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An omega (Ω)-like DNA nanostructure was for the first time 

utilized for homogenoues electrochemical monitoring of small 

molecule (ATP used in this case) based on target-induced 

formation of DNAzyme-aptamer conjugate without the need 

of sample separation and washing. 10 

Aptamers are single-stranded nucleic acids isolated from random-

sequence DNA or RNA libraries by an in vitro selection process 

termed the systematic evolution of ligands by exponential 

enrichment (SELEX).1 These small RNA/DNA molecules can 

form secondary and tertiary structures capable of specifically 15 

binding proteins or other cellular targets.2 Recently, great efforts 

have been devoted for advanced development of aptamer-based 

homogeneous assays to make them clinically relevant for the 

diseases.3 The methodology relies on devising a detection 

principle that is modulated and either turned on or turned off as a 20 

result of the binding reaction.4 Unfortunately, most of the current 

aptamer-based homogeneous assays are based on detection of 

fluorescence. Moreover, the assays usually require proprietary or 

specialty fluorescent labels. In contrast, electrochemistry holds 

great potential as the next-generation detection strategy because 25 

of its high sensitivity, simple instrumentation, and excellent 

compatibility with miniaturization technologies.5 

For successful development of aptamer-based homogeneous 

electrochemical assays, one of the important concerns is to design 

target-dependant aptamer-transduction signal tags. DNAzymes 30 

are DNA molecules with catalytic activity.6 Recent researches 

demonstrated that some G-quadruplex DNA aptamers have been 

found to strongly bind hemin to form DNAzymes with 

peroxidase-like activity.7 More favourably, hemin-binding G-

quadruplex (DNAzyme) exhibits catalytic behaviour towards 35 

H2O2-mediated oxidation.8 In this regard, our motivation herein is 

to design target-triggered transformation of the aptamer-based 

conformational switch accompanying the formation of DNAzyme. 

Recently, omega-like (Ω) DNA nanostructures have attracted 

great attention in the biomolecular recognition events. Typically, 40 

the structure of Ω DNA nanostructures usually consist of two 

oligonucleotide strands: one strand is complementary to the bases 

at two ends of another strand. The Willner group designed a 

series of omega-like DNA nanostructures for the detection of 

nucleic acids or proteins,9a e.g., by using the integration of 45 

predesigned DNA constructs that activate logic gate operations,9b 

and aptamer-ATP complex-triggered activation of DNAzyme for 

release of anticancer drug.9c Inspired by the examples, we devise 

a new omega-like DNA nanostructure (Scheme 1): Strand A (SA) 

comprises of anti-target aptamer and hemin-based aptamer with a 50 

loop structure in the middle, which can be elaborately blocked by 

strand B (SB) with the stems of strand B. 

Adenosine triphosphate (ATP) is one of the end products of 

photophosphorylation, cellular respiration, and fermentation and 

used by enzymes and structural proteins in many cellular 55 

processes.10 In this work, we report on the proof-of-concept of a 

powerfully homogeneous electronic monitoring protocol for the 

detection of ATP by using an omega-like (Ω) DNA nanostructure 

as the recognition element (Scheme 1, see ESI† for experimental 

details). Initially, the Ω DNA nanostructures were formed by 60 

mixing strand A with strand B with the ratio of 1 : 1. In the 

presence of target ATP and hemin, target ATP triggered the ATP-

based aptamer at 5' end of strand A, resulting in the opening of 

the Ω DNA nanostructures (Note: Hemin alone could not cause 

the opening of the Ω DNA nanostructures). The released aptamer 65 

at 3' end of strand A could intercalate with the hemin, and form 

the DNAzyme. The formed DNAzyme could catalyze the 

oxidation of o-phenylenediamine (OPD) with the aid of hydrogen 

peroxide (H2O2), resulting in the production of electrochemical 

signal. By monitoring the change in the signal, we could 70 

quantitatively determine the concentration of target ATP in the 

sample without the need of sample separation and multi-step 

washing. In the absence of target ATP, the DNAzyme with 

catalytic activity could almost not be formed, thereby displaying 

a weak electrochemical signal (background current). 75 

To realize our design, one precondition for the development of 

homogeneous electrochemical assay was whether the DNAzyme 

could be formed in the absence and presence of target ATP (i.e., 

whether the hemin could also induce the opening of Ω DNA 

nanostructures to form the DNAzyme). To demonstrate this point, 80 

the voltammetric characteristics of the as-prepared Ω DNA 

nanostructures were studied by using square wave voltammetry 

(SWV) in pH 6.8 Britton-Robinson (BR) buffer containing 0.02 

M OPD and 0.02% (v/v) H2O2 after incubation with hemin and 

ATP, respectively (Fig. 1A). As shown from curve 'a', a low 85 

background current was observed at the Ω DNA nanostructures in 

the buffer. Significantly, the SWV peak current was not almost 

changed upon addition of 10 µM hemin in the buffer (curve 'b'). 
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In contrast, the current increased with the simultaneous 

