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Graphene is an increasingly important nanomaterial exhibiting

great promise in the area of nanotechnology. In this study, the azide-

functionalized graphene derivative was synthesized as the ‘click’

reagent for preparation of polyvalent DNA–graphene conjugates,

which provide an effective and stable platform to construct new

functional nano-architectures. Assembled with Au nanoparticles, the

prepared Au–DNA–graphene nanocomplex exhibits excellent

stability that could prevent the nanocomplex from being destroyed

by surfactants. Assembled with DNA tetrahedron-structured probes

(TSPs), the nanocomplex displays outstanding sensitive electro-

chemiluminescence properties, which might be used as a biosensor

for DNA detection. Therefore, this DNA–graphene conjugates

could be explored as the assembly unit for advanced DNA nano-

architectures in the field of DNA nanotechnology.
Introduction

Graphene, an increasingly important two-dimensional (2D) nano-

material with a single layer of carbon atoms,1,2 has been actively

explored for applications in numerous areas including field effect

transistors, electromechanical resonators, micro-electro-mechanical

systems (MEMS), ultrasensitive sensors,3–9 and even in the field of

biological and biomedical science due to its outstanding physical

properties and good biocompatibility.10–13 Graphene has also been

intensively utilized as the 2D template to synthesize and prepare novel

inorganic ultrathin 2D nanomaterials due to its unique one-atom-

thick-2D chemical structure.14–18 In previous efforts, we successfully

constructed graphene-templated formation of high aspect ratio

ultrathin single crystal lepidocrocite (gamma-FeOOH) nanosheets in

aqueous solution phase.14 Recently, Li et al. constructed DNA–gra-

phene oxide nanocomplex via the noncovalent interaction of DNA

strands with graphene oxide nanosheets showing high sensitivity and

selectivity, for fabrication of ultrasensitive biosensors for DNA

detection.19 Until now, attention has been focused on achieving

control over graphene with other exquisite nanoscale components to

assemble precise and predictable architectures.
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DNA nanotechnology has significant applications towards

making functional nanomaterials because the unparalleled self-

recognition properties of DNA offer the flexibility and convenience

of the ‘bottom-up’ construction of exquisite nanostructures with

high controllability and precision.20–23 Therefore, high density

covalent DNA–graphene conjugates may architecture high-ordered

and multifunctional nanomaterials based on DNA technology.19,24

To tightly build up DNA nanostructures on graphene, the primary

unsolved problem is to form the solid DNA–graphene con-

jungation via strong covalent bonds. To the best of our knowledge,

the present reports about biometric-mediated DNA assembly on

graphene are all based on noncovalent interactions such as elec-

trostatic force, Van der Waals forces, p–p stacks or hydrogen

bonds,19,24 which are insufficient to stabilize DNA–graphene

nanocomplexes when in the presence of surfactants or in compli-

cated surroundings such as organic solvents, cell sap or serum.25

Therefore, intensive, nonaqueous, low selective synthetic methods

such as acyl chlorination are not suitable for DNA-related chemical

reactions.

The copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)

‘click’ reaction attracts great attention due to its high efficiency and

specificity in the presence of many other functional groups.26–28

Furthermore, the product of the reaction is the tolerant forms of

triazole linkages, which is essentially inert to molecular oxygen,

various solvents (including water), and under a vast array of condi-

tions.29–31 Therefore, these advantages make the ‘click’ reaction

a versatile tool and the superior choice for attaching multifunctional

molecules to functionalize the surfaces of many nanomaterials such

as graphite,32 carbon nanofibers,33 carbon nanotubes,34 gold,35 silica36

and magnetic nanoparticles (MNPs).37 For example, Prosperi et al.

reported carbohydrate and protein modified MNPs with highly

conserved bioactivity through ‘‘click’’ reaction,28 Mirkin and co-

workers reported the synthesis of polyDNA–MNPs conjugates,

which generated dense DNA-modified nanomaterials via ‘click’

reaction for cellular uptake without transfection reagents.38 In this

paper, we report an approach that utilizes graphene derivative

functionalized with azides as the click reagent which can be rapidly

coupled to alkyne-modified DNA strands to create stable polyvalent

conjugates with exceptionally high DNA densities on graphene

nanosheets. Importantly, this approach leads to DNA–graphene

conjugates that exhibit excellent integration and stability of assembly

with other multiple DNA nanostructures, which could be explored

for advanced DNA nano-architectures on the 2D platform of

graphene.
This journal is ª The Royal Society of Chemistry 2012
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Experimental section

