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A label-free activatable aptamer probe was developed for cancer cell detection 

through recognition-switched split DNAzyme activity on living cell surface. 
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Label-free activatable aptamer probe for colorimetric 

detection of cancer cells based on binding-triggered in 

situ catalysis of split DNAzyme 

Hui Shi, Duo Li,‡ Fengzhou Xu, Xiaoxiao He,* Kemin Wang,* Xiaosheng Ye, Jinlu 
Tang and Chunmei He 

 

 

A novel label-free tailed hairpin-shaped activitable aptamer 

probe (THAAP) was developed by rationally integrating 

aptamer and split G-quadruplex into one sequence. Basing on 

target recognition-triggered in situ catalysis of split DNAzyme, 

the THAAP strategy achieved a simple, fast, washing-free, 5 

specific and quantitative colorimetric assay of human 

leukemic CCRF-CEM cells.  

Development of efficacious molecular probes is of great significance 

for the progress of cancer diagnostic technologies.1,2 In recent years, 

nucleic acid aptamers, which are short single-stranded 10 

oligonucleotides with distinct binding properties to diverse targets 

including cancer markers and cells, have attracted considerable 

interest in biochemical researches.3-5 Due to their advantages of high 

affinity, high specificity, facile synthesis, easy modification and 

structure-controlled design, aptamers hold a great promise as next-15 

generation molecular probes for cancer detection.6,7 Using different 

signal readout techniques, such as fluorescent measurement,8,9 

colorimetric measurement,10,11 magnetic measurement,12 

electrochemical measurement,13,14 etc., a variety of aptamer-based 

detection methods have been developed and widely applied in cancer 20 

diagnosis and related researches.  

      Compared with conventional methods that are time-consuming, 

expensive, and require advanced instrumentation, colorimetric 

assays exhibit unique properties including simplicity, rapidness and 

cost-efficiency.15,16 In particular, no need of any costly or complex 25 

apparatus makes colorimetric methods quite favorable for point-of-

care cancer diagnostics.11 For example, Tan group reported a 

colorimetric detection method for cancer cells using aptamer-

conjugated gold nanoparticles (NPs).17 Specific binding-induced 

aggregation of gold NPs on target cell surface could cause a distinct 30 

colour change, thus indicating the presence of cancer. Then, by 

further combining a lateral flow device, an aptamer-gold NP strip 

biosensor for cancer cell detection was developed.11 Above methods 

were rapid, specific, sensitive and potential for point-of-care cancer 

diagnosis, but still had shortcomings. Since the colour change of 35 

gold NPs depends on the distance between each other, a relatively 

low density of target proteins on cancer cell surface might result in 

invalidation of aptamer-gold NP methods.18 Moreover, the synthesis 

and modification of gold NPs inevitably increases the complexity 

and cost. Hence, it is desirable to design novel label-free aptamer-40 

based strategies for colorimetric assay of cancer cells.  

      As a kind of new and promising biocatalyst, DNAzymes have 

been widely used to construct label-free biosensors.19-21 Particularly, 

G-quadruplex, which is known as a G-rich sequence and is found to 

hold horseradish peroxidase (HRP)-mimicking activity after binding 45 

with hemin, has been extensively studied.22-24 Recently, Li group 

proposed a label-free aptamer strategy to detect human leukemic 

lymphoblasts (CCRF-CEM cells) by adopting a G-rich sequence as 

the signal probe.10 In this strategy, however, the multistep addition 

of aptamer and G-rich probes, and the necessary centrifugation 50 

process to remove cells might make it operation-complicated. Ideal 

label-free aptamer probes with “signal-on” architectures for cancer 

cell detection are still in need of exploration, though several 

excellent studies on such aptamer sensors for biomolecules have 

been reported.25-28 Actually, a G-quadruplex can also be folded by 55 

two G-rich DNA strands, which is denoted as split G-quadruplex.29-

31 The activity of split G-quadruplex-hemin DNAzymes can be 

effectively regulated by controlling the accessibility between G-rich 

fragments.31 Inspired by the fact, we envisage that the advantage of 

aptamers in target cell binding-triggered conformational alteration32 
60 

might be smartly utilized to switch the catalysis of split DNAzyme, 

thus laying a substantial basis for developing a label-free activatable 

aptamer probe for colorimetric assay of cancer cells.  
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      Herein we report such a tailed hairpin-shaped activitable aptamer 

probe (THAAP) by rationally integrating aptamer and split G-

quadruplex into one sequence. As illustrated in Scheme 1, the 

THAAP is a single-stranded oligonucleotide consisting of three parts: 

(1) a cancer-targeted aptamer sequence (A-strand, red); (2) a split G-5 

quadruplex sequence comprising a G-rich sequence 1 (G1-strand, 

dark), a G-rich sequence 2 (G2-strand, gray), and a connective DNA 

sequence (C-strand, blue) complementary to a part of the A-strand; 