introduction of 10 µM hemin and 0.1 nM ATP in the buffer 

(curve 'c'). Importantly, the electrochemical signal further 

increased with the increasing target ATP concentration (10 nM) 

(curve 'd'). The results indicated that (i) hemin alone could not 5 

almost trigger the formation of DNAzyme in the absence of target 

ATP, and (ii) the detectable signal increased with the increment 

of target ATP in the sample.  

Logically, another question arises as to whether target ATP 

could really result in the opening of the Ω DNA nanostructures, 10 

rather than the hemin. To clarify this issue, we used gel 

electrophoresis to investigate the Ω DNA nanostructures under 

the different conditions (Fig. 1B). As shown from lane 'b', the as-

prepared Ω DNA nanostructures had a single strong spot. When 

the Ω DNA nanostructures were incubated with the high-15 

concentration ATP, however, two spots were acquired (lane 'c'). 

These two spots derived from the released strand B (bottom) and 

the formed ATP-aptamer conjugates with strand A (top), 

respectively. More interestingly, only one single spot similar to 

lane 'b' could be appeared when the hemin was added to the DNA 20 

nanostructures (lane 'd'). The results were almost in accordance 

with those obtained by the SWV. The slight difference might be 

attributed to the very weak reaction between hemin and Ω DNA 

nanostructures. When the Ω DNA nanostructures were incubated 

with hemin and target ATP, one weak spot (bottom) and one 25 

strong spot (top) were achieved (lane 'e'). The strong spot 

originated from the formed ATP-aptamer-DNAzyme conjugates. 

Compared with lane 'c' (top), the formation of DNAzyme with 

ATP-aptamer (top spot in lane 'e') removed slowly in the gel 

electrophoresis because of the introduction of hemin. Based on 30 

these results, we might make preliminarily a conclusion that the 

designed strategy could be used for the detection of target ATP. 

To achieve an optimal electrochemical signal for the developed 

homogeneous assay protocol, some experimental conditions 

including pH of the assay solution and incubation time for the 35 

formation of DNAzyme conjugates should be investigated. Fig. 

2a shows the effect of various pH values of BR buffer on the 

SWV peak currents of the homogeneous assay system (0.1 nM 

ATP used as an example). As indicated from Fig. 2a, an optimal 

current was obtained at pH 6.8 BR buffer. Higher or lower pHs 40 

results in the decrease of the electrochemical signals. At the 

condition, we also monitored the effect of incubation time on the 

currents of the assay system (Note: To avoid confusion, the 

incubation times of the Ω DNA nanostructures with target ATP 

were paralleled with those of ATP-SA with hemin). As shown in 45 

Fig. 2b, the SWV peak currents increased with the increment of 

incubation time, and tended to level off after 10 min. Longer 

incubation times did not almost cause the significant increase in 

the detectable signal. Thus, pH 6.8 BR buffer and an incubation 

time of 10 min were selected for sensitive determination of target 50 

ATP at acceptable throughout. 

Under the optimal conditions, the sensitivity and quantitative 

range of the developed homogeneous assay were evaluated by 

using the as-prepared Ω DNA nanostructures as the recognition 

elements. The measurement was carried out in pH 6.8 BR buffer 55 

containing 10 µM hemin, 0.02 M OPD and 0.02% (v/v) H2O2. As 

shown from the inset of Fig. 3a, the currents increased with the 

increasing ATP concentrations from 0 to 10 nM in the sample. 