Materials

Graphite, 2-chloroethyl isocyanate, sodium azide and other chem-

ical reagents were obtained from Sinopharm Chemical Reagent Co.,

the alkynyl functionalized DNA was synthesized and purified by

TaKaRa Inc., and the sequences are shown in Table S1.† Dimethyl

sulphoxide (DMSO) and N,N-Dimethylformamide (DMF) were

dried under a molecular sieve before use and the solution of

hydrogen peroxide was prepared daily. All other reagents were

analytical grade and used as received. All aqueous solutions were

prepared with Nanopure water (18 MU cm�1) from a Millipore

Milli-Q system.
Instruments

Atomic Force Microscopy (AFM) images were recorded using

a Nanoscope IIIa apparatus (Digital Instruments, USA) equipped

with a J Scanner. A droplet of each graphene derivative dispersion

was cast onto a fresh mica surface, followed by drying at room

temperature. The X-ray photoelectron spectroscopy (XPS) spectra

of graphene derivatives were collected by using AXIS Ultra DLD

(Kratos Co. Ltd., Britain). TEM samples were prepared by drop-

casting AuNPs and DNA–graphene conjugate nanocomplex onto

carbon coated copper grids. The images were recorded using

a JEOL JEM 2011 microscope at an accelerating voltage of 120 kV.

The UV–vis absorption data of the supernatant in AuNPs

adsorption experiments were collected using a Hitachi U-3010

spectrophotometer (Hitachi Co. Ltd., Japan), and the fluorescence

profiles of the supernatant in DNA adsorption experiments were

measured with a Hitachi F-4500 fluorometer (Hitachi Co. Ltd.,

Japan).
Preparation of 2-chloroethyl isocyanate-treated graphene oxide

(Cl–graphene)

Graphene oxide was synthesized following a modified Hummers’

method,39 and the 2-chlorethyl isocyanate-treated graphene oxide

was synthesized as described in the literature.40 In a typical procedure,

5 mL of graphene oxide in anhydrous N,N-dimethylformamide

(DMF) (10 mgmL�1) homogeneous suspension was loaded into a 10

mL round-bottom flask equipped with a magnetic stirring bar and

then the organic 2-chloroethyl isocyanate (2 mmol) was added and

the mixture was stirred under nitrogen. After 24 h, the slurry reaction

mixture was poured intomethylene chloride (50mL) to coagulate the

product. The product was then filtered, washed with additional

methylene chloride (50 mL), and dried under vacuum.
Preparation of azide-functionalized graphene (Az–graphene)

To prepare azide-functionalized GO, 6 mmol sodium azide powders

were added to 50 mg of Cl-graphene dissolved in 10ml of dimethyl

sulfoxide (DMSO) after ultrasonication kept in an ice bath to prevent

heating for 10 min, and then the mixture was stirred and refluxed for

48 h at 50 �C in a constant temperature oil bath, thus the azide group

was introduced on theCl-graphene sheets via nucleophile susbtitution

reaction of alkyl halide. Followed by extraction with ethyl acetate to

eliminate any residual DMSO, the black product was filtered and

dried under vacuum.
This journal is ª The Royal Society of Chemistry 2012
Click reaction of alkyne-modified DNA and Az-graphene

The following solutions were made, respectively: (a) Az–graphene

(1 mg L�1); (b) alkynyl–functionalized DNA (1 mmol L�1); (c) copper

sulfate (2 mmol L�1); (d) sodium ascorbate (10 mmol L�1). The final

solutions were made up in a constant amount ratio of 1(b) : 2(c) : 10

(d). Excess ascorbic acid was used to guarantee the complete reduc-

tion of copper sulfate. Then 50 mL of (a) was added to a 100 mL tube

with 10 mL of (c) and 10 mL (d), and then 30 mL of (b) was added to

the tube and stirred for 24 h at room temperature to obtain the click

conjugates. The conjugates were centrifuged (10000 rpm, 10 min,

room temperature) to be separated. After removing the supernatant,

the conjugates was resuspended in 0.1 M PBS (pH ¼ 7.4) to wash

away the excess copper sulfate and sodium ascorbic acid.
The assembly between DNA–graphene conjugates and DNA–Au

nanoparticles (AuNPs)

AuNPs of 15 nm were prepared as follows:41 3.5 mL of 1% trisodium

citrate solution was added to a boiling and rapidly stirred solution of

HAuCl4, and the solution was kept boiling and stirred for 20 min.