(3) a Spacer18 linker (spacer, yellow) that is composed of PEG and 

designed to reduce the interference between A-strand and split G-10 

quadruplex. Because of hybridization of the C-strand with its 

complementary part of the A-strand, the THAAP is tailed-hairpin 

structured. This conformation keeps G1-strand geographically apart 

from G2-strand, avoiding the formation of split G-quadruplex-hemin 

DNAzyme in the absence of a target. However, when the THAAP 15 

encounters the target cancer cell, the A-strand is capable of binding 

with the cell surface protein, causing a spontaneous conformational 

reorganization of its tailed-hairpin structure and, consequently, 

freeing the split G-quadruplex part. In the presence of hemin and 

potassium ion, G1-strand and G2-strand can interact to form a split 20 

G-quadruplex-hemin DNAzyme, which can catalyze the oxidation of 

2,2’-azino-bis (3-ethylbenzthiazoline)-6-sulfonic acid (ABTS) into a 

blue-green radical product (ABTS•+) with a maximum absorption at 

~418 nm.33 Finally, a colorimetric signal is activated in response to 

the successful binding of the THAAP to the target cancer cell. As a 25 

label-free and “signal-on” probe, the THAAP is expected to achieve 

a simple, rapid and direct detection of cancer cells without 

complicated instruments and laborious wash steps. As proof of 

concept, an analysis of CCRF-CEM cancer cells has been performed 

by using the specific aptamer Sgc8c as a demonstration. The Sgc8c 30 

was selected by cell-SELEX against CCRF-CEM cells,34 and 

identified to interact with the cell membrane protein tyrosine kinase-

7 (PTK7),35 a protein closely associated with a number of cancers. 

Before feasibility investigation, the HRP-mimicking activity of 

split G-quadruplex-hemin DNAzyme was firstly testified. Time-35 

dependent absorbance variation was measured to optimize several 

relevant parameters, including concentrations of hemin, ABTS and 

H2O2 (Fig. S1). Results showed that at the optimum condition (0.5 

μM hemin, 6 mM ABTS, and 3 mM H2O2), the absorbance gradually 

increased with the catalysis time extended, and finally reached a 40 

plateau. It was clear that the designed split G-quadruplex could 

effectively bind with hemin and catalyze the oxidation of ABTS, 

thus serving as a generator of colorimetric signals.  

Next, Sgc8c was labelled with fluorescent dye Cy5, and its 

ability to recognize target CCRF-CEM cells was tested through flow 45 

cytometry (Fig. S2). It was demonstrated that in HEPES buffer (the 

buffer used in this work for DNAzyme catalysis), Cy5-Sgc8c could 

effectively maintain the specific binding to CCRF-CEM cells 

showing a similar recognition affinity as that in binding buffer (the 

buffer used in selection process34). Thereupon, THAAP was 50 

constructed by adopting Sgc8c sequence as the A-strand. Taking into 

account that hybridization of Sgc8c with the C-strand in split G-

quadruplex would strongly affect the hairpin-structure stability of 

THAAP, three probes-Probe 1, 2 and 3-with different C-strand 

compositions were designed (Table S1). By selecting human 55 

Burkitt’s lymphoma Ramos cells as the nontarget cell line control, 

the feasibility of these probes for specific cancer detection was 

investigated. As displayed in Fig. 1A, with the hairpin-structure 

stability decreased from Probe 1 to Probe 3, the background signal of 

probe itself was gradually elevated. A similar tendency was observed 60 

upon addition of Ramos cells, although the signals were overall 

raised due to the effect of living cells on the catalytic reaction. In 

contrast, CCRF-CEM cells exhibited a distinctive response to Probe 

2. After subtracting the background signal from probes and cells 

themselves, the absorbance result revealed that Probe 1 was too 65 

stable to change structure to form G-quadruplex, and Probe 3 was 

unstable so that it was not recognition-switched. In contrast, Probe 2 

could effectively interact with CCRF-CEM cells with an activated 

colorimetric signal, while its response to control Ramos cells was 

very weak (Fig. 1B). It was clearly demonstrated that the novel 70 

THAAP strategy based on recognition-switched DNAzyme activity 

could work well on the living cell surface, thus achieving the 

specific identification of target cells from nontarget cells.  

We next investigated a series of experimental conditions in this 

strategy, including concentration of Probe 2, time and temperature 75 

for incubation of Probe 2 with cells, as well as catalysis time (Fig. 

S3). After optimization, the THAAP strategy was applied to detect 

CCRF-CEM cells by incubating cells and 100 nM Probe 2 at 25°C 

for 90 min with a followed 45 min-catalysis. As illustrated in Fig. 

