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DNAzymes and gold nanoparticle–graphene nanosheet compositesw

Junfei Liang,z Zhengbo Chen,z Lin Guo* and Lidong Li*

Received 18th February 2011, Accepted 25th March 2011

DOI: 10.1039/c1cc10965k

A sensitive aptasensor for detection of L-histidine based on the

switching structure of aptamer and gold nanoparticles–graphene

nanosheets (GNPs–GNSs) composite was reported for the first

time. The fabricated biosensor shows an expanded linear range,

excellent sensitivity and selectivity against other amino acids.

L-Histidine is one of the naturally occurring amino acids. It

plays a very active role in many biological systems.1–3 It acts as

a neurotransmitter or neuromodulator in the mammalian

central nervous system, including the retina.4,5 It can minimize

internal bleeding from microtrauma.6 A persistent L-histidine

deficiency causes Friedreich ataxia, epilepsy, Parkinson’s

disease, and the failure of normal erythropoiesis development.7,8

Thus, the determination of L-histidine in biological fluids is of

great importance for biological studies.

Several sophisticated technologies including sensors/

biosensors,9,10 potentiometry,11 fluorescence with capillary

electrophoresis,12 voltammetry,9 mass-spectrometry,13 chromato-

graphy14 and spectroscopy,15 have been used for L-histidine

detection. However, use of large sample volumes, expensive

instrumentation, lack of reproducibility and selectivity, and

eco-unfriendly solvents are serious concerns associated with

these techniques. Aptamer-based sensors have emerged as a

promising and versatile biosensor platform.16,17

Graphene, a one-atom thick and two-dimensional closely

packed honeycomb lattice, has received numerous investigations

from both the experimental and theoretical scientific communities,

since the experimental observation of single layers by Novoselov

and Geim in 2004.18 Very recently, Rusling et al. reported

an electrochemical immunosensor by using enzyme label

horseradish peroxidase (HRP)-CNTs. In their protocol, before

bioconjugation, the oxidized MWNTs on mica was of thickness

25 � 2 nm.19 In comparison with carbon nanotubes (CNTs) as

a support for electrochemical biosensors, graphene possesses

very small thickness, good thermal conductivity, electrical

conductivity, mechanical strength and larger surface area than

CNTs. Therefore graphene is a very promising candidate for

new carbonaceous supports.

Meanwhile, the integration of graphene with noble metal

nanoparticles is relatively new in biosensor applications.

Despite the sparse demonstration of GNPs–GNSs composites

for biosensing applications,20,21 proposed biosensors based on

switching structure of aptamer and GNPs–GNSs have not

been reported.

Here we report a sensitive aptasensor for detection of

L-histidine based on switching structure of aptamer and

GNPs–GNSs composite for the first time. First GNPs–GNSs

were synthesized, by depositing GNPs on the surface of the

GNPs through spontaneous chemical reduction of chloroauric

acid by sodium citrate, and a glassy carbon electrode (GCE)

was modified with GNPs–GNSs. Then, thiolated DNA duplex

was immobilized onto the GNPs via sulfur–gold affinity (see

ESIw). The introduction of L-histidine induced self-cleavage of

DNAzyme on the GNPs–GNSs/GCE and the ferrocene (Fc)

redox marker approached the electrode surface and produced

measurable electrochemical signals. Because of the excellent

conductivity and high specific surface area of graphene, the

good distribution of GNPs on GNSs leads to the fabricated

L-histidine biosensor showing an expanded linear range and

excellent sensitivity. An expanded linear electrical response

was observed for concentrations ranging from 10 pM to 10 mM,

and a low detection limit of 0.1 pM L-histidine was achieved,

and fast response speed was obtained. Meanwhile, the proposed

approach exhibited excellent selectivity against other amino

acids. Such an aptasensor provides a promising strategy for

screening other amino acids and toxic ions at ultratrace levels

on-line. The results demonstrate that the GNPs–GNSs composite

can offer a new and promising material for aptasensor designs.

The proposed aptasensor consists of an Fc modified version

of the catalytic DNA(2) strand, which is composed of

a functional domain of 24 deoxynucleotides flanked by 50

and 30 substrate-recognition domains of 8 nucleotides each,

hybridized to its sequence-specific nuclease acting on a single-

stranded DNA substrate containing a single, sessile riboadenine

(indicated by arrows in Scheme 1). In the absence of

L-histidine, this duplex architecture, which is chemi-anchored

to GNPs–GNSs via a 30 terminal thiol on the catalytic

strand, is relatively rigid, presumably preventing the Fc from

approaching the GCE to transfer electrons (Scheme 1, left). In

the presence of L-histidine, the trans-acting catalytic strand
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cleaves the sessile phosphodiester of the substrate into two

fragments (Scheme 1 middle). The fragments dissociate from

the complex, release its partially complementary DNA(2),

because the 8-mer DNA strands bind relatively more weakly

than the 16 mer duplex strand (generally, the melting point of

8-mer DNA duplex is around room temperature). Therefore,

after the dissociation, the ferrocene moiety becomes free to

move. Then the DNA(2) place their redox tags in close

proximity to the electrode upon folding into their favorable

secondary configurations, allowing the Fc to transfer electrons

to the electrode and produce measurable electrochemical

signals (Scheme 1 right).

