change 

when nucleic acids adsorb on the FET surface, and their microscale, or even 

nanoscale devices allow to provide better sensing abilities. Thus, these properties 

make graphene-based FET a promising technique for the interface study.
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4.4 Nanopore-Based Analysis.  

Nanopore-based analysis is an emerging technique that involves using a voltage 

to drive molecules through a nanopore in a thin membrane between two electrolytes, 

and monitoring the ionic current changes through the nanopore as molecules pass 

through it. Because of the general detection principle and the ease to detect single 

molecule, the nanopore technology has the significant potential for biosensing 

applications.
43, 198, 199

 With excellent mechanical properties, high electrical 

conductivity, and surprisingly insulating to ion transport across, graphene-based 

nanopore appears to be alternative solid nanopore for electronic sensing of DNA 

molecules, even to distinguish individual base by ion current modulation.
43,200

 Up to 

date, proof of concept to use graphene nanopore for DNA detection has been 

demonstrated from both experimental and theoretical aspects.
198-204

 

Many theoretically works have already addressed such the graphene-based 

nanopore and verified their feasibility in sequencing DNA
203, 205-208

 As calculated, the 

presence of a nucleobase in the graphene nanopore would affect the charge density, 

inducing thereby current variations of the order of microampere.
208

 And, the 

controlling the insulating thickness of graphene membrane could dramatically 

improve the spatial resolution.
204, 209 

These calculations indicated that graphene-based 

nanopore could achieve the single molecule resolution in the DNA analyses. 

Experimentally, the improvement of graphene-based nanopore fabrication 

facilitated the integration of graphene into nanopore technology. In 2008, Drndić and 

co-workers for the first time fabricated single nanopore and nanopore arrays in 
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suspended graphene films, and subsequent investigated the kinetics of pore formation 

and edge stability in graphene.
208 

In 2010, Dekker,
206 

Drndić,
208 

and Golovchenko
209 

fabricated the graphene nanopore by using mechanical exfoliation from graphite 

method or CVD method, separately (Figure 2). In these graphene nanopore, when 

dsDNA translocated through the graphene nanopore, significant ionic current 

blockages could be observed. And, the ionic current noise level was several orders of 

magnitude larger than those in silicon nitride nanopore. As the pore resistance is 

limited by access resistance at the pore (not by the pore channel itself), it is 

insufficient to provide sufficient resolution for sequencing when DNA translocating 

through graphene pore. Merchant et al. 
208

 demonstrated that by means of depositing 

several nanometers of titanium dioxide over the graphene nanopore, the noise could 

be significantly reduced. Golovchenko, Dekker and co-workers found that the 

conductance of the nanopore was related to the pore diameter for graphene membrane, 

which suggests that the thickness of the membrane was not negligible
204, 210, 211

. 

Overall, these advancements suggest that graphene-based nanopore could potentially 

lead to DNA sequencing with electronic readout.
43,197

  

There are still various fundamentals about graphene-based nanopore for DNA 

sequencing or sensing to be explored, however, this preliminary work will certainly 

facilitate many future studies of graphene nanopore. Their unique properties from 

graphene would be a big advantage for exploring the graphene-nucleic acid 

interfacing events. 
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5. Graphene/Nucleic Acid Interface-Based Bionanotechnological 

Applications  

Nucleic acids are molecules, encoding the genetic instructions, to be used in the 

development and function of all known living organisms. Due to its base-paired and 

double helix structure, nucleic acid-mediated assembled/hybridized structures can be 

designed and controlled as a desirable and reversible manner. Based on the unique 

electronic and physical-chemical properties of graphene, as well as the interesting 

adsorption interactions between nucleic acid and graphene, various biosensing 

platforms with particular characteristics have been developed to facilitate the small 

molecule detection, immuno-biotechnologies, and DNA sensing/sequencing. We 

summarize the typical cases and applications of the graphene and nucleic acid 

biointerface in the following discussions, and list the key elements in the Table 1 and 

Table 2 for the audience. The developments of the graphene and nucleic acid 

nanobiointerface is really fast and rapid, audience could look for the original 

publications or other review articles for more information.
41-44, 53-56, 212

 

5.1 Graphene/Nucleic Acid Interface for Biosensing Applications 

5.1.1 Heavy Metals   

Heavy metals are highly toxic and dangerous pollutants. Some heavy metal 

pollutants come from fertilizers and sewage, while industrial waste is also the main 

source of heavy metal pollution. As we know, mercury, lead, and copper are 

considered as three key pollutes of the most toxic heavy metals. Although there are 

some available methods for Hg
2+

 detection, ever-growing research efforts have been 
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devoted to develop unconventional methods for simple and rapid detection of Hg
2+

.
163, 

213 
One of the most notable is the Hg

2+
 specific ssDNA sequence which would interact 

with Hg
2+

 through the formation of a Hg
2+

-mediated base pair, 

thymine-Hg
2+

-thymine. Based on the unique interaction between Hg
2+ 

and T rich 

oligonucleotide, as well as the adsorption between ssDNA and graphene materials, 

graphene-based biosensors have been utilized for Hg
2+

 detection recently. By using 

organic fluorephores, sensitive detection of Hg
2+

 was realized via fluorescent 

approaches.
213, 214 

A spontaneous fluorescence GO-based sensor with a detection limit 

of 0.92 nM and selectivity toward Hg
2+

 over other metal ions was designed by Wu 

and co-workers.
215

  By using [Fe(CN)6]
3−/4−

 and [Ru(NH3)6]
3+

 as the electrochemical 

indicator, Hg
2+

 electrochemical sensors were constructed by Park et al. and Zhang et 

al., respectively.
212, 216

 Moreover, GO-based field-effect transistor biosensor has been 

constructed by Sharon et al.
218

 The deposition of a tailored nucleic acid with 

appropriate T mismatches on the GO, yielded active surfaces for the analysis of Hg
2+

, 

resulting in sensitive electronic responsing.  

Aptamers and DNAzymes are selected as the recognition elements to set up the 

Pb
2+

 biosensors based on graphene nanomaterials and oligonucleotides. For the cases 

based on the Pb
2+

 aptamers, fluorescein and quantum dots were used as illuminant 

whereas GO was employed as the fluorescence quencher. Zhao et al. and Wen et al. 

reported graphene-DNAzyme biosensors for Pb
2+

 detections with high sensitivity.
219, 

220
 Furthermore, Wen et al. designed the electrochemical detection method for Pb

2+
 

using gold nanoparticle and DNAzyme-functionalized graphene FET.
221

 The graphene 
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decorated with gold nanoparticles serves as the anchoring sites to covalently 

immobilize thiolated DNAzyme molecules. The Pb
2+

 FET biosensor exhibited a 

detection limit as 20 pM. 

DNAzymes are in vitro selected DNA molecules with enzyme-like catalytic 

activities. Metal ion-dependent DNAzymes are a class of well-characterized 

DNAzymes that cleave an oligonucleotide substrate containing one ribonucleotide at 

the cleavage site. Thereby, graphene biosensors with metal ion-dependent DNAzymes 

have been designed for Cu
2+

 detection with the tremendous progress in graphene 

nanotechnology. Quan and co-workers designed a label-free fluorescent Cu
2+

 sensor 

based on internal DNA cleavage and an extrinsic fluorophore in a 

graphene/DNAzymes complex.
222, 223 

Yu et al. proposed a GO enhanced fluorescence 

anisotropy strategy for Cu
2+

 detection with DNAzyme-based assay.
224 

A ‘‘turn-on’’ 

fluorescent method for the direct detection of Cu
2+

 in solutions using molecular 

beacons and GO was designed by Li and co-workers.
225 

In the presence of Cu
2+

, the 

molecular beacons were cut into short pieces and released, leading to fluorescence 

restoration. 

5.1.2 Small Molecules 

Detection of biological interesting small molecules has fundamental significance in 

the understanding of cellular functions and pathology, and practical importance in the 

development of applications in diseases diagnosis and drug discovery. Some 

biological small molecules including the energy molecules (nucleoside triphosphate), 

antibiotics, drugs, etc. play crucial roles in biochemical reactions or cell functions. 
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With the developments of graphene based-materials and nucleic acids interface, 

notable achievements are reported recently to illustrate the sensitive, selective or rapid 

detection of biochemical interested small molecules.  

