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Abstract

Guanine quadruplex (G-quadruplex) can bind tightly with hemin to form 
the hemin/G-quadruplex that displays robust peroxidase activity. Acting as a 
peroxidase-mimicking DNAzyme, hemin/G-quadruplex has been considered as 
a promising artificial enzyme for biosensing because of its low cost, high thermal 
stability as well as easy preparation and modification in the laboratory. Recently, 
hemin/G-quadruplex–based electrochemical biosensors have been successfully 
used for the detection of proteins, DNA, metal ions and small molecules. In this 
short review, we highlighted the recent advances of the design of strategies for 
the fabrication of hemin/G-quadruplex–based electrochemical biosensors.
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Hemin/G-quadruplex–based electrochemical biosensors
Willner’s group, for the first time, demonstrated that the hemin/

G-quadruplex Horseradish Peroxidase (HRP)-mimicking DNAzyme 
on electrode exhibited bioelectrocatalytic functions toward the electro 
catalyzed reduction of H2O2 [1]. The electro catalytic properties of 
the DNAzyme were then used to develop electrochemical sensing 
platforms for analyzing the activities of enzymes and their substrates, 
DNA-sensors and aptasensors. The simplest methodology was to 
attach Glucose Oxidase (GOx) to the electrode surface through a 
nucleic acid sequence able to form a G-quadruplex structure in the 
presence of hemin (Figure 1) [1]. The GOx mediated the glucose 
oxidation to gluconic acid and H2O2 and the resulting H2O2 was 
analyzed through its electro catalyzed reduction by the DNAzyme. 
The success of the initial efforts provides good motivation for 
further manipulation of kinds of hemin/G-quadruplex–based 
electrochemical biosensors for detection of DNA [1], proteins (e.g. 
thrombin, recombinant human IFN-g) [2,3] and metal ions [4,5]. 
The most common strategy consists on modification of the gold 
electrode by a hairpin nucleic acid oligonucleotides that contains 
both a sequence capable to form G-quadruplex and an aptamer able 
to specifically bind the analyte. In the presence of the analyte and 
hemin, the hairpin structures were opened, the analyte bound to the 
aptamer part, and hemin/G-quadruplex structures were formed on 
the electrode surface. Furthermore, sandwich-like electrochemical 
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Introduction
In recent years, enzyme-amplified electrochemical biosensors 

have attracted considerable attention and have emerged as viable 
alternatives to conventional spectrophotometric enzyme affinity 
assays for detection of trace amounts of biomarkers in biological 
studies, clinical diagnostics, and treatment. Commonly, peroxidase 
and phosphatase are the used enzyme labels in connection to 
electrochemical monitoring of the biocatalytic reaction product. 
The enzymatic reaction may follow two strategies: one in which the 
current is the electro catalytic response of a redox couple serving 
as a substrate to a redox enzyme label and another in which an 
electrochemically active product of the enzyme label is detected. 
Guanine-rich nucleic acid sequence can fold into Guanine quadruplex 
(G-quadruplex) that is found to complex tightly with hemin to 
form the hemin/G-quadruplex. Under physiological conditions, the 
hemin/G-quadruplex displays robust peroxidase activity. Recently, 
the hemin/G-quadruplex peroxidase-mimicking DNAzyme has been 
considered as a promising artificial enzyme for biosensing due to 
its low cost, high stability and simple preparation procedure in the 
laboratory. In this short review, we highlighted the recent advances of 
the design of strategies for the fabrication of hemin/G-quadruplex–
based electrochemical biosensors.
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Figure 1: Sensing of glucose through the bioelectrocatalyzed reduction of 
H2O2 generated by the GOx-mediated oxidation of glucose using a HRP-
mimicking DNAzyme dybridized to a nucleic acid-functionalized GOx (From 
reference [1], with permission. Copyright E 2014 American Chemical Society).
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biosensors with single hemin/G-quadruplex DNAzyme or hemin/G-
quadruplex DNAzyme wires containing many units of hemin/G-
quadruplex DNAzyme as the signal tags have also been developed 
for detection of Prostate Specific Antigen (PSA) and telomere [6], 
cisplatin (a cytotoxic and antineoplastic metallodrug) [7] as well as 
Folate Receptor (FR) [8]. In the DNAzyme electrochemical assays, 
redox reporters such as Ferrocene (Fc) and Methylene Blue (MB) 
could be used as the electron-transfer mediators for the DNAzyme to 
improve the sensitivity [9-11].