After being cooled to room temperature, the prepared AuNPs were

stored at 4 �C.Then 6 mLof 100 mMthiolatedDNAwas added to the

solution to a final concentration of 3 mM. After 16 h incubation at

room temperature, the concentration of NaCl in the solution was

brought to 0.1 M over a period of 24 h by stepwise addition of 1 M

NaCl : 10 mM phosphate sodium buffer solution (pH ¼ 7.4).

Subsequently, 0.1 mM DNA–graphene conjugates were mixed with

0.3 mM DNA–AuNPs for hybridization. The assembly product of

AuNPs and DNA–graphene would be easily separated by centrifu-

gation because they were too heavy to suspend in solution. Therefore,

the adsorption quantities of AuNPs assembly on graphene nano-

sheets could bemeasured by collecting the UV adsorption data of the

suspensions after centrifugation. If AuNPs were present, UV

adsorption at 550 nm would be detected because of the adsorption

peak of the AuNPs.
Gel electrophoresis experiments

The 1% agarose gels were prepared for electrophoretic isolation of the

assembled hybrid nanostructures formed between AuNPs and GO.

After 20 mL of 1.5 mM GO–AuNPs conjugates were placed in the

gels, theywere run at 150V in 0.5� TBE (90mMTris : 89mMboric

acid : 2.0 mM EDTA, pH ¼ 8.0) buffer for 60 min and examined

under visible light.
The adsorption of DNA on DNA–graphene conjugate surfaces

10 mL of 10 mM fluorescence modified DNA (FAM-DNA) was

added to the different volumes of Az–GO suspension after ‘click’

reaction with alkyne modified DNA. After the hybridization for 6 h,

1 � PBS (137 mM NaCl, 2.7 mM KCl, 100 mM Na2HPO4, 2 mM

KH2PO4 pH 7.4) was added to the mixture till the volume of

suspension reached 500 mL. Then the mixture was centrifuged (5000

rpm, 10 min, room temperature) to collect the hybridized GO and

rinsed with 1� PBS buffer. Subsequently, the GO part was collected

carefully and added 100 mL of 1% SDS to release the non-hybrid-

ization-caused adsorbed FAM-DNA. Themixture was incubated for

12 h at room temperature with gentle shaking, and then centrifuged

again to remove the upper suspension for fluorescence detection.
Nanoscale, 2012, 4, 394–399 | 395
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Formation of tetrahedron-structured DNA probes (TSPs)

The tetrahedrons were hierarchically assembled from three thiolated

DNA fragments of 55 nucleotides (55-nt) and one probe-containing

DNA fragment of 80-nt, which were mixed in stoichiometric equiv-

alents in TM buffer (10 mM Tris-HCl, 50 mM MgCl2), heated and

then rapidly cooled to 4 �C. Of note, the tetrahedron assembly

process was extremely fast (less than 2 min) with a high yield of

over 85%.
Fig. 1 Schematic representation of the synthesis route of DNA–gra-

phene conjugates.
DNA Immobilization and hybridization

The DNA tetrahedron-structured probes (TSPs) were assembled

onto the Au surface by following the previous protocol.21 In a typical

experiment, the gold electrodes were polished using amicrocloth, and

rinsed with distilled water and ethanol. The sensing interface was

fabricated as follows: 3 mL of 1 mM thiolated TSP oligonucleotide

solution was added to each gold electrode overnight to establish the

DNA nanostructure on gold surface. Then the DNA-modified elec-

trode was incubated in 10 mM PBS (pH ¼ 7.4, 0.3 M NaCl) con-

taining the GO modified reporter DNA and 100 nM target solution

at 25 �C for 2 h. Electrochemical measurements were taken just after

all these treatments.
Electrochemical and Electrochemiluminescence (ECL)

measurements

The ECL response was recorded by a CH151 PhotonDetection Unit

(Hamamatsu Photonics K.K., Japan) connected with a CHI 650

electrochemical workstation (CH Instruments Inc., Austin, TX). The

conventional three-electrode system was composed of a modified

gold electrode, an Ag/AgCl reference electrode (3 M NaCl) and

a platinum counter electrode. Cyclic voltammetry (CV) was carried

out at a scan rate of 100 mV s�1 between 0 and 0.8 V (vs. Ag/AgCl)

and the ECL signal was recorded during the sweep. First, we checked

the ECL in the presence of 200 mL luminol (l mM) but withoutH2O2,

and then added 200 mL of 1mMH2O2 to 2 ml electrolyte. Compared

with the non-complementary, mismatched, and no target samples,

the 100 nM target revealed that they have different signal scale. In

addition, all the experimental conditions, except the sequence design,

are the same for the one base mismatched DNA, the non-comple-

mentary DNA and the target DNA.
Fig. 2 Tapping-mode AFM image of as-prepared GO, Cl–graphene,