Small Molecules Detection based on Functional Aptamers. ATP is an important 

major carrier of chemical energy in living organisms, participating in lots of 

enzymatic activities.
226

 Therefore, detection of ATP has been explored extensively by 

using graphene-DNA scaffold. Tan and co-workers reported a sensitive and real-time 

fluorescence anisotropy (FA) detection method for ATP based on graphene signal 

amplification.
227

 Because of the extraordinarily larger volume of GO, ATP labeled 

with fluorophore exhibits very high polarization when bound to GO (the enhanced FA 

value was more than 0.5), while the FA was greatly reduced when the aptamer 

complexes with ATP, which exhibited a maximum signal change of 0.316 with a low 

detection limit of 100 nM ATP in buffer solution. Another successful example for ATP 

detection was reported by Liu et al. by using upconversion nanophosphors and GO 

(Figure 3A). NIR-to-visible upconversion nanophosphors (UCNPs) are capable of 

emitting strong visible fluorescence under the excitation of NIR light. Liu et al. 

proposed that GO could quench the fluorescence of ATP aptamer-UCNPs (UCNPs 

modified with ATP aptamer), and the FRET between UCNPs and GO therefore could 

be realized. The detection limit of ATP based on the ATP aptamer-UCNPs was as low 

as 80 nM.
228

 Efficient energy acceptance of GO accelerated the researches based on 

GO assisted fluorescence assays. A molecular aptamer beacon (MAB) containing ATP 

aptamer and a hairpin-shaped probe were designed by He et al. to realize the ATP 
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detection in A549 cell lysis buffers.
329

 In the absence of ATP, the fluorescence of 

MAB was completely quenched by GO. Upon the adding of ATP, fluorescence was 

recovered due to the releasing of MAB from GO. The detection limit of ATP in buffer 

solution was 2 µM. 

Electrochemical methods including CV and DPV have been employed for ATP 

detections.
44

 Mesoterakis (4-methoxyl-3-sulfonatophenyl) porphyrin (T (4-Mop) PS4) 

was used to functionalize graphene sheets via π-π interactions to produce T (4-Mop) 

PS4-graphene hybrid nanosheets (TGHNs).
230

 The TGHNs could successfully adsorb 

ATP aptamer (ATA) on the electrode surface through a π-π stacking. When ATP was 

added into the system, the electrochemical signal was blocked and the sensitive 

detection of ATP was realized successfully. The preferable linear range for ATP was 

from 2.2 nM to 1.3 mM with a detection limit of 0.7 nM.
230

 Another interesting case 

based on the term of graphene-DNA was explored by Wang and co-workers.
231

  

Taking advantage of strand-displacement DNA polymerization and parallel-motif 

DNA triplex system as dual amplifications, they designed an electrochemical 

label-free integrated aptasensor based on silver microspheres as a separation element 

and graphene-mesoporous silica gold nanoparticle hybrids as an enhanced element of 

the sensing platform. Through the multiple effects, a low detection limit of 2.3×10
-11

 

M was achieved based on the dual signal amplification method.
231

   

Diversified sensing platforms for all kinds of small molecules such as cocaine, 

coralyne, D-vasopressin, mycotoxins, ochratoxin A etc., have been developed with the 

features of graphene and nucleic acid.
232-239

 Detection of cocaine with low detection 
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limit down to 1 nM was carried out by using two engineered aptamers in connection 

to redox-recycling signal amplification.
232

 The streptavidin-conjugated alkaline 

phosphatases (ALPs) were used as labels to generate quantitative signals. Du et al. 

utilized GSGHs as magnified sensing platform for D-vasopressin detection, shown as 

Figure 3B.
237

 The proposed sensing platform could be used as a chiral selector for 

distinguishing vasopressin enantiomers at 5 ng mL
-1

 in the presence of L-vasopressin.  

Fluorescent techniques on the basis of graphene-DNA structures have been 

emerging as a new part of the toxin detection field in the recent studies. Utilizing GO 

as the fluorescence quencher, Wu et al. and Sheng et al. have developed two FRET 

aptamer sensors for ochratoxin A (OTA) and fumonisin B1 (FB1), respectively.
238, 239

 

The OTA FRET sensor based on poly(vinyl pyrrolidone)-coated GO showed the 

detection limit of 21.8 nM.
239

 The FB1 FRET sensor utilizing upconversion 

fluorescent nanoparticles BaY0.78F5:Yb0.7Tm0.02 coated with FB1 aptamers provided a 

linear range from 0.1 to 500 ng mL
−1

, and a detection limit of 0.1 ng mL
-1 

for FB1 

target.
238

 Moreover, the Au-DNA-microcystin complex could be formed through the 

interaction between ss-DNA modified Au nanoparticles and saxitoxin (STX) or 

neosaxitoxin (NEO).
239

 These microcystins in the complexes could be 

immunologically recognized by the antibodies adsorbed on GO sheets. As a result, Au 

NPs were close enough to quench the photoluminescence of GO by FRET. The 

detection limits were 0.5 and 0.3 µg L
-1

 for STX and NEO, respectively.
240

 

Small Molecules Detection based on DNA sequences. A binding mode between 

DNA and silver ions was utilized for cysteine detection through FRET mechanism 
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based on GO and dye labeled ss-DNA.
146, 241, 242

 These methods basically relied on the 

competitive ligation of silver ions by cysteine or cytosine-cytosine mismatches in 

self-hybridizing strand. In the work reported by Liu et al., fluorescence intensity 

decrease was found to be proportional to the increase of concentration of cysteine in 

both aqueous buffer (2-200 nM) and human serum (5-200 nM).
243

  For the protocol 

reported by Qu and co-workers, a turn-on assay for cysteine was achieved by using 

thiol-activatable metallized DNA1, the dye-labeled DNA 2 and GO.
146

 The detection 

limit of cysteine corresponded to 2 nM, and can also be utilized to design the“OR” 

and “INHIBIT” logic gates using cysteine and DNA as inputs. 

Small Molecules Detection based on Nuclease. Nuclease owns special ability for 

DNA cleavage, and has been founded as a powerful tool for the sensing assays of 

biotin, theophylline and thiamine pyrophosphate (TPP).
244-248

 Exonuclease I is taken 

as an element for biotin detection. Upon the addition of free biotin, it competes with 

the labeled biotin for the binding sites of streptavidin and then the exonuclease I 

digests the unbound DNA probe to release the fluorophore from the DNA, resulting in 

the fluorescence recovery. The detection limit for biotin was 0.44 nmol L
-1

. 
244

 Dnase 

I was used as an cyclic amplification tool for the detection of ophylline and TPP.
246

 In 

this design, Dnase I could cleave the free DNA in the DNA/RNA ribozyme complex, 

thereby liberating the labeled fluorophore and ultimately releasing the Shine-Dalgarno 

sequence from DNA/RNA ribozyme complex. The released Shine-Dalgarno RNA 

then binds with another probe, and the amplification cycle starts anew, forming a 

amplided TPP sensing strategy. Another interesting assay method with nuclease was 
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based on the degradation ability of bleomycins (BLMs) of ssDNA.
247

 Similarly, based 

on the quenching effect of GO, BLM detection could be realized through the 

degradation of dye labeled DNA with good sensitivity (a detection limit of 0.2 nM) 

and fast test (within several minutes).
247

 

In conclusion, while DNA is kind of functional biological molecule for gene 

information storage, it is also a useful material for interface constructions of sensors. 

By taking self-assembly, adsorption, or trapping methods, DNA molecules could be 

immobilized on the electrode surface with graphene nanomaterials, to set up the 

sensing electrochemical interface for electrochemical sensing of various small 

molecules, including dopamine, glucose, histidine, nonylphenol and so on.
 236, 

242,247-250
 The detail building structures and detection performances could be found in 

the Table 1. 

5.1.3 Proteins  

Proteins perform a vast array of functions within living organisms, including 

catalyzing metabolic reactions, replicating DNA, responding to stimuli, etc.. To date, 

various sensing methods have been developed for protein assays by using different 

receptors. Among them, aptamers and immunological recognitions are two significant 

paths which attract multitudinous attentions in protein biosensing researches. Herein, 

we have summarized recent works about thrombin and other proteins detection 

methods based on graphene-DNA complexes. 

Proteins Detection based on Electrochemical Methods. Graphene is an ideal 

electrochemical signal transducer due to its good electroconductibility. For one kind 
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of thrombin sensors, graphene materials are employed as electrode materials for 

thrombin aptamer (TA) immobilization. For example, a graphene modified electrode 

was prepared by chemical reduction of GO adhesived on electrode surface, and TA 

was linked on graphene/GCE through covalent binding. In the presence of thrombin, a 

complex of quadruplex-thrombin was formed and such a complex increased the steric 

hindrance which greatly reduced the signal of [Fe(CN)6]
3-/4-

.
251

 Similarly, the 

ethanethiol-TA could be attached on Au NPs/graphene electrode surface through S-Au 

interactions, and thrombin detection could be carried out by using [Fe(CN)6]
3-/4-

 

probe.
252

 Additionally, electrochemical impedimetric thrombin sensor has been 

developed with electrochemical probe.
171

 The impedimetric aptasensor showed 

selectivity for thrombin in the presence of IgG, BSA and avidin. Dong et al. reported a 

method with electroactive dye-Orange II as the electrochemical probe for thrombin 

detection.
253 

This label free electrochemical sensor exhibited a detection limit of 

3.5×10
-13

 M and a linear range from 1.0×10
-12

 to 1.0×10
-10

 M.
253

 Another label-free 

electrochemical aptasensor for thrombin employed direct electron transfer of glucose 

oxidase (GOD) as a redox probe and a gold nanoparticle–polyaniline–graphene 

(Au–PANI–Gra) hybrid as the substrate to support the GOD probe. TA could be 

immobilized on gold nanoparticles via S-Au bond and realized the sensitive detection 

of thrombin.
 254

 As an important growth factor, platelet-derived growth factor (PDGF) 

aptasensor was developed through sandwich-type aptamer-bindings. Reduced GO 

sheets were used as matrices to immobilize the GOD and HRP to produce the 

secondary label. Au NPs functionalized single-walled carbon nanotubes were 
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employed to modify the working electrode. This method could realize the 

simultaneous detection of PDGF and thrombin.
 187

 

By using Ru(phen)3
2+

 as ECL probe, thrombin ECL sensor was constructed by 

Wang et al.
244

 TA was linked on GO modified electrode with amide linkage and 

hybridized with a complementary DNA containing of Ru(phen)3
2+

. After interaction 

with thrombin, the complementary Ru(phen)3
2+

 probe was released while the 

detection was achieved.
255 

Graphene or GO nanomaterials are considered as favorable 

nano-carrier for signal amplification and noise reduction in thrombin biosensors. 

