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Target-induced three-way G-quadruplex junction for 17-estradiol 
monitoring with naked-eye readout 
Junhua Chen,* Junlin Wen, Guiqin Yang, and Shungui Zhou*

A label-free and enzyme-free three-way G-quadruplex junction 
sensing system for the amplified detection of 17-estradiol has 
been constructed by the ingenious coupling of split G-quadruplex 
DNAzyme with toehold-mediated strand displacement. The 
biosensor is ultrasensitive, enabling the visual detection of 17-
estradiol concentrations as low as 1 fM without instrumentation. 

As an environmental endocrine disrupting chemical (EDC), 17-
estradiol (E2) is considered to be the most active estrogen that can 
cause adverse health effects even at low concentrations.1-3 
Therefore, routine detection of trace amounts of E2 with high 
sensitivity and selectivity is of critical importance for protecting 
environmental and public health. In recent years, various types of 
sensors with elegant design strategies have been proposed for E2 
detection using fluorescent1,4 and electrochemical2,3a,5 methods. 
Despite significant contributions have been made to E2 detection, 
the readout signals of these methods rely on specialized analytical 
instruments that are not suitable for on-site monitoring in remote 
settings without infrastructure. As an alternative, colorimetric 
biosensors possess many attractive features that are required for 
point-of-use (POU) detection (e.g., low cost, rapid response time, 
portability, and ease of use).6,7 However, colorimetric assay is often 
confronted with unsatisfactory sensitivity. Thus, it is urgently 
needed to develop a colorimetric sensing system for E2 detection 
with high sensitivity and simplified operation. 

One way to improve the sensitivity is through signal 
amplification. Most ultrasensitive detectors depend on 
amplification labels (e.g., nanoparticles),8 which require intricate 
synthetic processes and multiple operation steps that are 

inappropriate for highly demanding POU settings. Recent advances 
in the field of DNA nanotechnology9 have generated a series of DNA 
nanostructures and nanodevices, including catalytic amplifiers,10a,b 
logic cascades,10c,d and autonomous molecular motors,10e,f most of 
which are driven by toehold-mediated DNA strand displacement 
reactions.11,12 This method exhibits some intriguing characteristics, 
such as continuous signal turnover capability, inherent modularity, 
environmental robustness, and easy to scale up.13 These unique 
attributes make toehold-mediated strand displacement to be an 
ideal candidate for exquisitely sensitive molecular detection.14 For 
example, Xiang’s group has successfully developed a novel 
“DNAzyme ferris wheel” nanostructure for miR-141 detection with 
high sensitivity.14a Ellington and co-workers have designed a 
simplified DNA circuit for analyte detection in a “plug-and-play” 
fashion.14b To explore new dimensions in EDCs detection, it would 
be of great interest to combine toehold-mediated strand 
displacement with colorimetric assay in the fabrication of an 
ultrasensitive sensing platform without any label or enzyme for E2 
monitoring.   

As an excellent signal reporter, G-quadruplex DNAzyme is 
frequently utilized as a sensing element in colorimetric 
biosensors.15,16 It was found that the G-quadruplex sequence may 
be split into two fragments that lack catalytic activity, but upon 
template-assisted formation of intact G-quadruplex DNAzyme from 
the split fragments, the peroxidation activity is reactivated,17 which 

can effectively catalyze the H2O2-mediated oxidation of 3,3',5,5'-
tetramethylbenzidine (TMB) to generate a color change. In this 
study, we combined split G-quadruplex DNAzyme with toehold-
mediated strand displacement to fabricate a label-free and enzyme-
free sensing platform with cascaded signal amplification and naked-
eye readout for E2 analysis on the basis of target-induced three-
way G-quadruplex junction. 
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Scheme 1 Schematic illustration of the design principle for 
construction of the E2 sensing platform based on three-way G-
quadruplex junction. Three hairpins (A, B, and C) are used as the 
building blocks to construct the signal amplification platform via a 
series of toehold-mediated strand displacement reactions (2, 3, 4, 
and 5). Toeholds and toehold binding regions are indicated in red 
(domains 1 and 1*), green (domains 2 and 2*), and purple (domains 
3 and 3*). The split G-quadruplex fragments are marked in blue 
(domains 4 and 5).  