A representative XRD pattern of the GNPs–GNSs nano-

composite is shown in Fig. 1. The four peaks with d values of

2.36, 2.04, 1.44, 1.23, correspond to (111), (200), (220) and

(311) planes, respectively, which are in good agreement with

literature values of pure metallic Au (JCPDS, 04-0784).

The structure and substructures of the GNPs–GNSs nano-

composite was further characterized by TEM and high-resolution

TEM. From Fig. 2a, it can be seen that all the GNPs are

uniformly distributed on the GNSs. GNPs are surrounded by

flexible graphene nanosheets, which can be distinguished as

linear strips. The size of the GNPs is found to beE30 nm. The

GCE was modified with GNPs–GNSs, and the thiolated DNA

duplex was immobilized onto the GNPs via the 30 terminal

thiol-gold affinity. The good distribution of GNPs on GNSs

make more duplex architectures adsorb on the GNPs and the

fabricated biosensor shows an efficiently expanded linear

range. Fig. 2b presents a lattice resolved HRTEM image of

the GNPs–GNSs nanocomposite, from which the lattice

fringes of GNPs are clearly visible. The lattice fringe spacing

between two adjacent crystal planes of the particle was deter-

mined to be 0.204 nm in the HRTEM image, corresponding to

the (200) lattice plane of Au.

Raman spectroscopy is a powerful tool to characterize

carbonaceous materials. The significant structural changes

occurring during the chemical processing from GO to GNSs,

and then to the GNPs–GNSs are reflected in their Raman

spectra (Fig. 3). The Raman spectrum of GO contains both a

G band (1594.6 cm�1, E2g phonon of C sp2 atoms) and D band

(1363.9 cm�1, k-point phonons of A1g symmetry).22 The Raman

spectra of GNSs and GNPs–GNSs nanocomposites also contain

both G and D bands, however, with an increased D/G

intensity ratio compared to that in GO. This change suggests

a decrease in the average size of the sp2 domains upon

reduction of the exfoliated GO, and can be explained if new

graphitic domains were created that are smaller in size to those

present in GO before reduction, but more numerous in

number. Ruoff et al. reported that the conductivity of GNSs

reduced by hydrazine was about five orders of magnitude

better than the conductivity of GO, and very close to that of

pristine graphite.23 The GNPs–GNSs nanocomposite is suitable

for electrochemical analysis because of the excellent conductivity

of GNSs.

The self-cleaving DNAzyme-based sensor is sensitive and

specific to its target molecule. In order to test signal enhancement

for DNAzymes with GNPs–GNSs, square wave voltammetry

(SWV) was carried out at the GCE modified by GNPs–GNSs.

Fig. 4a depicts SWV profiles for the electrode with DNA

duplex modification after reacting with concentrations of

Scheme 1 A schematic representation of the experiment protocol.

Inset: secondary structure of L-histidine-dependent DNAzyme

employed.

Fig. 1 X-Ray diffraction pattern of GNPs–GNSs nanocomposite.

Fig. 2 (a) TEM and (b) HRTEM image of the GNPs–GNSs

nanocomposite.

Fig. 3 Raman spectra of GO (top), GNSs (middle) and GNPs–GNSs

(bottom).
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L-histidine from 0.1 pM to 10 mM. From Fig. 4a, it can be seen

that the peak current increases with increasing concentrations

of L-histidine as a consequence of the efficient capture of the

L-histidine by the aptasensor, and the detection limit of this

method is 0.1 pM. The SWV current varies linearly with

L-histidine concentration in the range from 10 pM to 10 mM,

as depicted in the inset of Fig. 4b. In comparison with a gold

electrode for L-histidine the fabricated GNPs–GNSs/GCE

electrode shows an wider linear detection range and lower

detection limit (see ESIw).
Particularly, the aptasensor reaches equilibration very rapidly,

complete saturation of the SWV signal occurs in less than 30 s;

presumably the fast response is ascribed to the excellent

transport properties of GNSs, the high catalytic activity of

the self-cleaving strand DNA(1) with kobs = 0.2 min�1,24 and

the fast equilibrium between the duplex configuration and the

favourable secondary structure of DNA(2).

Not only does a biosensor have to be sensitive to different

concentrations of the analyte, it must also be specific. The

selectivity of the aptasensor was determined by testing it with

L-cystine, L-valine and D-histidine, each at 1 mM concentration.

As shown in Fig. 5, compared with 0 M L-histidine, for 1 mM
L-cystine, L-valine and D-histidine, no significant signal change

was observed. This indicates that nonspecific adsorption of

the foreign amino acids (L-cystine, L-valine and D-histidine) to

the base aptamer does not occur obviously, and the effects of

these foreign amino acids on L-histidine detection are almost

negligible. The designed aptasensor thus has a clear specificity

for L-histidine.

In summary, the proposed sensing protocol exhibits excellent

sensitivity and reasonable selectivity for its target molecules.

It especially offers amazingly fast speed and operational

convenience. The fast response provides a platform for

L-histidine detection on-line. Meanwhile, it is a reagentless

sensor since both the recognition element (self-cleaving DNA-

zymes) and the signaling element (Fc) have been integrated

in a surface-confined configuration. Especially, it offers a very

simple enantio-analytical method for L-histidine detection. The

results also demonstrate that GNPs–GNSs, with good distri-

bution of GNPs, can provide a promising platform for more

aptamer immobilization for target molecule capture than the

biosensor without GNPs–GNSs modification. The protocol

exhibits an expanded linear range and extreme low detection

limit of 0.1 pM with little sample consumption.
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