Since thrombin owns dual binding sites corresponding to TA, one thrombin molecule 

can bind with two TA strands simultaneously. Hence, sandwich-type aptasensor for 

thrombin detection was built by using graphene derivative as the signal amplification 

unit in some researches. For an instance, a GOD–functionalized chemically reduced 

graphene nanosheet was prepared and served as a secondary label through its direct 

electrochemistry and electro-catalysis in a sandwich-type thrombin electrochemical 

aptasensor. Bai et al. immobilized GOD on GO and prepared a PAMAM–CNTs 

modified electrode as the working sensing platform (Scheme shown as Figure 4).
256

 

In the presence of thrombin, a sandwich type aptasensor was constructed and the 

sensitive detection of thrombin was realized based on the dual signal amplification 

process, with the detection limit of 2.1×10
-13

 M.
256

 Similarly, graphene based 

nanomaterials also served as nanocarriers for different electrochemical labels like 

alkaline phosphatase and gold nanoparticles mediated silver deposition,
256

 hollow 

CoPt bimetal alloy nanoparticles for HRP adsorption,
257

 thionine/hemin/G-quadruplex 
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bioelectrocatalytic complex and 3,4,9,10-perylene-tetra-carboxylic dianhydride ECL 

probes.
240, 258,259

 All of these cases benefit from the signal amplification effect of the 

graphene-based secondary label and the sandwich type binding thrombin aptasensor, 

showing dramatic detection limit and linear responsing range in buffer or sample 

assays (See Table 2 for more information). 

Proteins detection based on optical methods. Electrochemical methods are major 

approaches for thrombin detection in the field of graphene–DNA complex. Moreover, 

colorimetric assay,
 260-262

 chemiluminescence resonance energy transfer (CRET) 

system,
263 

fluorescence assay,
 107

 UV-vis spectra,
266

 microscopes,
267

 and surface 

plasmon resonance (SPR) have been utilized for thrombin aptasensor studies. Guo and 

co-workers reported a detection method based on DNA functionalized GNPs which 

could combine with thrombins. The thrombin molecules acted as linkers for GNPs, 

showing the distance-dependent optical properties.
264

 Bi et al. developed a GO 

platform based on the luminol–H2O2–HRP-fluorescein CRET system (Figure 5A).
263

 

Luminol acts as both chemiluminescence substrate and donor, and fluorescein as both 

enhancer and acceptor. Li’s group designed a FRET aptasensor for thrombin detection 

based on the unique assembly interaction between ss-DNA and sodium 

dodecyl-benzene sulfonate functionalized graphene. The graphene FRET aptasensor is 

extraordinarily sensitive to the thrombin detection with high specificity in both buffer 

and blood serum (Figure 5B).
107

 Furukawa et al. demonstrated that the elementary 

processes of protein recognition could be observed directly with a confocal laser 

scanning microscope and an AFM using an identical piece of GO.
265

 They also 
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showed that the recognition system could be installed and operated in microchannel 

devices.
265

 For another example, well dispersed graphene, prepared by the chemical 

reduction of GO with hydrazine, was assembled on a positively charged SPR Au 

(p-Au) film via electrostatic interaction. TA could adsorb onto the graphene layer 

through the strong noncovalent binding of graphene with nucleobases. Binding 

between the aptamer and the target molecule greatly disturbed the interaction between 

the aptamer and graphene. As a result, TA was released from the SPR sensing surface 

and an obvious SPR angle decrease could be observed.
266

 Lysozyme detection was 

carried out with electrochemical, fluorescence and SPR monitoring.
92, 266-268

 The SPR 

sensor consists of a 50 nm gold film coated with a thin film of reduced graphene 

oxide (rGO)-functionalized with anti-lysozyme DNA aptamer, with a detection limit 

of 0.5 nM.
92

 

Proteins detection based on FET method. By using large-area CVD derived 

graphene, a micron-scale graphene FET biosensor has been produced. The chips were 

treated with pyrenebutanoic acid succinimidyl ester and TA. This graphene-aptamer 

FET sensor can be used to monitor protein–aptamer binding in real time.
269 

By 

growing polypyrrole-converted nitrogen-doped few-layer graphene (PPy-NDFLG) on 

Cu substrate by CVD, a VEGF (Vascular endothelial growth factor, VEGF) FET 

sensor was fabricated with VEGF RNA aptamer on liquid-ion gated FET geometry by 

Kwon et al. (Figure 6). 
270 

A 100 fM detection limit was obtained for VEGF by this 

method. Immunoglobulin E (IgE) FET sensor was reported early by Ohno et al.
 271

 

The label-free immunosensor based on an aptamer-modified graphene FET showed 
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selective electrical detection of IgE protein. From the dependence of the drain current 

variation on the IgE concentration, the dissociation constant was estimated to be 47 

nM, indicating good affinity and the potential for graphene-based FETs to be used in 

biological sensors.  

Overall, based on the synergistic effect of DNA and graphene, as well as the 

multiple functions of aptamers and DNAzymes, various protein sensors have been 

constructed in the past few years to realize the sensitive and selective protein assays. 

Among them, thrombin is the most popular target for major researches, due to its clear 

structure, significant role, and unique dual binding sites for aptamer. Moreover, other 

proteins such as IgE, lysozyme, VEGF, PDGF, interferon-gamma, folate receptor, 

α-chymotrypsin, epithelial tumor marker mucin 1, and nuclear factor-kappa B 

(NF-kB) have been taken as the analytes to test the graphene-DNA sensing interface 

in the form of biosensors. We summarize the examples shown in the existed 

publications and listed the detail information in Table 2.  

5.1.4 Nucleic Acids 

In the nucleic acids electrochemical sensing, the electocatalytic performances are 

strongly relied on the surface chemistry of biosensors, as well as the signal 

transduction abilities. As the researches of graphene based materials going further, 

more and more papers can be found in connection with nucleic acids detection, based 

on its unique electronic properties including high integer quantum Hall effect, the 

Klein paradox, an ambipolar electric field effect, along with ballistic conduction of 

charge carriers, etc.. Herein, we will focus on the studies about graphene derived 
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materials for DNA detection with electrochemical, fluorescence, and 

chemiluminescence methods, as well as various techniques including colorimetric 

analysis, transistors, Raman scattering, mass spectrometry, etc.. 

Nucleic acid detection based on Electrochemical Detection. Among various 

methods for electrochemical nucleic acid biosensors, the label free ones own the 

simple, fast and easy operations characteristics. Akhavan et al. prepared a GO 

nanowalls with extremely sharp edges and deposited them on a graphite electrode by 

using electrophoretic deposition in an Mg
2+

-GO electrolyte.
103

 Detection of 

oligonucleotides with specific sequences (the sequence from codon 248 of the p53 

gene) was realized with the detection limit of 9.4 zM (5 dsDNA per mL). A 

microwave-assisted sulfonation was employed to prepare water-soluble sulfonated 

reduced graphene oxide (srGO) to set up a srGO-DNA biosensor.
 272

 The solution of 

srGO-DNA hybrids was dropped onto the surface of an interdigitated gold electrode 

for the assembly of electrochemical DNA sensing platforms.  