Az–graphene and DNA–graphene conjugates.
Results and discussion

Synthesis of DNA–graphene conjugates

Graphene oxide (GO), the oxidized formof graphene, which contains

hydroxyl, epoxyl and carboxyl functional groups as the positions for

chemical modification, was prepared by a modified Hummers

method and then used as the starting material. The synthesis route of

DNA–graphene conjugates via CuAAC ‘click’ reaction in aqueous

solution was designed as shown in Fig. 1. After the chemical treat-

ment with 2-chloroethyl isocyanate, hydrophilic functional groups of

GOwere converted to hydrophobic functional groups, which enables

Cl–graphene to be well dispersed in dimethyl sulfoxide (DMSO) and

DMF (SI Fig. 1c†), but it cannot be dispersed in water or common

polar protic solvents (SI Fig. 1b†). To examine the effect of charge

from the azide functional groups, Az–graphene can be well dispersed

in water (SI Fig. 1d†), which ensures ‘click’ reaction with alkynyl
396 | Nanoscale, 2012, 4, 394–399
functionalized DNA in aqueous solution. However, considering the

chemical cross-linking between the functional groups on GO nano-

sheets and the divalent or univalent copper ions,42 the Az–graphene

derivative formed irreversible flocky precipitates (SI Fig. 2†), which

would no longer keep the 2D nanostructure of atomically thick

graphene layers when copper ions were present in the aqueous

solution. Therefore to avoid aggregation caused by copper ions, the

other reactant alkynyl-functionalized DNA strands were mixed with

Az–graphene before adding copper ions, because DNA could

enhance the stability of Az–graphene as single layer suspending state

in aqueous solution via facilitated non-covalent p–p stacking inter-

actions.43 The atomic force microscope (AFM) images of GO, Cl–

graphene, Az–graphene and DNA–graphene (Fig. 2) demonstrated

that the single layer feature of GO derivatives was definitely retained

after the three steps of chemical reactions above. Furthermore, the

thickness of DNA–graphene conjugates were 1.813 nm, while those

of GO, Cl–graphene andAz–graphene were 1.110 nm, 1.215 nm, and

1.284 nm, respectively, indicating that the thickness increased due to

chemical derivation.

The detailed structural and compositional analysis of DNA–gra-

phene conjugates were further characterized and compared with Az–

graphene, Cl–graphene and GO by X-ray photoelectron
This journal is ª The Royal Society of Chemistry 2012
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spectroscopy (XPS). The carbon 1s spectrum of the GO starting

material in SI Fig. 3† showed four components of the carbon bonds:

