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We report on the design of a simple all-DNA circuit with dual functions of

signal amplification and signal reporting and its use for detection of human

telomerase activity from cancer cells. The system utilizes a catalytic hairpin

assembly (CHA) reaction for amplification, which produces split

G-quadruplex outputs that assemble to form complete guanine

quadruplex structures as reporting modules. As designed, a linear DNA

sequence (the target) functions as a catalyst to drive cyclic programmed

assembly of two hairpins, producing a DNA duplex with two guanine-rich

sequences that assemble to form a complete Gq structure. The formation of

the Gq element allows either fluorescence or colorimetric detection of the

target. Examples are provided to demonstrate fluorescence detection of

cancer cells’ telomerase activities in solution and the first example of a CHA-

modulated colorimetric assay for detecting telomerase activities of cancer

cells using a simple paper device.
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1 Introduction

Early diagnosis of human diseases demands simple, cost-effective, highly reliable and

ultra-sensitive methods that can detect relevant biomarkers. The use of all-DNA circuits

to deliver enzyme-free amplification represents a very attractive option as it removes

potential issues with denaturation of protein enzymes, which are required for many DNA

amplification systems (Dirks and Pierce, 2004; Yin et al., 2008; Choi et al., 2010; Li et al.,

2011; Li et al., 2012a; Allen et al., 2012; Li et al., 2012b; Jiang et al., 2014; Chen et al., 2015;

Du et al., 2015; Wu et al., 2015; Kotani and Hughes, 2017). Catalytic hairpin assembly

(CHA) offers a particularly simple solution: the system only uses two hairpin-shaped

DNA oligonucleotides designed to undergo a chain reaction driven by an input DNA

(target) as the catalyst strand (Figure 1) (Yin et al., 2008; Li et al., 2011; Li et al., 2012a;

Allen et al., 2012; Li et al., 2012b; Jiang et al., 2014; Chen et al., 2015; Du et al., 2015; Wu

et al., 2015). The product of CHA is a DNA duplex formed between the two DNA

hairpins. To make the CHA system into a biosensor, a common approach is to use an
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additional duplex assembly doubly labeled with a fluorophore/

quencher pair as the signal output module (Yan et al., 2016).

However, the use of the external reporter module not only adds

to the cost and design complexity of CHA, but often is inherently

associated with a high background signal that significantly

reduces the analytical performance of CHA.

Recently, our groups reported on a simplified CHA

biosensor that incorporates a split G-quadruplex (SGq) as

an internal reporter module for the duplex product (Zhou

et al., 2020). Using a 4-way junction as a control element, it

was possible to design either turn-on or turn-off sensors based

on target-mediated CHA to produce full G-quadruplexes from

assembly of the SGq elements, which were detected based on

the fluorescence enhancement of protoporphryn IX (PPIX)

upon binding to the full G quadruplex. Assembly of

G-quadruplexes as fluorescence reporters for telomerase

detection has also been reported based on a combined

strand-displacement reaction (SDR)-CHA system, and

using CHA incorporating a DNAzyme feedback system to

improve amplification efficiency (Yan et al., 2016; Zou et al.,

2019).

In this work, we evaluate the potential of the SGq-CHA

system for ultra-sensitive monitoring of the activity of human

telomerase, a proposed diagnostic marker for human cancers,

via detection of the telomeric DNA repeats made by the

telomerase. To move the assay toward a simple point-of-

care sensor, we extend the original design using a

fluorescence output to a colorimetric output based on the

peroxidase activity of the full Gq (Li et al., 1996; Travascio

et al., 1998; Travascio et al., 1999; Travascio et al., 2001; Lee

et al., 2004; Xiao et al., 2004; Travascio et al., 2006; Li et al.,

2009a; Li et al., 2009b; Li B. et al., 2009; Li et al., 2010a; Li et al.,

2010b; Zhu et al., 2010; Zhu et al., 2011). In addition, we

demonstrate the translation of the colorimetric assay onto a

simple printed paper-based sensor to allow equipment-free

detection of telomerase activity (Liu et al., 2016).