Although the hemin/G-quadruplex–based electrochemical 
biosensors have been constructed with high simplicity and good 
reproducibility, single signal amplification by DNAzyme is not 
sufficient for detecting the ultra-low concentration of analytes. 
Thus, a number of research groups have been exploring various 
methods to improve the sensitivity by dual-amplification, such as 
multi-enzyme cooperation systems, redox cycling reactions and/
or nanomaterials. Among kinds of multi-enzyme cooperation 
systems, signal amplification by hemin/G-quadruplex DNAzyme 
plus Rolling Circle Amplification (RCA) [12], isothermal 
amplification [13], Hybridization Chain Reaction (HCR) [14] and 
the isothermal Exponential Amplification Reaction (EXPAR) [15] 
attracted researchers’ considerable attention to design sensitive 
detection methods for assay of targets. Typically, Yu et al. reported 
an electrochemical biosensor based on the arched probe mediated 
isothermal EXPAR (Figure 2) [15]. The arched probe consisted of two 
strands (Strand 1 and Strand 2), which were partially complementary 
at both ends. Strand 2 prevented the hybridization of primer with 
Strand 1 and Strand 1 minimized the formation of any nonspecific 
hemin-containing G-quadruplex from Strand 2. The recognition site 
of the nicking endonuclease was located in the loop region of Strand 
2 and was unsuitable to bind with the enzyme. Target miRNA was 
complementary to the 5′ stem region and part of the loop region 
of Strand 1. The separation of one hybridized domain through the 
formation of a target-substrate complex led to the thermal melting 
of the remaining duplex. After cleavage of the arched probe, the 
free Strand 2 bound to hemin to form the hemin/G-quadruplex 
DNAzyme on the surface of the electrode. On the other hand, Strand 
1 hybridized with the target was released to the solution and initiated 

a series of cyclic chain amplification reactions. Once the engaging 
primer annealed with the complementary region of Strand 1, the 
polymerase initiated the polymerization, which regenerated the target 
miRNA and synthesized a DNA duplex. As a result, the displaced 
miRNA was free to bind to another probe and triggered a new cycle 
for recycling the target and forming a DNA duplex as well. The DNA 
duplex generated above activated the recognition site of the nicking 
enzyme. After the nicking endonucleases nicked at the DNA duplex, 
the polymerization started and the primer part got extended plots of 
electrode modification at different stages. 

As an essential aspect of bioanalysis, signal amplification by 
employing nanomaterials and hemin/G-quadruplex DNAzyme has 
been successfully achieved for sensitive detection of biorecognition 
events. Typically, gold Nanoparticles (AuNPs) have been widely used 
in diagnostics and detection because of their unique characteristics, 
such as high surface-to-volume ratio, high surface energy, ability 
to decrease proteins-metal particles distance, and the functioning 
as electron conducting pathways between prosthetic groups 
and the electrode surface. Many groups reported the hemin/G-
quadruplex–based electrochemical biosensors with AuNPs as the 
carriers to load large amount of signal labels [16-18] and/or as the 
electrode materials [14,19-27] to increase the electrode surface and 
enhance the biocompatibility, electro catalysis and redox property 
of electrode. Because of the extraordinary physicochemical and 
structural properties of carbon nanomaterials, such as grapheme 
and carbon nanotubes, these exciting new materials have quickly 
sparked tremendous interests in electrochemical biosensors. The 
hemin/G-quadruplex functionalized graphene and carbon nanotubes 
nanocomposites have been successfully utilized as the signal labels 
for electrochemical biosensing [28-32]. More interestingly, recently, 
a few of novel strategies for designing of hemin/G-quadruplex 
electrochemical biosensors took advantage of the DNAzyme acting 
both as a NADH oxidase assisting the oxidation of NADH to NAD+ 
together with the generation of H2O2 in the presence of dissolved 
O2 as well as a HRP-mimicking DNAzyme to bioelectrocatalyze the 
reduction of the produced H2O2 [22,33]. Typically, Yuan’s group was 
the first to construct an electrochemical aptasensors for thrombin 
detection with the hemin/G-quadruplex acting as an NADH oxidase 
and HRP-mimicking DNAzyme simultaneously in 2012 [22]. Lately, 
by using autonomously assembled hemin/G-quadruplex DNAzyme 
nanowires [23], hemin/G-quadruplex functionalized Pt@Pd 
nanowires (Pt@PdNWs) as well as thionine and hemin/G-quadruplex 
functionalized Pd Nanoparticles (PdNPs)-reduced Gaphene Oxide 
(rGO) (denoted as PdNPs-rGO) [29] and dendrimer-rGO [30] 
for signal amplification, they reported several pseudobienzyme 
electrochemical biosensors for the detection of thrombin, Hg2+ and 
Pebrine disease related Spore Wall Protein of Nosemabombycis 
(SWPN.b). The results indicated that the signal amplification 
efficiency of a bienzyme-catalyzed amplification system was 
obviously superior to that of a monoenzyme-catalyzed amplification 
system. For this consideration, Yuan’s group further reported 
several hemin/G-quadruplex triple-enzyme-catalyzed amplification 
systems [26,34-37]. For example, with the amplification of Alcohol 
Dehydrogenase (ADH)-Pt–Pd nanowires bionanocomposite and the 
hemin/G-quadruplex structure acting as NADH oxidase and HRP-
mimicking DNAzyme simultaneously, they developed a pseudo 
triple-enzyme cascade electrocatalytic electrochemical aptasensors 