 
The design principle for construction of the three-way G-

quadruplex junction is schematically illustrated in Scheme 1. The 
aptamer sequence5a of E2 was extended at the 5'-end to form a 
chimeric strand (DNA1) where domain 1* is occluded by 
hybridization with a blocking strand (DNA2) (All DNA sequences 
were listed in Table S1, ESI†). Therefore, in the absence of target, 
domain 1* of DNA1 is inaccessible. The introduction of E2 to the 
sensing system induces dehybridization of the partially 
complementary duplex between DNA1 and DNA2. As a 
consequence, domain 1* of DNA1 is exposed and can serve as a 
toehold for initiating the subsequent amplification reaction 
(Scheme 1, reaction 1). Three hairpin structures were selected as 
the building blocks (hairpins A, B, and C) to construct the three-way 
G-quadruplex junction. The two G-rich fragments of the 3:1 split G-
quadruplex sequences are distributed at the 5' and 3' ends of those 
hairpins (domains 4 and 5, indicated in blue), respectively. The 
exposed domain 1* of the initiator DNA1 strand (I) first binds to the 
domain 1 of hairpin A, potentially initiating a branch migration 
(toehold-mediated DNA strand displacement reaction) to open 
hairpin A, resulting in the formation of an IA intermediate where 
the domain 2* of hairpin A is open (Scheme 1, reaction 2). Then, 
domain 2 of hairpin B interacts with the newly opened toehold 2* 
of hairpin A, again initiating a branch migration to open hairpin B 
and form an IAB hybrid where the domain 3* of hairpin B is no 
longer occluded (Scheme 1, reaction 3). Similarly, domain 3 of 
hairpin C can then hybridize to the newly accessible toehold 3* of 

hairpin B, activating a strand displacement that opens hairpin C and 
generates an IABC complex (Scheme 1, reaction 4). This complex 
is inherently unstable, resulting in a spontaneous disassembly step 
in which hairpin C displaces I from the complex, freeing I to catalyze 
the self-assembly of additional branched junctions (Scheme 1, 
reaction 5). The formed ABC product (three-way G-quadruplex 
junction) will bring the 3:1 split G-quadruplex fragments into close-
enough proximity and induce the formation of intact G-quadruplex 
probes at each end of the three arms. Upon incubation with hemin, 
the catalytic G-quadruplex/hemin peroxidase-mimicking DNAzymes 
are anticipated to be formed (Scheme 1, reaction 6). The active 
DNAzyme can effectively catalyze the H2O2-mediated oxidation of 
TMB to generate colored signal readout, which can be easily 
recognized by the naked eye (Scheme 1, reaction 7). In the absence 
of E2, the initiator I should be catalytically inactive. The three 
hairpins A, B, and C do not interact with each other to initiate the 
amplification reaction. In this state, no colored signal could be 
observed due to the failure in the formation of intact G-quadruplex 
DNAzyme in the system. 

 

Fig. 1 UV-vis absorbance spectra of samples under different 
conditions: (a) no E2, DNA1-DNA2, hairpins A, B, and C, (b) 10 pM 
E2, DNA1-DNA2, hairpin A, (c) 10 pM E2, DNA1-DNA2, hairpins A 
and B, and (d) 10 pM E2, DNA1-DNA2, hairpins A, B, and C. 
Experiments are performed in TMB-H2O2 reaction solution. The 
inset shows a naked-eye color difference and the corresponding 
products. 
          

The formation of the three-way junction structure based on 
toehold-mediated strand displacement reactions was confirmed by 
native polyacrylamide gel electrophoresis (PAGE) (Fig. S1, ESI†). To 
further verify the feasibility and signal amplification capability of our 
protocol, the UV-vis absorption spectra and color changes of the 
solution under different conditions were also investigated. As 
shown in Fig. 1, the mixture containing DNA1-DNA2 and hairpins A, 
B, and C exhibited a weak characteristic absorption peak at 650 nm 
without E2 introduction (the background signal of the TMB-H2O2 
detection system), indicating that the hairpins could coexist in 
solution with negligible intermolecular hybridization in the absence 
of target analyte (curve a). Upon the addition of E2 to the system 
containing DNA1-DNA2 and only hairpin A, the absorbance (curve b) 
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showed almost no change relative to curve a. This result confirmed 
that the generated IA could not draw the split G-quadruplex 
fragments together to form intact DNAzyme. Significantly, when 
both hairpins A and B were present in the mixture, the absorbance 
intensity increased obviously (curve c). Such increase was basically 
due to the formation of active DNAzyme in the IAB compound. 
Most importantly, when the incubation solution simultaneously 
contained hairpins A, B, and C, the absorption signal heavily 
increased (curve d). The reason might be most likely a consequence 
of the fact that our rational designed hairpins could induce the 
autonomous cyclic formation of ABC product, thereby generated 
numerous G-quadruplex DNAzyme molecules to give an amplified 
colorimetric signal. The corresponding color changes of the solution 
(inset in Fig. 1) further demonstrated the feasibility of our protocol. 
Thus, the experimental results clearly indicated that the proposed 
three-way G-quadruplex junction sensing system can be adopted 
for sensitive E2 detection.  

 

Fig. 2 (A) Photo images of the sensing system with different 
concentration of E2. The images were recorded with a digital 
camera. (B) Their corresponding UV-vis absorbance spectra. (C) 
Plots of the absorbance intensity at 650 nm as a function of the E2 
concentration. Inset: linear relationship between the absorbance 
intensity and the logarithm of E2 concentration in the range from 1 
fM to 10 nM. The error bars represent the standard deviation of 
three independent measurements.  
           