As a classical electrochemical probe, [Fe(CN)6]
3-/4-

 has been widely used in the 

electrochemical biosensors to indicate signal changes. For example, [Fe(CN)6]
3-/4-

 can 

detect the target gene strands hybridized with probe DNA on the electrode surface 

because of the electroconductivity. Based on the rGO and 

poly(m-aminobenzenesulfonic acid, ABSA) nanocomposite (PABSA-rGO), Yang et 

al. reported a sensitive detection method for PML/RARA fusion gene sequence.
161

 

The dynamic detection range for the sequence-specific DNA was from 1.0×10
−16

 to 

1.0×10
−8

 mol L
-1

. Jayakumar et al. synthesized a first generation (G1) 
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poly(amidoamine) dendrimer (PAMAM) with graphene core (G@G1PAMAM), and 

then immobilized G@G1PAMAM covalently on mercaptopropionic acid (MPA) 

monolayer on Au electrode.
273

 Au nanoparticles (17.5 nm) were decorated the 

G@G1PAMAM and used for electrochemical DNA hybridization sensing with the 

help of [Fe(CN)6]
3-/4-

. Another important apllication of [Fe(CN)6]
3-/4- 

probe is for EIS 

assays. The probe could be reduced and oxidized on the electrode surface then 

transduce the surface changes into electrochemical signals. In the existed publications 

for DNA electrochemical sensors by using graphene based materials, 

1-aminopyrene,
274 

GNPs linked p-aminothiophenol functionalized GO,
275

 

N,N-bis-(1-amino propyl-3- propylimidazol salt)-3,4,9,10-perylene tetracarboxylic 

acid diimide (PDI),
197

 and poly(xanthurenic acid) were used to prepare the functional 

graphene hybrids for fabricating label-free electrochemical impedance genosensor.
276

 

Based on the modifications, probe nucleic acids could be anchored on the 

functionalized graphene surface, and with the hybridyzations of target nucleic acids, 

and [Fe(CN)6]
3-/4- 

probe can report the impedance changes. Methylene blue is a 

phenothiazine dye and commonly used electrochemical indicator in the 

electrochemical DNA biosensor, to monitor the DNA hybridization reaction.
277-279

 An 

anodized epitaxial graphene electrode was used for the detection of 30 mer 

oligonucleotides as a demonstration to illustrate the higher sensitivity of graphene 

based sensor than anodized graphite in terms of electrochemical sensing, and the 

results based on EIS technique are shown as Figure 7.
194

 Transgenic soybean 

A2704-12 gene sequence could be detected on a partially reduced GO modified 
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carbon ionic liquid electrode (CILE).
280

 The CILE was fabricated by using 

1-butylpyridinium hexafluorophosphate as the binder and probe DNA was connected 

via covalent bond. Another transgenic soybean sequence of MON89788 was detected 

on graphene and TiO2 nanorods composite film.
281

 Under optimal conditions the 

differential pulse voltammetric response of the target ssDNA sequence could be 

detected in the range from 1.0×10
-12

 to 1.0×10
-6

 mol L
-1

 with a detection limit of 

7.21×10
-13

 mol L
-1

. Furthermore, adriamycin was used as intercalated indicator when 

the probe DNA (anchored on graphene modified electrode) hybridized with the target 

DNA. The peak currents of adriamycin or daunomycin were linear with the 

concentration of complementary DNA, resulting in sensitive detection of gene 

sequence.
282

  

The ssDNA is a common probe for the target DNA detection with the 

complementary sequence on the principle of bases matches. Moreover, molecular 

beacons and peptide nucleic acid (PNA) are also promising probes for the target DNA 

sensing with their high specifities. PNA, whose sugar-phosphate backbone is replaced 

with a peptide-like backbone, is neutral, which eliminates electrostatic repulsion 

between the two hybridized strands.
293

 Hairpin-DNA is a secondary DNA structure in 

which two regions of the same strand, complementary in nucleotide sequence, 

base-pair between each other to form a double helix that ends in an unpaired loop. 

Pumera and co-workers designed an EIS sensor with the hairpin-shaped DNA probes 

for detection of single nucleotide polymorphism correlated to the development of 

Alzheimer's disease.
283

 Chen et al. developed an enzyme-assisted target recycling for 
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amplified EIS detection of DNA on a graphene/GNPs modified electrode with 

hairpin-shaped DNA probe.
275

 PNA probe has been demonstrated with effective 

recognition ability for target DNA sensing by and co-workers through a GO modified 

electrode transducer. 
293

 The strategies for signal amplification by using HRP 

enzymatically electrochemisty,
284

 and strand-displacement DNA polymerization have 

shown their dramatic effects on improving the sensitivity of sandwich-type DNA 

biosensors with graphene derivative modified electrodes.
285

 Under the synergistic 

effect of the biobarcode signal amplification and catalytic current enhancement as 

well as the fast electron transfer on the graphene modified electrode, low detection 

limit of target DNA sequence was successfully achieved. 

Nucleic acids detection based on FRET method. Compared with traditional 

organic quenchers, graphene derivatives have shown superior quenching efficiency 

for a variety of fluorophores, with low background and high signal-to-noise ratio, as 

well as the unique protection from enzymatic cleavage. In the recent studies, GO and 

GO-based complexes with 4-(1-pyrenyl-vinyl)-N-butylpyridinium bromide (PNPB), 

[Ru(bpy)2(pip)]
2+

 (bpy=2,2’-bipyridine; pip=2-phenylimidazo [4,5-f] [1,10] 

phenanthroline), rhodamine 6G, ethidium bromide (EtBr), and poly 

[(9,9-bis(6’-N,N,N-trimethy lammonium) hexyl)-fluorenylene phenylene dibromide] 

(PFP) have been employed as FRET sensing platform for DNA sensitive detection.  

By using Ru(bpy)2(pip)]
2+

, the Ru
+
 compound can interact with dsDNA or 

G-quadruplex DNA structure and result in the fluorescene recovery. The 

concentration of 0.25 µM dsDNA can be detected with the 
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Ru(bpy)2(pip)]
2+

/G-quadruplex biosensor.
286

 In another case, EtBr, a common 

fluorescence tag (or nucleic acid stain) was employed.
287

 EtBr owns the conjugated 

“π” structure which can adsorb on graphene surface, resulting in the fluorescence 

quenching. When EtBr interacted with dsDNA, the fluorescence could be “turn on” 

fleetly. The competition between DNA/dye and graphene/dye was considered as a 

effective tool for constucting the DNA biosensors. A cationic conjugated polymer 

PFP and rhodamine 6G was used to modify the graphene nanomaterials to produce 

the functionalized graphene derivative.
288,289 

In the presence of target DNA samples, 

the interaction between functionalized graphene derivative and dye was disturbed. For 

the case by using PFP, a detection limit of 40 pM for target DNA detection was 

realized with a traditional PFP-based DNA sensor by introducing GO as a 

quencher.
288

 For rhodamine 6G (R6G) case, the addition of DNA can restore the 

fluorescence signal of R6GGO complex by binding with R6G and removing it from 

the surface of the GO. The detection limit for DNA was 0.01 nM and the precision for 

eleven replicate detection was 3.8%.
289

 MBs and PNA have shown the remarkable 

applications in graphene based DNA biosensors. The researchers make use of these 

FNAs as the probes to hybridize with target DNA.
290

 Moreover, GO owns large 

surface/volume ratio, as well as the 2D planar structure. These unique properties make 

GO as a ideal multiple sensing platform for colorful detection systems with more than 

one target. Tao et al., Qu et al., Zhu et al., and other scientists have built up the 

multicolor fluorescent DNA biosensors with the help of graphene based 

nanomaterials.
142, 147,291,292
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The fundamental investigations of nucleic acids-graphene sensing systems provide 

rich information and well element task for further applications of DNA/graphene 

biosensors in logic gate operations and array imaging. To the advanced 

DNA/graphene biosensors, different biological agents like exonuclease III (ExoIII) 

and biochemical approaches like toehold-mediated strand displacement and 

isothermal circular strand-displacement have been introduced into the systems. Tan 

and co-workers developed a DNA assay based on ExoIII-induced target recycling and 

the fluorescence quenching ability of GO.
294

 Introduction of target sequence induces 

the ExoIII catalyzed probe digestion and generation of single nucleotides. After each 

cycle of digestion, the target is recycled to realize the amplification. Ihara and 

co-workers immobilized dye-labeled probe DNA on GO through a capture DNA 

probe.
295

 When targets were added, the probes were released from the GO through 

toehold-mediated strand exchange. High emission recovery and good signal contrast 

were achieved relative to conventional methods that were based on direct adsorption 

of probes. A label-free fluorescent DNA biosensor with isothermal circular 

strand-displacement polymerization reaction combined with GO binding was 

presented by Yu’s group.
296

 The proposed method is simple and cost-effective with a 

low detection limit of 4 pM. Cerf and co-workers reported the transfer-printing of 

ss-DNA molecule arrays on graphene for the high resolution electron imaging by 

using capillary assembly procedure.
297

 This method might be an efficient step toward 

the observation of single elongated DNA molecules with single base spatial resolution 

to directly read genetic and epigenetic information. 
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Nucleic acid detection based on chemiluminescent method. Chemiluminescence is 

a powerful detection technique in addition to fluorescence. DNA biosensors have been 

designed based on CRET in the system of luminol-H2O2-HRP-fluorescein and 

luminol-H2O2-DNAzymes.
297-300

 The CRET biosensor for human immunodeficiency 

virus (HIV) oligonucleotide sequence detection showed a detection limit of 34 pM,
301

 

whereas the ExoIII-assisted target recycling amplification CRET biosensor for DNA 

detection achieved a detection limit of 9 fM in 2.5 h.
299

 They demonstrated that 

guanine, with a 10-fold higher transverse conductance, could be singled out from the 

other bases.  

Nucleic acid detection based on other techniques. Girdhar et al. and Hyun et al. 

reported the DNA sensing and conformation monitoring by using graphene based 

solid-state nanopore.
301,302 

Graphene can also be used as an substrate for Surface 

Enhanced Laser Desorption Ionization-Time of Flight-Mass Spectrometry 

(SELDI-TOF-MS) and for SERS.
297,303

 A SERS-active substrate based on Au 

NPs-decorated CVD-growth graphene was used for multiplexing detection of DNA. 