2 Materials and methods

2.1 Materials

DNA strands were purchased from Integrated DNA

Technologies (IDT), and are listed in Supplementary Table

S1. All DNA oligonucleotides were purified by 10% denaturing

(8 M urea) polyacrylamide gel electrophoresis (dPAGE), and

their concentrations were determined spectroscopically.

Protoporphyrin IX (PPIX) and 3,3′,5,5′-
tetramethylbenzidine (TMB) were purchased from Sigma-

Aldrich. Other chemicals were of reagent grade and were

used without further purification.

2.2 Fluorescence spectroscopic analysis

Before starting the CHA reaction, the hairpin substrates were

separately heated at 90°C for 5 min and slowly cooled down to

room temperature (RT, ~22°C) in Tris buffer (5 mM Tris-HCl,

0.5 mM EDTA, 100 mM NaCl, 20 mM KCl, 10 mM MgCl2,

pH 8.0). For a typical CHA reaction, two hairpins (0.5 μM),

aliquots of catalyst strand (CS, 0–40 nM) and PPIX (1 μM) were

mixed together. After incubating for 1 h at RT, the fluorescence

analysis was performed using a Cary Eclipse fluorescence

spectrophotometer (Agilent Technologies, USA). The slit

widths for excitation and emission were both set at 10.0 nm.

The excitation wavelength was set at 410 nm and emission was

recorded at 631 nm.

2.3 Telomerase extracts from hela cells

HeLa and MCF7 cells were cultured in D-MEM medium

supplemented with 10% fetal calf serum, and were

maintained at 37°C in a humidified atmosphere with 5%

CO2. MCF10A cells were cultured in D-MEM medium

supplemented with 5% (v/v) Horse Serum (Sigma H1138).

Cells were collected in the exponential phase of growth, then

5 × 106 cells were dispensed in a 1.5 ml EP tube, washed twice

with ice-cold PBS solution, and resuspended in 100 μL of ice-

cold CHAPS lysis buffer (10 mM Tris-HCl, pH 7.5, 1 mM

MgCl2, 1 mM EGTA, 0.5% (w/v) CHAPS, 0.1 mM PMSF

(freshly prepared in ethanol), 5 μL of RNase Inhibitor

(40 U/μL)). The lysate was incubated for 30 min on ice

and then centrifuged for 20 min (11,000 g, 4°C). Without

disturbing the pellet, the cleared lysate was carefully

transferred. The lysate was used immediately or stored

at −80°C before use.

FIGURE 1
Schematic illustration of a catalytic hairpin assembly (CHA)
system featuring SGq/PPIX as a fluorescent reporter. All the DNA
sequences used for this study are provided in Supplementary
Table S1.
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2.4 Telomerase extension reaction

Telomerase extracts were diluted to respective numbers of

cells using the CHAPS lysis buffer mentioned above. Then,

5 μL of extracts were mixed with dNTPs (1 mM each dNTP)

and 0.5 μM primer in Extension Buffer (20 mM Tris-HCl,

pH 8.3, 1.5 mM MgCl2, 63 mM KCl, and 1 mM EGTA). The

final volume of the solution was 50 μL. In control

experiments, the telomerase extracts were first heated at

90°C for 30 min, and then used to perform the extension

experiments as above.

2.5 Amplified assay of telomerase activity
using SG-CHA circuit

The design of the SGq-CHA system was based on a similar

system that was previously published (Zhou et al., 2020).

Hairpins H1 and H2 (0.5 μM each), CS (8 nM) and PPIX

(1 μM) were added to the above telomerase extension

solutions with a final volume of 100 μL. After incubation

for 1 h, the fluorescence intensity measurements were

carried out. The excitation wavelength was set at 410 nm

(λem = 631 nm).