Under the optimal conditions (Fig. S2-S6, ESI†), the sensitivity 
and dynamic range of the proposed three-way G-quadruplex 
junction sensing platform were investigated with different 
concentrations of E2. As shown in Fig. 2A, the color of the solution 
turned gradually to deep blue with increasing E2 concentration. In 
the absence of E2, there was no significant color change observed 
in the reaction system and the solution was still colorless. Their 
corresponding colorimetric responses were further confirmed by 
recording the UV-vis absorbance spectra of the solution (Fig. 2B). 
The absorbance values at 650 nm were also recorded in Fig. 2C. The 
resulting calibration curve shows that the absorbance values are 
proportional to the logarithm of E2 concentrations in the range 
from 1 fM to 10 nM with a correlation coefficient (R2) of 0.996 (Fig. 
2C, inset). Importantly, the presence of as low as 1 fM E2 can be 
easily identified by the naked eye according to the distinct color 
difference between the sample and the blank test. Such low visual 

detection limit (1 fM) is 6 orders of magnitude better than the 
aptamer-based optical biosensor for E2 without signal 
amplification.1 Compared with previously reported E2 detector 
based on immunoassay, the new three-way G-quadruplex junction 
sensing system developed here also possesses much higher 
sensitivity.4b The significant improvement of the sensitivity can be 
primarily attributed to the continuous turnover capability of the 
toehold-mediated strand displacement reaction to generate 
numerous three-way G-quadruplex junctions even at low 
concentration of target E2. Besides the impressive visual detection 
limit, our method is essentially simple by avoiding the involvement 
of any DNA immobilization or conjugate procedure and any 
complicated signal transduction instrument, which holds great 
promise for on-site monitoring of E2 in environmental samples.  

 

Fig. 3 Selectivity investigation of the constructed biosensor for E2 
against other control molecules. The concentration is 1 nM for E2 
and 100 nM for other molecules. 
          

The selectivity of the constructed biosensor is examined by 
monitoring the color change of the solution with the presence of E2 
against other control molecules, including estriol, ethinylestriol, 
atrazine, bisphenol A (BPA), 4-n-nonylphenol (4NNP), carbaryl, 
mitomycin, lincomycin, and napthalene, which may coexist in 
environment or have similar structure with E2. As shown in Fig. 3, 1 
nM E2 could produce a bright blue color change of the reaction 
solution, whereas all other control molecules at a concentration of 
100 nM could hardly exhibit substantial responses during the 
colorimetric assay and the solution remained colorless. The results 
indicated that our fabricated sensing system possessed excellent 
selectivity for E2 detection. The assay selectivity of our sensing 
system toward the random DNA sequence and the E2 aptamer 
sequence was also investigated. As shown in Fig. S7 (ESI†), the 
presence of the random DNA sequence causes no obvious color 
change of the probe solution against the blank test while the 
presence of the E2 aptamer sequence results in a clearly intensified 
color change. Such high selectivity is attributed to the highly specific 
binding capability of the aptamer to the target analyte. In other 
words, only the presence of E2 can interact with the aptamer 
sequence and expose the toehold domain to initiate the toehold-
mediated strand displacement to generate numerous G-quadruplex 
DNAzymes for visual readout.  

To validate the practical application of our proposed biosensor, 
several environmental water samples (tap water, lake water, and 
river water) were tested using the present sensing system. These 
samples spiked with different concentrations of E2 were analyzed 
according to the general procedure with five replicates. The results 
were summarized in Table S2 (ESI†). Satisfactory recovery values 
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between 88 and 107% were obtained for the recovery experiments 
and the relative standard derivations (RSD) was in the range of 1.5-
5.6%. These results confirmed that the possible interference from 
different background composition of water samples on the sensor 
response was negligible. Thus, our introduced sensing platform can 
be successfully applied to E2 analysis in real environmental water 
samples. In order to reduce the reaction time and move the three-
way G-quadruplex junction sensing platform much closer to field 
monitoring, future work will focus on developing an even faster 
DNA circuit with accelerated strand displacement ability. 

In summary, we have successfully designed an ultrasensitive 
biosensor for E2 monitoring on the basis of target-induced three-
way G-quadruplex junction. By employing the split G-quadruplex 
DNAzyme as the signal reporter, the output of the biosensor can be 
unambiguously read out by the naked eye. Three DNA probes 
(hairpins A, B, and C) were utilized as the building blocks to 
construct the label-free and enzyme-free sensing platform with 
cascaded signal amplification via a series of toehold-mediated 
strand displacement reactions. Due to the significant signal 
amplification efficiency, the presence of the proof-of-concept target 
E2 leads to the generation of numerous intact G-quadruplex/hemin 
DNAzymes, which result in intensified color change of the reaction 
solution for visual detection of E2 down to 1 fM without 
instrumentation. Meanwhile, our colorimetric protocol exhibits 
excellent selectivity for E2 against other possible competing 
interferents. Moreover, this sensing system is robust and can be 
applied to the reliable monitoring of spiked E2 in environmental 
water samples with good recovery and accuracy. The construction 
strategy herein is simple in design and economic in operation 
without labeling and immobilization procedures or separation and 
washing steps, making this sensing platform particularly suitable for 
routine on-site monitoring of environmental pollutants in resource-
constrained settings. Significantly, the proposed method is modular 
and versatile and can be easily extended to the analysis of other 
analytes by simply substituting the target-specific aptamer 
sequence.  
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