 

Figure 2: Schematic illustration of the arched probe mediated EXPAR 
strategy based on polymerase and nicking endonucleases for the miRNA 
assay (from reference [15], with permission. Copyright E 2014 American 
Chemical Society).
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for thrombin detection (Figure 3) [26]. With the addition of ethanol 
to the electrolyte, the ADH immobilized on the Pt–Pd nanowires 
catalyzed ethanol to acetaldehyde accompanied by NAD+ being 
converted to NADH. Then the hemin/G-quadruplex firstly served 
as NADH oxidase, converting the produced NADH to NAD+ with 
the concomitant local formation of high concentration of H2O2. 
Subsequently, the hemin/G-quadruplex acted as HRP-mimicking 
DNAzyme, bioelectrocatalyzing the produced H2O2. At the same 
time, the Pt–Pd nanowires employed in the strategy not only provided 
a large surface area for immobilizing Thrombin Binding Aptamer 
(TBA) and ADH, but also served as HRP-mimicking DNAzyme 
which rapidly bioelectrocatalyzed the reduction of the produced 
H2O2. Thus, such a pseudo triple-enzyme cascade electrochemical 
aptasensor could greatly promote the electron transfer of hemin 
and resulted in the dramatic enhancement of electrochemical 
signal. Also, with the exciting properties of gaphene, they reported 
a hemin/G-quadruplex triple-enzyme-catalyzed amplification system 
with ADH– and hemin/G-quadruplex–functionalized rGO-AuNPs 
nanocomposites as the carriers [34]. Moreover, based on the Hollow 
PtCo Nanochains (HPtCoNCs) functionalized by bi-enzyme-HRP 
mimicking DNAzyme and GOx [35] and Fe3O4–Au nanocomposites 
functionalized by GOx and hemin/G-quadruplex [37] as the signal 
enhancers, Yuan’s group also developed two highly sensitive 
electrochemical thrombin aptasensors. Furthermore, they fabricated 
an ultrasensitive sandwich-type electrochemical aptasensor for 
thrombin based on a triplex signal amplification strategy of hemin/
G-quadruplex, blocking reagent-HRP and iron Telluride Nanorods 
(FeTe NRs) [36]. With porous Platinum Nanotubes (PtNTs) labeled 
with hemin/G-quadruplex and Glucose Dehydrogenase (GDH) 
as signal labels, Sun et al. presented a sensitive electrochemical 
aptasensor for thrombin detection [38]. In the presence of glucose 
and NAD+, GDH catalyzed the oxidation of glucose with the 
production of NADH. Then, hemin/G-quadruplex as NADH oxidase 
catalyzed the oxidation of NADH to in situ generate H2O2. Based on 
the corporate electro catalysis of PtNTs and hemin/G-quadruplex 
toward H2O2, the electrochemical signal was significantly amplified. 

Conclusion
Hemin/G-quadruplex DNAzyme is a promising artificial 

enzyme in the design of electrochemical biosensors because of its 
outstanding advantages over natural enzymes, such as low cost, 
simple preparation procedure and high thermal stability. Over the 
past years, hemin/G-quadruplex DNAzyme has been a constant 

source of inspiration for chemists in their efforts to develop hemin/
G-quadruplex–based electrochemical biosensors in view of the 
advantages of electrochemical techniques. Although the applications 
of hemin/G-quadruplex DNAzyme are still at the basic research level, 
the rapid progress in the field and the multidisciplinary applications 
of these biocatalytic materials hold great promises for additional 
developments.
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