2.6 Native polyacrylamide gel
electrophoresis

The DNA solutions mixed with 6× loading buffer (TEK

buffer, pH 8.0, 50% glycerol, 0.25% bromphenol blue) were

analyzed by 10% (or 15% if noted) native polyacrylamide gel

electrophoresis. The electrophoresis was conducted in 1× TBE

(pH 8.0) at a constant voltage of 110 V for 1 h. The gels were

scanned using a Typhoon 9,200 variable mode imager (GE

Healthcare) after staining with SYBR Gold.

2.7 Immobilizing deoxyribonucleic acid
primer on paper

Paper micro-well plates were first printed using a Xerox

ColorQube 8570N solid wax printer.

To immobilize DP on paper for the DNA extension reaction,

streptavidin was used to bind the biotinylated DP. Briefly, 5 nmol

of DP and 100 μL of 2 mg/ml streptavidin were added to 300 μL

of Tris buffer. After incubating at RT for 15 min, free DP was

removed by centrifugation through a 30 K membrane

(NANOSEP OMEGA, Pall Incorporation) at 5,000 g for

10 min. The as-prepared streptavidin-biotin DNA conjugates

were washed twice with Extension Buffer and collected. Then

10 μL of the above solution was added onto each test zone and

was incubated overnight. After blocking with 10% BSA for

20 min and washing twice, the obtained bioactive paper was

dried at RT and was ready to be used.

2.8 Telomerisation reaction and amplified
detection of telomerase activity with
catalytic hairpin assembly on paper

In a typical telomerisation experiment, 2 μL of cell

extracts, dNTPs (10 mM), and Extension Buffer were added

(total volume: 20 μL) to the test zones. The reaction was

allowed to proceed at RT for 1 h. For the radioactive assay,

0.5 μL of [α-32P]dGTP was added for the extension reaction;

then after being washed three times, the radioactive paper was

scanned using a Typhoon 9,200 variable mode imager. For the

colorimetric assay with SGq-CHA, H1 (1 μM), H2 (1 μM), CS

(10 nM) and hemin (3 μM) was introduced to each well and

allowed to react with the extension products for 40 min.

Finally, 10 μL of H2O2 and TMB mixture in CDK buffer

(26.6 mM citrate, 51.4 mM disodium hydrogen phosphate,

20 mM KCl, pH 5.0) was added and mixed by pipetting to

initiate the colorimetric reaction, and the picture was taken

using a digital camera.

3 Results

Among the many possible G-quadruplex outputs, T30695, a

16-nucleotide G-rich DNA molecule with a sequence of 5′-
GGGT GGGT GGGT GGGT-3′, exhibits significant

peroxidase-like catalytic activity upon binding hemin. In the

presence of H2O2, the T30695/hemin complex is capable of

catalyzing the H2O2-mediated oxidation of 2,2-azinobis (3-

ethylbenzothiazoline)-6-sulfonic acid (ABTS) or 3,3′,5,5′-
tetramethylbenzidine (TMB) to produce a color change

(Travascio et al., 1998; Travascio et al., 1999; Li et al., 2009a;

Li B. et al., 2009; Zhu et al., 2010; Zhu et al., 2011). T30695 is also

capable of binding protoporphyrin IX (PPIX) and the resultant

DNA-porphyrin complex exhibits significantly enhanced

fluorescence over PPIX alone, providing a useful fluorescence

output (Li et al., 2010b). Therefore, T30695/PPIX can also act as a

fluorescent reporter. Finally, T30695 can also be formed from a

“split” configuration to restore the G-quadruplex structure to

create a two-probe DNA biosensor (Deng et al., 2008;

Kolpashchikov, 2008; Nakayama and Sintim, 2009; Kong

et al., 2010; Wang et al., 2011; Ren et al., 2012; Zhou et al.,

2012; Zhu et al., 2012; Zhu et al., 2013a; Zhu et al., 2013b; Zhu

et al., 2013c; Hou et al., 2013; Jiang et al., 2013; Zhu et al., 2015).

We therefore selected T30695 for incorporation into a CHA

circuit to allow both fluorimetric and colorimetric detection of

telomerase activity.