2A, a quantitative assay of CCRF-CEM cells over a large amount 80 

variation from 0 to 1.01×105 cells was performed. With the cell 

number increased, the absorbance was measured to be gradually 

enhanced. There was a good linear correlation between the 

colorimetric signal and the cell amount in the range of 3,300~26,900 

cells (R2 = 0.9965), with the lowest amount of 3.3×103 cells detected. 85 

It was shown that the THAAP effectively realized a simple, fast, 

selective and quantitative detection of target cells without the aid of 

complicated instruments.  

Conclusions 

Herein, for the first time, a label-free THAAP strategy was proposed 90 

based on target binding-switched activity of split G-quadruplex-

hemin DNAzyme on living cell surface. In this design, the THAAP 

not only acted as a molecular recognition probe but also served as a 

transducer in generating an activated colorimetric signal. The perfect 

integration of target specificity of aptamer with signal generation of 95 

split G-quadruplex endowed the THAAP a great promise for in vitro 

cancer cell assays. As proof of concept, a convenient, rapid, 

quantitative and direct detection of CCRF-CEM cancer cells was 

realized with satisfying selectivity. The colour change susceptive by 

naked eyes might further make this strategy simple and operation-100 

convenient. Moreover, in view of the expanding aptamer discovery 

for varying cancer targets,4 the THAAP design might hold great 

potential as a versatile strategy for colorimetric assay of cancer cells. 

Acknowledgements 

This work was supported by the National Natural Science 105 

Foundation of China (Grants 21175039, 21190044, 21221003, 

21322509, 21305035 and 21305038), Hunan Province Science and 

Page 3 of 5 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name COMMUNICATION 

This journal is ©  The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

Technology Project of China (2013FJ4042), and the Fundamental 

Research Funds for the Central Universities.  

Notes and references 

State Key Laboratory of Chemo/Biosensing and Chemometrics, College 

of Chemistry and Chemical Engineering, Institute of Biology, Hunan 5 

University, Key Laboratory for Bio-Nanotechnology and Molecular 

Engineering of Hunan Province, Changsha 410082, China. 

* E-mail: kmwang@hnu.edu.cn; xiaoxiaohe@hnu.edu.cn. 

‡ Joint first anthor. 

† Electronic Supplementary Information (ESI) available: [Table S1 and 10 

Figures S1-3]. See DOI: 10.1039/c000000x/ 

 

1 S. Achilefu, Technol. Cancer Res. T., 2004, 3, 393–409. 

2 D. R. Elias, D. Thorek, A. K. Chen, J. Czupryna and A. Tsourkas, 

Cancer Biomark., 2008, 4, 287–305. 15 

3 K. C. Liu, B. S. Lin and X. P. Lan, J. Cell. Biochem., 2013, 114, 250–

255. 

4 W. H. Tan, M. J. Donovan, and J. H. Jiang, Chem. Rev., 2013, 113, 2842 

−2862. 

5 Z. W. Tang, D. Shangguan, K. M. Wang, H. Shi, K. Sefah, P. 20 

Mallikratchy, H. W. Chen, Y. Li and W. H. Tan, Anal. Chem., 2007, 79, 

4900–4907. 

6 P. Wu, Y. Gao, Y. Lu, H. Zhang and C. X. Cai, Analyst, 2013, 138, 

6501–6510. 

7 K. Sefah, Z. W. Tang, D. H. Shangguan, H. Chen, D. Lopez-Colon, Y. 25 

Li, P. Parekh, J. Martin, L. Meng, J. A. Phillips, Y. M. Kim and W. H. 

Tan, Leukemia, 2009, 23, 235–244. 

8 Z. H. Sheng, D. H. Hu, P. F. Zhang, P. Gong, D. Y. Gao, S. H. Liu and L. 

T. Cai, Chem. Commun., 2012, 48, 4202–4204. 

9 H. Y. Liu, S. M. Xu, Z. M. He, A. P. Deng and J. J. Zhu, Anal. Chem., 30 

2013, 85, 3385–3392. 

10 X. L. Zhu, Y. Cao, Z. Q. Liang and G. X. Li, Protein Cell, 2010, 1, 842–

846. 

11 G. D. Liu, X. Mao, J. A. Phillips, H. Xu, W. H. Tan and L. W. Zeng, 

Anal. Chem., 2009, 81, 10013–10018. 35 

12 S. Bamrungsap, T. Chen, M. I. Shukoor, Z. Chen, K. Sefah, Y. Chen and 

W. H. Tan, ACS Nano, 2012, 6, 3974–3981. 

13 Y. Zhu, P. Chandra and Y. B. Shim, Anal. Chem., 2013, 85, 1058–1064. 

14 Z. Yi, X.-Y. Li, Q. Gao, L.-J. Tang and X. Chu, Analyst, 2013, 138, 

2032–2037. 40 

15 Y. J. Song, W. L. Wei and X. G. Qu, Adv. Mater., 2011, 23, 4215–4236. 

16 T. Li, B. L. Li, E. K. Wang and S. J. Dong, Chem. Commun., 2009, 

3551–3553. 