Due to the combination of GNPs and graphene, the Raman signals of dye were 

dramatically enhanced.
297

 This platform exhibited extraordinarily high sensitivity and 

excellent specificity for DNA detection, showing a detection limit as low as 10 pM. 

5.1.5 Single-Nucleotide Polymorphism, DNA Cleavage, DNA Damage and Repair  

Analysis of single-nucleotide polymorphism (SNP), DNA cleavage, DNA damage 

and repair is in high demand not only because of the important part they play in 

preventing diseases, selecting medicines, developing new medicines and vaccinating 
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diseases, but also in studying the genome structure and function. In the following part, 

we will talk about the recent achievements about graphene based DNA biosensors in 

the applications of SNP, DNA cleavage, DNA damage and repair.  

Single-base specific hybridization. Classical methods for sequence-specific 

recognition of DNA are based upon the DNA hybridization between two 

complementary ssDNA, which require denaturing dsDNA prior to the research. By 

introducing graphene nanomaterials into this topic, single-base specific hybridization 

can be monitored through fluorescent, electrochemical and electronic methods. 

Electrochemically reduced graphene oxide (ErGO) and GNPs were prepared to 

fabricate the GNPs/ErGO composite film covered glassy carbon electrode for the 

electrochemical method. The resulting GNPs/ErGO/GCE was demonstrated with 

good sensitivity for A, T, C, and G bases.
304

 By transferring the CVD-grown graphene 

films from Ni to glass substrates, a large-sized graphene transistor was fabricated and 

used for hybridization of target DNAs to the probe DNAs pre-immobilized on 

graphene with detection sensitivity of 0.01 nM and capability to distinguish 

single-base mismatch.
305

 These studies demonstrate the emerging potentials of 

graphene based biosensors in sensitive and readily detection of SNPs or mutation that 

is thought as the key to diagnosis of genetic diseases and realization of personalized 

medicine. 

Single nucleotide polymorphism detection. Human genome mutations are the key 

factors in genetic disorders, predisposition to diseases, and discrepancies in the 

response to drugs and therapeutics. With the development of genetic therapy, clinical 
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diagnosis and molecular biology, SNP is regarded as not only a genetic marker in the 

study of cancer-related drug metabolism or reactivity, but also a fundamental tool in 

the identification of inherited disease-causing genes. Pumera et al. used GO 

nanoplatelets as electroactive labels for DNA SNP detection.
306

 The working signal 

comes from the reduction of the oxygen-containing groups on the surface of GO. 

Dong and co-workers developed a wet-chemical strategy for synthesizing 

hemin-graphene hybrid nanosheets (H-GNs) and reported the H-GNs based label-free 

colorimetric detection system for SNPs.
261

 Graphene-based platform for SNP 

genotyping was also realized with fluorescent technique. Under the assistance of DNA 

ligase for linkage catalyzing or polymerase for dGTP-single base extension, the FRET 

SNPs biosensor was fabricated.
147, 307

 A microfluidic chip for SNP genotyping using 

GO and a DNA intercalating dye was designed by Li et al.
308

 Under optimized 

conditions, they could detect 1 nM DNA with 0~10 nM linear range and differentiate 

5% SNP. Through a microarray-based solid phase assay, a 0.25 pmol DNA detection 

limit and 0.5 pmol single-base mismatch sequence discrimination could be achieved 

in a visible manner.
 308

 

DNA damage detection. DNA lesions are a primary cause which will induce the 

final mutation of DNA sequence, resulting in the gene information confusion. In the 

past decades, along with the developments of graphene-based biosensors in DNA 

detection and analysis, several typical experiments have been implemented for DNA 

damage and repair screening. Sidorov et al. reported the use of a sensitive CVD 

graphene platform for controlled and enhanced sequence-dependent low-energy 
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electron-induced DNA damage studies.
309

 With the SERS provided by graphene 

adsorbed on Au thin films, this sensing strategy allows direct, rapid assessment of ≤1 

eV electron-induced DNA damage as a function of base sequence. Zhou et al. 

reported a homogeneous assay platform for DNA base excision repair screening with 

graphene oxide-hairpin probe nanocomposite
310

 A dynamic range from 0.0017 U mL
-1

 

to 0.8 U mL
-1

 was achieved for uracil-DNA glycosylase assay.
310

 

DNA methylation detection. DNA methylation is an important epigenetic event 

which refers to methyltrans-ferase (MTase)-catalyzed covalent addition of a methyl 

group to adenine or cytosine residues in the specific DNA sequence.
311

 Li et al. 

presented an electrochemical method for gene-specific methylation detection and 

MTase activity assay using HpaII endonuclease.
181

 The assay was from the 

electrochemical responses of the reporter (thionine), which was conjugated to 

3’-terminus of the probe DNA via GO, after the DNA hybrid was methylated (under 

catalysis of M.SssI MTase) and cleaved by HpaII endonuclease (a site-specific 

endonuclease recognizing the duplex symmetrical sequence of 5’-CCGG-3’ and 

catalyzing cleavage between the cytosines). This model can determine DNA 

methylation at the site of CpG and has an ability to discriminate the target DNA 

sequence from even single-base mismatched sequence. 

MicroRNAs detection. MicroRNA (miRNA) is a group of small endogenous 

noncoding RNAs (approximately 18-25 nucleotides), which encodes in the genomes 

of different species. Several hundred miRNAs are encoded in the human genome and 

dozens have now shown to regulate a diverse variety of cellular processes, both in 
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normal physiology and in disease. Hence, reliable monitoring of miRNAs has great 

significance, not only for diagnostic and prognostic markers but also for therapeutic 

intervention. Graphene based fluorescent and electrochemical biosensors have been 

illustrated. Cui et al. realized the multiplex microRNA analysis in complex biological 

samples based on a cyclic enzymatic amplification method.
121

 Dong et al. made use of 

isothermal strand-displacement polymerase reaction to carry out selective multiple 

miRNA detection based on fluorescence quenching of GO.
149

 With site-specific 

cleavage of an endonuclease, Tu et al. reported a miRNA assay which could detect 3.0 

fM miR-126 with a linear range of 4 orders of magnitude.
312

 Hybridization chain 

reaction coupled with a GO surface-anchored fluorescence signal readout pathway has 

been utilized for miRNA detection.
313

 An electrochemical biosensor with graphene, 

sulfydryl functionalized locked nucleic acid (LNA) and molecule beacon was 

constructed by Yin et al.
314

 LNA probe and molecular beacon probe were used as the 

capture probes fro miRNA, whereas the biotin functionalized signal DNA and Au NPs 

were used as the signal source for miRNA detection. This biosensor showed a 

detection limit of 0.06 pM. 

5.1.6 Bacteria and Pathogens   

A potentiometric aptasensor based on chemically modified graphene and aptamers 

was prepared by Hernandez et al. for the detection of living Staphylococcus 

aureus.
315

A single colony-forming unit (CFU)/mL of Staphylococcus aureus in an 

assay close to real time could be realized, offering ultra-low detection limits in very 

short time responses in the detection of microorganisms. Another aptamer with high 
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affinity against Salmonella typhimurium was reported by Duan et al.
316

 The authors 

selected from an enriched oligonucleotide pool by a whole-cell SELEX process in a 

method for the fluorimetric determination using a GO platform. The fluorophore 

could be released from the GO due to the formation of the target/aptamer complexes, 

fluorescence intensity is substantially increased. A detection limit of 100 CFU/mL 

was achieved and displayed large potential with respect to the rapid detection of 

bacteria.
316

 Food and water borne pathogens have been identified as major cause of 

infectious disease in humans worldwide. Typhoid, a life threatening illness, is caused 

by an important food-borne intracellular pathogen Salmonella enteric serovar Typhi 

(s. Typhi). Singh et al. prepared a GO-chitosan nanocomposite (GO-CHI) 

electrochemical DNA biosensor and realized the sensitive detection of typhoid.
317

 The 

typhoid biosensor was fabricated by covalent immobilization of s. Typhi specific 

amine labeled ssDNA probe on GO-CHI/ Indium Tin Oxide (ITO) via glutaraldehyde. 

The ssDNA/GO-CHI/ITO biosensor showed a detection range of 100 fM to the 

typhoid gene in serum samples, indicating the promising applications of graphene 

based DNA biosensors in biomedicines and clinics. Zuo et al. developed a 

polydimethylsiloxane (PDMS)/paper/glass hybrid microfluidic system integrated with 

aptamer-functionalized GO biosensors for simple, one-step, multiplexed pathogen 

detection.
318

 The paper substrate used in this hybrid microfluidic system facilitated the 

integration of aptamer biosensors on the microfluidic biochip, and avoided 

complicated surface treatment and aptamer probe immobilization in a PDMS or 

glass-only microfluidic system. Lactobacillus acidophilus was used as a bacterium 
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model to develop the microfluidic platform with a detection limit of 11.0 CFU/mL. 

Additionally, simultaneous detection of two infectious pathogens-Staphylococcus 

aureus and Salmonella enterica was realized on the prepared system. This pathogen 

assay protocol was in a ready-to-use microfluidic device and could finish the test in 

10 min (Figure 8). In conclusion, great efforts have been devoted to the detection of 

metal ions, bacterial, pathogen gene, etc. due to their possible threat to public health 

or ecosystems.  