To generate a fluorimetric assay, the SGq-CHA system

consists of three DNA components (Figure 1): DNA hairpin 1
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(H1), DNA hairpin 2 (H2) and a catalyst strand (CS, the DNA

target), along with PPIX (simplified as “p" in Figure 1) as a

fluorescence reporter. H1 and H2 each contain a sequence tag

that can assemble into a guanine quadruplex when placed in

physical proximity. H1 and H2 are designed in a specific way

such that the target CS, which contains sequence elements a*,

b* and c*, is complementary to the abc sequence elements of

H1 and thus can hybridize with H1 to create the dc*b* tail.

The c* element within this tail then initiates the binding to

H2 at the c element, followed by hybridization of the d*c*b*

elements of H2 onto H1, resulting in the displacement of CS.

The newly released CS can then undergo the next cycle of the

CHA reaction. Each cycle causes the assembly of a

G-quadruplex from the original SGq system, which is

capable of binding with PPIX, resulting in a significantly

enhanced fluorescence signal.

We initially assessed the performance of the SGq-CHA

design via both fluorescence measurements and native

polyacrylamide gel electrophoresis (nPAGE). The emission

spectra of H1/H2 solutions containing increasing

concentrations of CS (Figure 2A) and the fluorescence

intensity vs the concentration of CS (Figure 2B) demonstrate

the functionality of the system, as the all-DNA system can

produce increased fluorescence in response to increasing CS

concentrations. The nPAGE data provides direct evidence that

CS promotes the formation of the H1/H2 hybrid.

Given the excellent performance of the SGq-CHA system, we

further investigated its utility for amplified detection. We chose

to apply the SGq-CHA system for the detection of human

telomerase activity. Telomeres, consisting of tandemly

repeated GGGTTA sequences along with several binding

proteins, act as the “caps” at the end of linear chromosomes

(Harley et al., 1994; Kim et al., 1994; Hou et al., 2001). Human

telomerase is a ribonucleoprotein that can synthesize telomeric

DNA sequences using its intrinsic RNA template and reverse

transcriptase (Morin, 1989; Feng et al., 1995; Cohen et al., 2007;

Wang et al., 2012; Wu et al., 2012; Wang et al., 2015). In most

healthy human somatic cells, each cell division will shorten the

length of telomeres, finally triggering the cellular senescence

program and apoptosis when the telomere reaches a critical

length (Hastie et al., 1990; Harley et al., 1994; Kim et al.,

1994; Hou et al., 2001; Blasco, 2005). However, most

malignant human cells are capable of escaping senescence and

sustaining infinite proliferation through the activation of

telomerase to stabilize their telomere length (Harley et al.,

1994; Kim et al., 1994; Shay and Bacchetti, 1997; Hou et al.,

2001). Therefore, telomerase has been considered as a potential

diagnostic marker for tumors and an attractive target for cancer

therapy (Harley et al., 1994; Kim et al., 1994; Shay and Bacchetti,

1997; Hou et al., 2001). Accordingly, there is significant interest

in the development of sensitive, simple and cost-effective

methods for the analysis of telomerase activity. At present, the

telomeric repeat amplification protocol (TRAP) is the “gold

standard” method for the determination of telomerase activity

(Harley et al., 1994; Kim et al., 1994; Hou et al., 2001). This

method, although highly sensitive because telomerase products

are amplified by a subsequent polymerase chain reaction (PCR),

has inherent drawbacks, including a limited dynamic range, long

assay time, use of perishable DNA polymerase, need for a

thermocycler and skilled operators, and susceptibility to PCR-

derived artifacts (Harley et al., 1994; Kim et al., 1994; Hou et al.,

2001).

We investigated the use the proposed SGq-CHA system to

replace the current PCR technique with an isothermal

amplification strategy for detection of telomerase activity,

which can also enable exponential amplification to ensure

high sensitivity and avoid the disadvantages of TRAP. As

shown in Figure 3A, the basis of such detection is that the

primer-telomeric repeats generated in the telomerase reaction

can hybridize with CS, thereby “locking” the catalytic ability of

CS and suppressing the downstream CHA reaction.