Two linear relationships between the peak currents and the ATP 

standards were obtained within the range of 1.0 pM - 10 nM (i.e., 60 

1.0 pM - 0.1 nM and 0.1 nM - 10 nM). The linear regression 

equations were i (µA) = 29.718 × C[ATP] + 6.6683 (nM, R2 = 9943, 

n = 21) for 1.0 pM - 0.1 nM  and i (µA) = 0.4496 × C[ATP] + 

10.022 (nM, R2 = 0.9952, n = 18) for 0.1 nM - 10 nM, 

respectively. The detection limit was 0.6 pM estimated at the 3δ 65 

criterion. The reason might be the fact that the binding reaction 

between ATP and the aptamer was more easily carried out when 

the amount of the Ω DNA nanostructures was excessively higher 

than that of target analyte, thus resulting in the strong change in 

the signal within the low-concentration range. 70 

To monitor the precision and reproducibility of determinations, 

we repeatedly assayed 3 different-concentration ATP standards, 

using identical batches of Ω DNA nanostructures. Experimental 

results indicated that the coefficients of variation (CVs) of the 

intra-assay between five runs were 7.5%, 9.1%, and 8.3% for 1 75 

pM, 0.1 nM, and 1 nM ATP, respectively, whereas the CVs of the 

inter-assay with various batches were 10.2%, 9.3%, and 9.8% 

towards the above mentioned analyte. Hence, both intra-assay 

and interassay verified acceptable reproducibility and further 

revealed the possibility of batch preparation. 80 

The specificity and sample matrix effect were also investigated 

by challenging the system with 3 ATP analogues (i.e., cytidine 

triphosphate: CTP; guanosine triphosphate: GTP; and uridine 

triphosphate: UTP) and other proteins (e.g., human IgG; human 

serum albumin, BSA; human serum albumin, HSA). The assay 85 

was implemented with the same experimental procedures. As 

shown from Fig. 3b, a significant change in the current was 

observed with Target ATP toward 10-fold higher interfering 

components. Thus, the developed homogeneous assay was shown 

to be sufficiently selective for the detection of ATP. 90 

To further monitor the possible application of the developed 

strategy for analysis of real samples, 4 ATP standards including 

1.0 pM, 10 pM, 0.1 nM and 1.0 nM ATP were spiked into blank 

new-born calf serum, respectively. Then, these samples were 

measured by using the homogeneous assay protocol, respectively. 95 

The assayed results were calculated according to the mentioned-

above linear regression equation. Experimental results displayed 

that ATP levels in the four serum samples were 0.81 ± 0.7 pM, 

10.19 ± 0.12 pM, 0.14 ± 0.05 nM and 1.21 ± 1.3 nM ATP, 

respectively (n = 3). The recoveries were 81 – 140%. Therefore, 100 

the methodology could be utilized for the detection of target ATP 

in real samples. 

In summary, we successfully constructed a new homogeneous 

electrochemical assay system for sensitive detection of ATP (as a 

model) by coupling with an omega-like DNA nanostructure. The 105 

signal was amplified through target-stimulated conformational 

change of DNA nanostructures accompanying the formation of 

DNAzyme. Compared with conventional aptamer-based electro- 

chemical assay methods, the designed Ω DNA nanostructures are 

simple, feasible and label-free. Importantly, the assay procedure 110 

can avoid the sample separation and multi-step washing. Thus, 
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the homogeneous electrochemical assay can potentially benefit 

on-site monitoring applications. 
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 10 

Scheme 1 Schematic illustration of the homogeneous electronic 

monitoring system toward target ATP by using target-triggered 

formation of DNAzyme-aptamer conjugate on an omega-like 

DNA nanostructure.  

 15 

Fig. 1 (A) SWV curves of (a) Ω DNA nanostructures, (b) probe 

'a' + 10 µM hemin, (c) probe 'b' + 0.1 nM ATP, and (d) probe 'b' 

+ 10 nM ATP in pH 6.8 BR buffer containing 0.02 M OPD and 

0.02% H2O2. (B) Gel electrophoresis (lane a: DNA marker, lane b: 

Ω DNA nanostructures, lane c: Ω DNA + 10 nM ATP, lane d: Ω 20 

DNA + 10 µM hemin, lane e: Ω DNA + 10 nM ATP + 10 µM 

hemin). 

 
Fig. 2 The effect of (b) pH of BR buffer and (b) incubation time 

on the electrochemical signal of the homogenous assay system 25 

(0.1 nM ATP used in this case).  

 
Fig. 3 (a) Calibration plots of the electrochemical assay system 

toward ATP standards with various concentrations (Inset: The 

corresponding SWV curves in pH 6.8 BR buffer containing 0.02 30 

M OPD and 0.02% H2O2). (b) The specificity of the developed 

method against HSA, BSA, IgG, ATP, CTP, UTP, GTP, and 

mixture (containing ATP, HBA, BSA, IgG, CTP, UTP and GTP). 
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