5.2 Graphene/Nucleic Acid Interface for Biomedical and Bioimaging 

Applications 

5.2.1 Detection of Live Cells.  
 

Early detection of carcinoma cells is important for clinical cancer diagnostics. 

However, highly sensitive and selective detection of cancer cells is still a challenge 

for the diagnosis and treatment. Recently, graphene/aptamer based biosensors have 

attracted lots of interests in the scientific research. For the electrochemical biosensors 

reviewed in the present article, graphene materials were modified on the electrode 

surface with 3,4,9,10-perylene tetra-carboxylic acid (PTCA) and tris(1-chloroethyl) 

phosphate (TCEP). After the fabrication of sensitive electrochemical interface, 

aptamers for the tumor maker mucin 1 proteins (MUC-1 aptamer) and nucleolin 

(AS1411 aptamer) were linked onto the graphene modified electrode through covalent 

binding.
319

 The aptasensor for MCF-7 cells by using porous GO/Au composites and 

porous PtFe alloy shows a detection limit of 38 cells/mL, while the AS1411 

aptasensor designed by Qu et al. showed its promising detection ability for various 
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cell lines including HeLa cells (human cervical carcinoma cell), MDA-MB-231 

(human breast cancer cell), K562 cells (leukemia line), and NIH3T3 cells.
321

 

ECL methods combined with QDs or 

bis(2,2’-bipyridine)-(5-amino-phenanthroline) ruthenium bis(hexafluorophosphate) 

(Ru1) were utilized as the detection approach for living cancer cells. Jie et al. 

invented an endonuclease-assisted amplification technique using Fe3O4/CdSe 

composite QDs as signal probe.
322

 The detection limit was 256 cells/mL with RSD of 

5.7%. Wei et al. proposed an ECL-FRET method for living cell detection.
323

 A 

multiplex microfluidic chip integrated with the GO-based FRET strategy was 

designed by Cao et al. to create a screening assay for tumor cells.
 343

 The in situ 

detection of CCRF-CEM cells (T-cell acute lymphoblastic leukemia cells) by assaying 

the cell-induced fluorescence recovery from the GO/FAM-Sgc8 was recorded on the 

biosensor with the detection limit about 25 cells mL
-1

. 

5.2.2 Living Cell Imaging   

Living cell imaging based on graphene-nucleic acid complex has shown its 

growing fashion in the live cell studies.
150,323,325 

An aptamer–FAM/GO nanosheet 

(aptamer-FAM/GO-nS) complex has been designed for in situ molecular probing of 

ATP in JB6Cl41-5a mouse epithelial cells.
73

 The aptamer-FAM/GO-nS complex, 

coupled with a wide-field fluorescence microscope, serves as a real-time sensing 

platform. ATP recognition by the ATP aptamer has been used as a model system to 

elucidate certain properties and advantages of the GO nanosheet. Moreover, Wang et 

al. further developed a multiple nucleotides detection method based on 
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DNA/RNA-GO-nS nanocomplex.
134

 This is the first demonstration of in situ 

simultainous monitoring of ATP and GTP in living cells (schematically illustrated in 

Figure 9A). The capability of graphene for DNA protection from cleavage during 

cellular delivery has demonstrated that graphene based-materials can be used as 

oligonucleotide probes in conjunction with GO-nS to deliver DNA to HeLa cells.
132

 

Ryoo et al. developed a nanosized graphene oxide (NGO) based miRNA sensor, 

which allows quantitative monitoring of target miRNA expression levels in living 

cells.
326

 The strategy was based on noncovelent binding between NGO and PNA 

probes, resulting in fluorescence quenching of the dye that was conjugated to the 

PNA, and subsequent recovery of the fluorescence upon addition of target miRNA. 

The miRNA sensor allowed the detection of specific target miRNAs with the 

detection limit as 1 pM. A one-step, protein-directed approach for preparing the 

functional rGO with herceptin was proposed by Irudayaraj and co-workers.
327

 As both 

a reducing and stabilizing agent, herceptin was attached onto the GO sheets where it 

also reduced the GO. The rGO-herceptin exhibited near-infrared excitation 

characteristics and non-photobleaching properties which are promising for live cell 

imaging. Incubation of the novel rGO-herceptin composite with SK-BR-3 cells was 

then monitored by imaging technique. Chu and co-workers reported an strategy for 

caspase-3 activation imaging in live cells with GO-peptide conjugate as an 

intracellular protease sensor.
328

 Confocal fluorescence microscopy experiments 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 
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of caspase-3 activation. Akhavan et al. applied rGO nanoribbons functionalized by 

amphiphilic polyethylene glycol (rGONR-PEG) to attach arginine-glycine-aspartic 

acid (RGD)-based peptide and cyanine dye 3 (cy3) for targeting ανβ3 integrin 

receptors on human glioblastoma cell line U87MG.
67

 Confocal fluorescence imaging 

of cancer cells with the rGONR–PEG–cy3–RAD was final realized with confocal 

microscope.  

5.2.3 Gene Delivery, Gene Silence and Therapy.  

Up to date, various novel nanomaterials have been merging as functional vectors 

for gene delivery in living cells to realize the gene silence and gene therapy. Due to 

the dramatic physical, chemical, electical and optical features, graphene and the 

derivatives (including GO, chemically reduced graphene, functional graphene based 

nanomaterials) have been employed as the advanced vectors for gene delivery. Some 

successful explorations have been reported so far and we would like to summarize 

some typical cases in the following content. Feng et al. prepared polyethylene glycol 

(PEG) and polyethylenimine (PEI) conjugated GO via covalent amide bonds.
329

 The 

resulted dual-polymer-functionalized nano-GO conjugate (NGO-PEG-PEI) obtained a 

physiologically stable with ultra-small size. The authors used NGO-PEG-PEI to 

deliver small interfering RNA (siRNA) into cells under the control of NIR light, 

resulting in obvious down-regulation of the target gene, Polo-like kinase 1 (Plk1), in 

the presence of laser irradiation. Chen et al. fabricated the gene delivery system based 

on GO chemically-functionalized with branched polyethylenimine (PEI-GO).
330

 They 

evaluated the transfection efficiency of PEI-GO and demonstrated that the luciferase 
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expression of PEI-GO was comparable or even higher than that of the PEI 25 kDa at 

optimal mass ratio. Moreover, they found PEI-GO could effectively deliver plasmid 

DNA into cells and be localized in the nucleus. PEI functionalized graphene 

nanomaterials have also been used for delivering the GFP specific siRNA (resulted in 

70% suppression of the target gene expression),
331

 the molecular beacon for 

recognition of miRNA,
332

 the NLS (nuclear localized signals) peptide PKKKRKV 

(PV7, one of the primary NLS peptides),
333

 multifunctional DNAzyme in living 

cells,
334

 and the enhanced green fluorescent protein plasmid (pEGFP) reporter gene in 

zebrafish embryos.
335 

For example, Kim et al. developed a multifunctional DNAzyme 

delivery system based on nGO for simultaneous detection and knockdown of the 

target gene (shown as Figure 9B). The DNAzyme/GO complex system allowed 

convenient monitoring of hepatitis C virus (HCV) mRNA in living cells and silencing 

of the HCV gene expression by Dz-mediated catalytic cleavage concurrently.
334

 The 

gene delivery study is an interesting topic, which has attracted lots of attentions 

recently. Audience could go to Table 3 to find more detail data. These findings 

suggest that functionalized graphene could be a promising nano-vector for efficient 

gene delivery with high transfection efficiency, hopeful for future applications in 

non-viral based gene therapy. 

 

5.2.4 Drug Delivery.  

Zhang et al. realized the sequential delivery of siRNA and anticancer drugs 

(doxorubicin, DOX) using PEI-grafted GO.
69

 The effective delivery of siRNA and 
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anti-cancer drugs by PEI-GO exhibited a synergistic effect, which led to a 

significantly enhanced chemotherapy efficacy. Liu, et al. synthesized phospholipid 

monolayer membrane functionalized graphene and tested its applications for drug 

delivery.
 336

 Recently, Mohapatra and co-workers reported a chitosan functionalized 

magnetic graphene (CMG) nanoparticles platform for simultaneous gene/drug and 

SPIO (superparamagnetic iron oxide) delivery to tumor.
337

 CMGs efficiently deliver 

plasmid DNA into A549 lung cancer cells and C42b prostate cancer cells. These 

results indicated that CMGs provided a robust and theranostic platform for 

tumor-targeted co-delivery of drugs, genes and Magnetic Resonance Imaging (MRI) 

contrast agents. Successful functionalizations of graphene with various inspired 

materials to be a robust vectors for drug delivery in different cell lines. These research 

achievements will encourage the development of targeted cancer chemotherapy.
338

  

 

6. Conclusion and Perspective 

The combination of nanostructures with biomolecules yields functional 

nanostructured biointerfaces with synergistic properties and functions. One recent 

surge of research interest in the nanobiotechnological field is focused on the advanced 

design and preparation of graphene-nucleic acids nanostructured biointerfaces, as well 

as the fundamental understanding of the interfacial properties and applications. Since 

its discovery in 2004, graphene has been considered as one of the most important 

building blocks for the exploration and fabrication of the nano/bio interfaces, because 

of their unique structural, physical, chemical, electronic, and mechanical properties. 
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In the past few years, the integration of biomolecules with graphene has been 

substantially advanced. Here we summarize the recent advances on the fabrication 

and exploration of graphene-nucleic acids nanobiointerface, as well as their 

nanobiotechlogical applications in biotechnology, including various biosensing and 

biomedical applications, drug delivery, cell imaging, gene delivery and therapy.  