Fluorescence measurements were first carried out to test the

feasibility of the assay. Initially, the fluorescence of the SGq-CHA

system with 8 nM CS was high (Figure 3B, curve a). However, the

presence of telomerase products greatly inhibited the ability of CS

to trigger the CHA reaction, causing a decreased fluorescence

signal (Figure 3B, curve b). In a control experiment to show the

specificity of the SGq-CHA system for telomerase, a heat-treated

telomerase sample was used, which should prevent the process of

FIGURE 2
Analysis of SGq-CHA reactions. (A) Fluorescence spectra of
SGq-CHA-PPIX solutions containing varying concentrations of CS.
[CS] = 0, 0.05, 0.5, 5, 8, 10, 25, 40 nM; [H1] = [H2] = 500 nM;
[PPIX] = 1 μM. The excitation wavelengths were set at
410 nm, reaction time is 1 h. (B) Plot of fluorescence intensity at
631 nm vs. [CS] from panel (A). (C) 10% native polyacrylamide gel
analysis of SGq-CHA reaction solutions containing indicated
concentrations of H1, H2 and CS.
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telomerisation. In this case, the fluorescence of the system

remained relatively high (Figure 3B, curve c), owing to a lack

of telomere DNA.

We also used nPAGE to detect the amount of the reaction

product produced in the presence of different numbers of Hela cells,

fromwhich telomerase had been extracted (Figure 4A).With the use

of increasing numbers of Hela cells (lane 3 to lane 8), the intensity of

the band corresponding to the DNA primer (DP) as well as to the

H1/H2hybrid progressively lessened, indicating thatmore andmore

DPwas used by the increasing amounts of telomerases from the cells

to produce more and more telomeric repeats, accompanied by

stronger and stronger suppression of the CHA reaction. As a

control, we conducted an additional reaction where heat was

applied to denature telomerase (lane 9; note that the same

FIGURE 3
Detection of telomerase activity using SGq-CHA reaction. (A) Design principle. (B) Fluorescence emission spectra of reaction solutions
containing: curve a: H1/H2/CS/PPIX, curve b: a + telomerase extracts from 2.5 × 105 Hela cells, and curve c: a + heat-treated telomerase extracts
from 2.5 × 105 Hela cells. [H1] = [H2] = 500 nM; [CS] = 8 nM; [PPIX] = 1 μM λex = 410 nm.

FIGURE 4
Detection of telomerase activity using SGq-CHA reaction. (A)
15% nPAGE analysis of reaction solutions containing telomerase
extracted from indicated numbers of Hela cells. DP: DNA primer,
which was used at 0.5 μM; [H1] = [H2] = 500 nM; [CS] = 8 nM.
(B) Fluorescence spectra of SGq-CHA reactions containing
telomerase extracted from0, 25, 250, 2.5 × 103, 1.0 × 104, 2.5 × 104,
1.0 × 105 and 2.5 × 105 cells. [H1] = [H2] = 500 nM; [CS] = 8 nM λex =
410 nm. (C) Plot of fluorescence intensity at 631 nm vs number of
Hela cells in logarithmic scale. λex = 410 nm.

FIGURE 5
Designing paper sensors to detect human telomerase
activity. (A) Tracking the telomerization reaction using paper-
printed DNA primer and radioactive dNTPs. DP: telomerase
reaction withmatching DNA primer; DC: telomerase reaction
with control DNA primer. 2.5 × 105 cells were used for this
experiment. (B) Colorimetric signal output for control and test
samples. 2.5 × 105 cells were used for this experiment. (C) Color
signal vs number of Hela cells. [H1] = [H2] = 1 μM; [hemin] = 3 μM;
[CS] = 10 nM. (D) Plot of color intensity vs number of Hela cells in
logarithmic scale.
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numbers of Hela cells were used for the reactions in lanes 8 and 9).