sp2 hybridized carbon atoms of aromatic bonds (C]C, 284.9 eV),

carbonyl bonds (C]O, 288.3 eV), hydroxyl bonds (C–O, 286.8 eV),

and carboxylic bonds (O–C]O 289.2 eV). After isocyanate-treated

reaction, the C 1s XPS spectrum of the chlorine replaced graphene

derivative is shown in Fig. 3(a): the new peaks at 289.0 eV and 287.5

eV corresponded to the NH–C]O bonds and C–Cl bonds, respec-

tively. Furthermore, the peak at 200.2 eV in the Cl 2p XPS spectrum

(Fig. 3(b)) was associated with the bonds of Cl–C, which indicates the

chlorine atoms were covalently bonded on the graphene nanosheets

via isocyanate reaction. Fig. 3(c) and 3(d) are the C 1s and N 1s XPS

spectra of Az–graphene. In detail, the peak at 286.6 eV in C 1s XPS

spectrum represented the covalent form of C–N bonds on graphene

nanosheets, which indicate that the chlorine atoms were replaced by

azide groups. Moreover, the peaks at 398.6 eV and 402.8 eV in N 1s

XPS spectrum (Fig. 3(d)) indicate that the azide groups were retained

in the nucleophilic substitution reaction on graphene sheets. While

after ‘click’ reaction, the obtained DNA–graphene conjugates

showed distinguishable differences in XPS spectra: the peak

appearing at 286.8 eV of DNA–graphene C 1s XPS spectrum in

Fig. 3(e) was attributed to the bond of C–N, the peak appearing at

399.8 eV was attributed to N]N bond and the peak appearing at

401.5 eV was attributed to C–N bond in the N 1s XPS spectrum

(Fig. 3(f)), which indicated the successful cyclization reaction between

azide groups and alkynyl groups.
Nanocomplex of graphene nanosheets and AuNPs

Here, we construct the Au nanoparticles (AuNPs) and graphene

nanocomplex (namely Au–DNA–graphene) via specific DNA

hybridization interaction, the DNA–graphene nanosheets were

synthesized above and the complementary DNA modified AuNPs

were synthesized via thiol conjugation. Currently, focus is on the

AuNPs and graphene nanocomplexes (namely Au–graphene)
Fig. 3 XPS spectra of Cl–graphene (a: C, b: Cl), Az–graphene (c: C, d:

N) and DNA–graphene (e: C, f: N).

This journal is ª The Royal Society of Chemistry 2012
constructed by chemical or electrochemical deposition44–46 and non-

covalent interactions47,48 for their wide potential applications in the

field of Surface Enhanced Raman Spectroscopy (SERS)49,50 and

biosensors51,52 etc. the AuNPs of the Au–graphene nanocomplexes

made via chemical deposition are not uniform and the Au–graphene

nanocomplexes made via noncovalent physical adsorption based on

hydrophobic or p–p stacking interactions are not stable in the

presence of surfactants. Thus, neither is suitable to construct more

exquisite, more stable and more functional nanostructures. Here, the

Au–DNA–graphene constructed by covalent DNA–graphene

conjugates can retain the exquisite and stable nano-architectures in

the presence of surfactants, based on the enhanced interactions

between graphene nanosheets and AuNPs via strong chemical bond

connection, which is much more stable and stronger than physical

adsorption based on hydrophobic or p–p stacking interactions. The

enormous differences between the transmission electron microscope

(TEM) images of Au–DNA–graphene nanocomplex via a couple of

pairing DNA strands and the TEM images of depairing DNA

strands, both after washing with PBS buffer containing 1% Sodium

dodecyl sulfate (SDS), are shown in Fig. 4(a) and Fig. 4(b), which

clearly show that the high density AuNPs were well anchored on the

graphene nanosheets via hybridization interaction of a couple of

pairing DNA strands as the others were all removed by surfactant

SDS. It is indicated that cooperating with DNA hybridization

interactions, the covalent chemical bond connection of DNA–gra-

phene is powerful enough to protect Au–DNA–graphene from the

destruction due to the surfactant. We further investigated the elec-

trophoretic separation experiments in an agarose gel and 1% SDS

solution was used to test the stability of all nanomaterials. As shown

in SI Fig. 4,† the marker of DNA modified AuNPs could easily

penetrate the gel matrices so that an obvious reddish lane was

observed by unaided eyes (lane 2), while the marker of DNA–gra-

phene conjugates could not penetrate the gel matrices so that the
Fig. 4 TEM images of AuNPs–DNA–graphene nanocomplex (a) and

AuNPs–graphene nanocomplex (b) after washing with PBS buffer con-

taining 1% SDS solution; (c) is the adsorption isotherm of DNA and

AuNPs on DNA–graphene nanosheets.

Nanoscale, 2012, 4, 394–399 | 397
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Fig. 5 Illustration of TSP–graphene nano-architecture (a) and ECL

spectra of TSP–graphene (b).
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dark-brown DNA–graphene conjugates were stuck in the well (lane

1). Lanes 3 and 5were loadedAu–DNA–graphene andAu–graphene

mixers, respectively. After electrophoretic separation experiments, the

good loading of Au–DNA–graphene remained red and dark-brown

colors, which indicated that the AuNPs anchored on graphene were

so well anchored that they could not be removed by the surfactant

and driven into the gel matrix. However, the well in lane 5 that

loading Au–graphene mixer represented a reddish band in the gel,

which indicated the AuNPs were removed by surfactants and driven

into the gel. Lane 4 was the sample of Au0–graphene after being

washed by surfactant before electrophoretic separation experiments,

because most of the AuNPs were removed by the surfactant, the

remaining DNA–graphene were blocked in the well as the dark-

brown color, which is the same as in lane 1. These results combined

with the TEM images show that the DNA strands were firmly

anchored on the graphene nanosheets via an efficient CuAAC ‘click’

reaction.