However, there are still many challenges about graphene/nucleic acid 

nanobiointerface. One of the major challenges primarily stems from the 

batch-to-batch heterogeneity in graphene preparation. Preparation of functional 

graphene with tailored surfaces, morphology control and nanostructure definition is 

considered as key points for graphene manufacturing. For example, the surface 

oxygen-containing groups on GO lead to good stability and well biocompatibility 

with biomolecules, while the unquantified amount of defects would reduce the crystal 

quality and electrical conductivity. Apparently, developing a reliable and scalable 

fabrication technique and methodology for mass-producing identical graphene and 

integrating biomolecules to graphene with high yields are some of the technical issues 

to be addressed in future.  

As the expanding of the applications of graphene-nucleic acids nanobiointerface in 

chemical/biomedical sensing and imaging, the general population is more likely to be 

exposed to graphene either directly or indirectly, which has prompted considerable 

attention about human health and safety issues related to graphene. So, before 

graphene-based bioconjugates can be safely used for in vivo biological sensor 

applications, especially when human bodies are involved, a large amount of work is 
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needed to be done to clarify the long-term exposure effects and their methods of 

creation to different cells, tissues, and organs. Although considerable experimental 

data related to graphene toxicity at the molecular, cellular, and whole animal levels 

have been published, the results were often conflicting. Therefore, to establish 

standardized and reliable methods for evaluating the biological effects including 

toxicity of graphene-nucleic acids biointerface is needed but has not yet been 

developed, which would be of profound significance to in vivo and in vitro 

applications of graphene. Furthermore, so far, most of the measurements were carried 

out in ideal environment, such as pure buffer solutions. Clearly, the real physiological 

sample is far more complex and will absolutely draw into a range of interfering and 

fouling effects, which remains challenging in biomedical applications.  

Additionally, better understanding of the interactions methodology of nucleic acids 

at the graphene interface and of the resulted biological effects will play an important 

role in applying graphene as a nanoscaffold in biosensing, bioimaging, and drug 

delivery. It is illustrated that studying the adsorption and orientation of DNA on 

graphene will provide further understanding of interactions mechanism of graphene 

with molecules and bio-interfacial properties, which could, in turn, facilitate advances 

in graphene science and biotechnological applications. For example, the relative ease 

of integrating graphene into solid-state nanopore platforms toward DNA analysis adds 

prospects of their use as a sensing technology outside research laboratory in the 

future. 

Despite a number of remaining challenges, the latest progresses on the field of 
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graphene biointerfacing with nucleic acids have been significant achieved toward the 

investigation and applications in a wide range of areas. Because the field is still at its 

early stage, it is expected to branch out the study of graphene biointerfacing with 

nucleic acids into many applications to meet the needs of society in the areas of safety, 

enhanced health care, as well as sustainable environment.  
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Table 1. Small molecules detection based on graphene-DNA functional structures.  

Analyte Detection strategy Sensing interface Detection mode LOD Ref. 

ATP 

FAM-labeled aptamer GO 

Fluorescence 

anisotropy 

1×10
-7

 M 
227

 

Upconversion nanophosphors labeled aptamer,  

Molecular aptamer beacon,  

FAM labeled aptamer, 

ATP-dependent enzymatic reaction 

GO Fluorescence 

8×10
-8

 M, 

2×10
-6

 M, 

4.5×10
-7

 M, 

3×10
-10

 M 

228       

229
 

339   

340
 

Triplex DNA amplification 

Graphene/mesoporou

s silica/GNPs 

Electrochemical 2.3×10
-11

 M 
231

 

Ferrocene-labeled aptamers 

Magnetic graphene 

nanosheets 

Electrochemical 1×10
-10

 M 
341

 

Label free ATP aptamer Porphyrin/graphene Electrochemical 7×10
-10

 M 
230
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hybrid nanosheets 

Aptamer-SiO2 nanospheres/graphene QDs Au electrode 

Electrochemilum

inescence 

1.5×10
-12

 M 
342

 

Cocaine 

Streptavidin-conjugated alkaline 

phosphatases 

Aptamer/graphene/GNP

s hybrid 

Electrochemical 1×10
-9

 M 
202

 

Aptamer labeled with GNPs 

Aptamer-functionalized 

GO 

Fluorescence 1×10
-7

 M 
234

 

Glucose Direct electrochemistry and electrocatalysis 

GOx/DNA/graphene 

hybrid 

Electrochemical 3×10
-7

 M 
249

 

Dopamine 

Dopamine aptamer 

Graphene–polyaniline 

composite 

Electrochemical 1.98×10
-12

 M 248
 

Graphene/ssDNA interaction 

Thiol-ssDNA modified 

Au electrode 

Electrochemical 8×10
-10

 M 
343
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Cysteine 

Thiol-activated DNA metallization,  

chelation between Ag ions and G-rich FAM-ssDNA,  

competitive ligation of Hg
2+

 with T–T mismatches 

GO Fluorescence 

2×10
-9

 M, 

1×10
-7

 M, 

2×10
-9

 M 

344
  

242
 

345
 

L-histidine L -histidine-dependent DNAzyme 

Au NPs-graphene 

nanosheets 

Electrochemical 1×10
-13

 M 
250 

Biotin Ligation between biotin and streptavidin 

Streptavidin–DNA 

conjugate/GO 

Fluorescence 4.4×10
-10

 M 
244 

Nonylphenol Differential pulse voltammetry 

Graphene–DNA/glassy 

carbon electrode 

Electrochemical 1×10
-8

 M 
346 

Coralyne Participating interaction into the aptamer duplex GO Fluorescence 1×10
-8

 M 
230 

Theophylline Self-cleaving RNA ribozyme with endonuclease GO Fluorescence 1×10
-7

 M 
246 

D-vasopressin Layer-by-layer assembly 

Polyelectrolyte-methylene 

blue/polyelectrolyte-graphen

Electrochemical 1 ng/mL 
347 
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e  

Ochratoxin A 

Upconversion fluorescent nanoparticles 

labeled aptamer 

GO Fluorescence 0.02 ng/mL 
238 

Bleomycin Irreversible cleavage with bleomycin and Fe( II ) GO -ssDNA complex Fluorescence 2×10
-10

 M 
247 
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Table 2. Comparison of different thrombin biosensors by using graphene and functional DNA structures.
a
 

Technique Detection strategy Sensing interface LOD (M) Ref. 

EC 

Aptamer recognition 

 

Graphene-aptamer covalent conjugate 4.5×10
-16

 
241 

Nickel hexacyanoferrate nanoparticles/nafion graphene 

composites 

3×10
-13

 
348 

Au NPs/thionine–graphene nanocomposite 9.3×10
-11

 
252 

Au NPs-polyaniline-graphene united GOD-MPTS biocomposite 5.6×10
-13

 
254 

Orange II functionalized graphene nanosheets 3.5×10
-13

 
253 

Aptamer/methylene blue-anchored GO 3.05 ×10
-12

 
349 

    

Sandwich-type aptasensor 

Sensing interface Secondary label   

CS-HCoPt- Aptamer I 

HCoPt-reduced 

GO-Thi-HRP-Aptamer II 

3.4×10
-13

 
258 
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GO-Aptamer I via covalent 

bond 

ALP-Au-Aptamer II 2.7×10
-15

 
257 

Au NPs/PATP/avidin-biotin 

Aptamer I 

Hemin/G-quadruplex/toluidin

e blue/graphene-Pd NPs 

composites-Aptamer II 

3×10
-14

 
238 

PAMAM–CNTs-Aptamer I 

GOD–Pt NPs@reduced GO- 

Aptamer II 

2.1×10
-13

 
235 

Au NPs-thionine-Aptamer I 

Hemin/G-quadruplex/thionin

e-PAMAM- reduced 

GO-Aptamer II 

1×10
-13

 
350 

ECL 

Hybridization between 

Fc-MB and capture DNA 

Graphene-CNT/Nafion/ Ru(bpy)3
2+

-Pt NPs 1.7×10
-12

 
330 

Hybridization between Aptamer covalently binding graphene 4×10
-13

 
255 
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aptamer and its 

complementary part inserted 

with Ru(bpy)3
2+

 

 

 

ECL 

 

DNA cycle amplification with 

magnetic microbeads-bound 

CdS NPs  

 

Mercaptoethylamine assembly bound with GO 

 

1×10
-15

 

 

351 

Sandwich-type aptasensor  

GO/PEI–PTCDA-glutaraldehyde-aptamer II; electrodeposition of 

Au monolayer- Aptamer I 

3.3×10
-16

 
260 

    
 