17 C. D. Medley, J. E. Smith, Z. Tang, Y. Wu, S. Bamrungsap and W. H. 

Tan, Anal. Chem., 2008, 80, 1067–1072. 45 

18 W. T. Lu, R. Arumugam, D. Senapati, A. K. Singh, T. Arbneshi, S. A. 

Khan, H. T. Yu and P. C. Ray, ACS Nano, 2010, 4, 1739–1749. 

19 H. Q. Wang, W. Y. Liu, Z. Wu, L. J. Tang, X. M. Xu, R. Q. Yu and J. H. 

Jiang, Anal. Chem., 2011, 83, 1883–1889. 

20 L. B. Zhang, J. B. Zhu, T. Li and E. K. Wang, Anal. Chem., 2011, 83, 50 

8871–8876. 

21 J. L. Neo, K. D. Aw and M. Uttamchandani, Analyst, 2011, 136, 1569–

1572. 

22 P. Travascio, Y. Li and D. Sen, Chem. Biol., 1998, 5, 505–517. 

23 X. J. Yang, C. L. Fang, H. C. Mei, T. J. Chang, Z. H. Cao and D. H. 55 

Shangguan, Chem-Eur. J., 2011, 17, 14475–14484. 

24 E. Golub, R. Freeman and I. Willner, Angew. Chem. Int. Ed., 2011, 123, 

11914–11918. 

25 D. Li, B. Shlyahovsky, J. Elbaz and I. Willner, J. Am. Chem. Soc., 2007, 

129, 5804–5805. 60 

26 C. Teller, S. Shimron and I. Willner, Anal. Chem., 2009, 81, 9114–9119. 

27 C. Yang, V. Lates, B. Prieto-Simón, J.-L. Marty and X. R. Yang, Biosens. 

Bioelectron., 2012, 32, 208–212. 

28 J. Lee, C. H. Jeon, S. J. Ahn and T. H. Ha, Analyst, 2014, 139, 1622-

1627. 65 

29 D. M. Kong, N. Wang, X. X. Guo and H. X. Shen, Analyst, 2010, 135, 

545–549. 

30 H. C. Su, F. M. Qiao, R. H. Duan, L. J. Chen and S. Y. Ai, Biosens. 

Bioelectron., 2013, 43, 268–273. 

31 T. Hou, X. Z. Wang, X. J. Liu, S. F. Liu, Z. F. Du and F. Li, Analyst, 70 

2013, 138, 4728–4731. 

32 H. Shi, X. X. He, K. M. Wang, X. Wu, X. S. Ye, Q. P. Guo, W. H. Tan, 

Z. H. Qing, X. H. Yang and B. Zhou, Proc. Natl. Acad. Sci. USA, 2011, 

108, 3900–3905. 

33 T. Li, E. K. Wang and S. J. Dong, Chem-Eur. J., 2009, 15, 2059–2063. 75 

34 D. Shangguan, Y. Li, Z. Tang, Z. C. Cao, H. W. Chen, P. Mallikaratchy, 

K. Sefah, C. J. Yang and W. Tan, Proc. Natl. Acad. Sci. USA, 2006, 103, 

11838–11843. 

35 D. H. Shangguan, Z. H. Cao, L. Meng, P. Mallikaratchy, K. Sefah, H. 

Wang, Y. Li and W. H. Tan, J. Proteome Res., 2008, 7, 2133–2139. 80 

 

 

 

Scheme 1. Schematic representation of the novel strategy for 

cancer cell detection using a tailed hairpin-shaped activitable 85 

aptamer probe (THAAP) based on binding-triggered in situ 

catalysis of split G-quadruplex-hemin DNAzyme.  
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Fig. 1. Feasibility investigation of the THAAP strategy for 

selective detection of CCRF-CEM cells. (A) Absorbance 

histogram of the ABTS•+ product catalyzed by different probes 

after incubation with different cells for 60 min. (Probe 5 

concentration was 125 nM; Cell number was 2×105; Catalysis 

time was 60 min.) (B) Histogram for analyzing the feasibility of 

selective cancer cell detection using different probes. (The 

absorbance in Y-axis was calculated by subtracting the 

background signal from probes and cells themselves.) 10 

 

 

Fig. 2. Quantitative detection of CCRF-CEM cells with the 

THAAP strategy. (A) The corresponding calibration curve, 

plotted with the absorbance enhancement versus the cell number 15 

increase. (B) The linear response at low concentrations of cells. 

(Error bars represent standard deviations from three repeated 

experiments.) 
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