It is worth noting that a large quantity of conjugated DNA

anchored on the graphene nanosheets via the ‘click’ reaction. Because

graphene is a highly efficient fluorescence quencher, the quantity of

conjugatedDNAonDNA–graphene conjugates was evaluated by an

indirect differential method via fluorescent measurements, and all the

fluorescence intensities in the following experiments could be con-

verted into corresponding DNA concentrations via the standard

curve in SI Fig. 6.† In a typical experiment, a certain concentration of

fluorescence modified complementary DNA (FAM-DNA) strand

with a certain fluorescence intensitywas added in theDNA–graphene

conjugate suspension, and then the fluorescence intensity of the

supernatant was measured after hybridization and centrifugation.

The difference was equal to the sum of the quantity of specific

hybridization and the quantity of nonspecific physical adsorption of

p–p stacking or electrostatic interaction, which is shown as the blue

curve in Fig. 4(c) (DNA-1). The precipitates were re-suspended and

washed with buffer containing 1% of SDS surfactant to desorbed the

nonspecific physical adsorbed FAM-DNA strands, and then the

fluorescence intensity of the supernatant was recorded. After deduced

by the curve DNA-1, the difference as shown in Fig. 4(c) red curve

(DNA-2) was the pure quantity of DNA hybridization, which was

equal to the conjugated DNA quantity on graphene nanosheets.

Significantly in 1 mL system, the DNA strands conjugated on gra-

phene nanosheets of 70 mgmL�1 could reach 79 pmol, which is a high

enough density to assemble more complex nano-architectures with

other materials such as AuNPs via DNA hybridization. The

adsorption isotherm of DNA–graphene conjugates to AuNPs was

also shown in Fig. 4(c) as the black curve, the quantity of AuNPs

assembled on graphene nanosheets could reach about 2 pmol DNA–

graphene at a concentration of 80 mg mL�1.
Nanocomplex of graphene and 3D DNA nanostructure

Recently, DNA nanotechnology has gained great interest for devel-

oping functional 3D DNA architectures by building on the unpar-

alleled high controllability and precision of the ‘bottom-up’

construction based on DNA self-recognition.20,53 In particular, the

pyramid-like DNA tetrahedron-structured probes (TSPs),54,55 which

are considered as highly rigid and versatile scaffolds in biosensors21,23

for the detection of a broad range of biomolecules, because the well

controlled spacing, high stability, and high density properties of TSPs

assembled on the gold electrode offer a relatively thick solution-phase
398 | Nanoscale, 2012, 4, 394–399
layer still being amenable to electrochemical transduction and sepa-

rating the probes from the complicated electrochemical interface

environments to avoid interference from other biological macro-

molecules. In the following experiments, TSPs were integrated with

DNA–graphene conjugates (TSP–graphene) via a conventional

sandwich-DNA hybridization method on the gold electrode (Fig. 5

(a)), which exhibited an enhanced electrochemiluminescence (ECL)

signal of luminol and H2O2, thus had potential applications in the

field of biosensors. DNA–graphene conjugates retained the peroxi-

dase-like catalytic activity of graphene oxide, which can catalyze the

reduction of H2O2 leading to a characteristic blue color in the pres-

ence of H2O2 and a co-substrate 3,30,5,50-tetramethylbenzidine

(TMB) (SI Fig. 5†). Furthermore, DNA–graphene retained excellent

electron transfer property which completed the electron transfer from

luminol oxidization to gold electrode through TSPs and DNA–gra-

phene conjugates. As shown in Fig. 5(b), the ECL signal of TSP–

graphene increased to more than 4 times that of luminol, while being

more than twice the size of the ECL signals in the control experiments

of non-complementary DNA and mismatched DNA. Therefore, this

novel TSP–graphene nano-architecture constructed by DNA tech-

nology has such sensitive and precise properties that non-comple-

mentary DNA or even one base mismatched DNA strands can be

detected.
Conclusion

We have demonstrated high density DNA functionalized graphene

nanosheets for construction of complex nano-architectures. In this

work, the copper-catalyzed azide-alkyne ‘‘click’’ reaction was used to

conjugate DNA and graphene nanosheets. Importantly, the DNA–

graphene conjugates showed effective and stable platform to

construct new functional and complex nano-architectures via DNA

hybridization. Importantly, the Au–DNA–graphene nanocomplex

displayed excellent stability in the presence of surfactants, and the

TSP–graphene nanocomplex exhibited outstanding sensitive ECL

properties which might be a promising nanomaterial for a range of

areas involving biosensors, nanorobots, and MEMS.
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