FL FAM labeled aptamer Sodium dodecyl benzene sulfonate-graphene 3.13×10
-11

 
107 

UV–vis 

Distance-dependent optical 

properties 

Monodispersed aptamer functionalized GNPs 5×10
-12

 
264 
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FET 

Bio-recognition 

PBASE–aptamer  

Large-area chemical vapor deposition derived graphene 1×10
-7

 
197 

SPR Aptamer recognition 

Chemical reduction of GO assembled on a positively charged 

SPR Au (p-Au) film  

3×10
-11

 
266 

CL 

Chemiluminescence 

resonance energy transfer 

from luminol-H2O2-HRP to FAM 

FAM labeled probe DNA–GO complex 1×10
-13

 
263 

Microscope Aptamer recognition 

Aptamer/pyrene linker/single GO piece fixed on a Si/SiO2 solid 

support  

n/a 
265 

a
 EC, electrochemical; ECL, electochemiluminescence; FL, fluorecence; FET, field-effect transistor; SPR, surface plasmon resonance; CL, 

chemiluminescence; GOD, glucose oxidase; MPTS, (3-mercaptopropyl)trimethoxysilane; CS, chitosan; HCoPt, hollow CoPt bimetal alloy 

nanoparticles; Thi, thionine; HRP, horseradish peroxidase; ALP, alkaline phosphatase; PATP, p-aminothiophenol; PAMAM, poly(amino–amine) 

dendrimers; Fc, ferrocene; PTCDA, 3,4,9,10- perylenetetracarboxylic dianhydride; PBASE, pyrenebutanoic acid succin-imidyl ester; FAM, 
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carboxyfluorescein. 
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Table 3. Table of the various gene delivery systems by using graphene and DNA.
a
  

Cargo Vector Cell Target Ref. 

Plasmid DNA 

GO chemically-functionalized with 

branched PEI 

HeLa cells 

GFP and luciferase 

reporter 

352 

siRNA 

PEGylated PEI-grafted graphene/Au 

composites 

Human promyelocytic 

leukemia cells 

Bcl-2 protein 
353 

Locked nucleic acid modified 

molecular beacon probe 

PEI-grafted graphene nanoribbon HeLa cells miRNA(miR-21) 
327 

Small interfering RNA 

PEG and PEI covalently conjugated 

nano GO 

HeLa cells 

Polo-like kinucleic 

acidse 1 (Plk1) 

325 

Plasmid DNA GO-PEI (1.2 k) and GO-PEI (10 k) HeLa cells GFP 
326 

Plasmid DNA Branched PEI-GO hybrid 

HeLa cells and human 

prostate cancer cells 

Luciferase reporter 

354

, 21 
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FAM labeled multifunctional 

DNAzyme 

Nano-sized GO Human liver cells Hepatitis C virus mRNA 
332 

NLS peptide PKKKRKV Engineered PEI/GO nanocomposite 293 T cells 

Nuclear localized 

signals 

331 

GFP-specific siRNA Linear PEI-grafted GO HEK293 cells GFP 
355 

Enhanced GFP plasmid 

reporter gene 

PEI grafted ultra-small GO H293T cells and U2Os cells GFP 
333 

a
 GFP, green fluorescent protein; PEI, polyethylenimine; PEG, polyethylene glycol.
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Scheme 1. Schematically illustration of the biotechnological applications of graphene 

and nucleic acids nanobiointerface. 
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Figure 1. DPVs at a GC (A), graphite/GC (B) and chemical reduced (CR) GO/GC 

electrode (C) for nucleobases. (D) DPVs for a mixture of G, A, T, and C at 

CR-GO/GC, graphite/GC, and GC electrodes. (E) DPVs for ssDNA at CR-GO/GC 

(green), graphite/GC (red), and GC electrodes (black). (F) DPVs for dsDNA at 

CR-GO/GC (green), graphite/GC (red), and GC electrodes (black). (Reproduced with 

permission from ref. 177) 
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Figure 2 The dsDNA translocation through graphene nanopores. Illustration and/or 

data from (A) Dekker lab;
[206]

 (B) Golovchenko lab;
[209]

 (C) Drndić lab;
[208]

 and (D) 

Bashir lab
[210]

.(Reproduced with permission from ref. 206, 208, 209 and 210) 
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Figure 3. (A) Schematic illustration of the upconversion fluorescence resonance 

energy transfer between ssDNA- upconversion nanophosphors (UCNPs) and GO for 

ATP sensing.
[228]

 (B) The secondary structure of the D -VP binding 55-mer DNA 

aptamer, the aptamer 21-mer and 34-mer DNA. The specific D-vasopressin 

enantiomer binding sites is the asymmetric internal loop of 20-mer nucleotides 

(Loop1). Schematic representation of the sensing procedure for the analysis of D-VP 

based on the sensing platform with graphene–mesoporous silica–gold nanoparticle 

hybrids (GSGHs) as enhanced materials and Fc-PEI as electrochemical probe.
[237] 

(Reproduced with permission from ref. 228 and ref. 237) 
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Figure 4. Illustration of the sandwich type electrochemical aptasensor for thrombin 

detection based on poly (amino–amine) dendrimers (PMMA)–CNTs as platform and 

aptamer-glucose oxidase-PtNPs@reduced GO bio-conjugate for signal response and 

amplification. (Reproduced with permission from ref. 256) 
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Figure 5. (A) Schematic illustration of target DNA induced chemiluminescence 

resonance energy transfer (CRET) change of the FAM labeled probe DNA–GO 

complex.
[263]

 (B) Schematic demonstration of SDBS-graphene FRET aptasensor and 

the detection mechanism for thrombin.
[107]

 (Reproduced with permission from ref.263 

and ref. 107 ) 
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Figure 6. (A) Synthetic protocol of polypyrrole-converted nitrogen-doped 

few-layer graphene (PPy-NDFLG) on flexible substrate. (B) (a) Current voltage 

curves of PPy-NDFLG on the PEN film before and after aptamer immobilization in 

air (Vds= -0.5 V to +0.5 V and scan rate was 10 mV s
-1

). (b) Schematic diagram of a 

liquid-ion gated FET using aptamer-conjugated PPy-NDFLG (Ag/AgCl reference 

electrode, R; platinum counter electrode, C; source and drain electrodes, S and D). (c) 

Ids-Vds output characteristics of PPy-NDFLG-aptamer at different Vg from -0.1 to 0.5 

V in a step of 0.1 V in phosphate-buffered solution (Vds, 0 to 0.5V in a step of 50 

mV). (d) Real-time responses and a calibration curve ( S in the inset indicates ∆ I/ I0) 

of aptasensor with various vascular endothelial growth factor concentrations. 

(Reproduced with permission from ref. 270 
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Figure 7. Nyquist plot before (blue solid square) and after (red solid triangle) 

DNA-probe immobilization by (a) covalent grafting and (b) π–π stacking; incubating 

the electrodes in a hybridization buffer containing different concentrations of 

DNA-target for 40 min at 42 °C: (a) 50 fM, 1 pM, 50 pM, 1 nM, 50 nM, and 1µM and 

(b) 1 fM, 50 fM, 1 pM, 50 pM, and 1 nM. Inset: Plot of ∆ Rct against the 

concentration of DNA-target and equivalent circuit modeling. Corresponding 

admittance plot for (c) covalent grafting or (d) π-π stacking plot before (blue solid 

square) and after DNA-probe immobilization (red solid triangle), after incubation in 

the presence of a single base mismatch DNA solution (solid green triangle) or 

cDNA-target (solid black curve) 1 nM and after denaturation (open square). 

(Reproduced with permission from ref. 184) 
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Figure 8. Schematic of the PDMS/paper hybrid microfluidic system for one-step 

multiplexed pathogen detection using aptamer-functionalized GO biosensors (not 

drawn to scale). (a) Microfluidic biochip layout, (b) and (c) illustrate the principle of 

the one-step ‘turn-on’ detection approach based on the interaction among GO, 

aptamers and pathogens. Step 1: when an aptamer is adsorbed on the GO surface, its 

fluorescence is quenched. Step 2: when the target pathogen is present, the target 

pathogen induces the aptamer to be liberated from GO and thereby restores its 

fluorescence for detection. (Reproduced with permission from ref. 318) 
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Figure 9. (A) Binding of ATP aptamer-FAM and GTP aptamer-Cy5 to GO-nS led to 

fluorescence off due to the FRET effect between fluorophores and GO-nS. After 

incorporating the analytes (ATP or GTP), loop-structured assemblies of aptamer-ATP 

and aptamer-GTP were released from GO-nS and resulted in fluorescence on. In situ 

simultaneous probing of ATP and GTP in living cells was realized consequently by 

using this fluorescence off/on switch concept.
[134]

 (B) Fluorescence images of 

Huh-7-rep cells that were treated with FAM-Dz/nGO and FAM-scDz/nGO (1.0m M) 

for 12 h. Fluorescence of FAM was turned on only when the Dz complementary to 

target HCV NS3 RNA was used. Blue: nucleus stained with Hoechst 33342, green: 

FAM.
[334]

 (Reproduced with permission from ref. 134 and ref. 334) 
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