The high intensity of both the DP band and the H1/H2 hybrid band

further supports that the presence of telomerase can inhibit the CHA

reaction. Moreover, high molecular-weight products were detected

by agarose gel electrophoresis (Supplementary Figure S1). Taken

together, the nPGAE results indicate that SGq-CHA can specifically

detect the telomerase activity from human cancer cells.

The telomerase/SGq-CHA reactions were further examined

using fluorescence spectroscopy (Figure 4B). There existed a linear

correlation between the fluorescence intensity at 635 nm and the

logarithm of the numbers of Hela cells over the range of 2.5 × 102 to

2.5 × 105 cells (Figure 4C). The detection limit of this method is

10 cells (signal-to-noise of 3) using a 1 h reaction time. Our method

shows better or comparable sensitivity to previously reported

methods that need long telomerization times or complex

preparation procedures (Yang et al., 2011; Wang et al., 2012; Wu

et al., 2012; Zhou and Xing, 2012; Liu et al., 2013; Wang et al., 2014;

Zhu et al., 2014; Wang et al., 2015; Gao et al., 2016; Yan et al., 2016;

Zhang et al., 2017). A list of methods and detection limit of

comparable cell-free assays are presented in Supplementary Table S2.

Tomake the CHAmethod more convenient for practical use,

we also engineered a paper device with color change as the

output. As shown in Figure 5, we first used the wax printing

technique to produce a 96-microzone paper plate, with the

diameter of each test zone being 4 mm. A pre-formed 5′-
biotinylated DP-streptavidin conjugate was then printed onto

the test zone using inkjet printing. To demonstrate that the

proposed strategy allows efficient telomerization on the paper

surface, we added cellular extracts and dNTPs on the test zone to

initiate the telomerization reaction. In the experiment shown as

Figure 5A, we added [α-32P]dGTP in the reaction mixture so that

the telomerization product became radioactive. Strong

radioactivity was observed for extracts of Hela and

MCF7 cells, both of which are known to have high telomerase

activity. Much reduced radioactivity was observed in the control

experiments with either MCF10A cells (which have low

telomerase activity) or a non-binding DNA sequence (named

DC) as the primer. These experiments show the high specificity

of the paper sensor for the detection of the human telomerase

activity from cancer cells.

We then investigated the colorimetric reporting capability of

the paper sensor (Figure 5B). In this design, the SGq-CHA

reaction produces an intact G-quadruplex, which, upon

binding to hemin, can act as a peroxidase to oxidize TMB

and produce a blue color. The presence of telomerase leads to

the generation of telomeric repeats on the paper surface, which

hybridize with CS to supress the SGq-CHA reaction. As shown in

Figure 5B, both Hela andMCF7 cells (2.5 × 105 cells) resulted in a

decrease in the characteristic blue color seen with the control

reactions. Semi-quantitative analysis (Figure 5, panels c and d)

indicates that this paper-based method is able to detect as low as

250 cells within 100 min (60 min telomerase reaction followed by

40 min CHA reaction).

4 Discussion

We have designed an all-DNA system that can achieve the dual

functions of integrated signal-amplification and signal-reporting. It

uses three separate DNA molecules to carry out catalytic hairpin

assembly (CHA). It differs from the classic CHA design by the

incorporation of a half guanine quadruplex (a split guanine

quadruplex or sGq) into each of the two hairpins needed for the

CHA reaction. This unique feature allows the CHA reaction to

produce a complete guanine quadruplex (cGq) as part of the

reaction product. The creation of cGq allows for convenient

signal output, either via enhanced fluorescence as a result of

PPIX-cGq binding, or via the production of a color signal as a

result of hemin-cGq binding and subsequent oxidization of TMB.

This sGq/cGq design is compatible withmany applications that have

already been demonstrated for traditional CHA reactions. However,

to further expand the utility of CHA as well as illustrate the

effectiveness of the sGq/cGq approach, we have applied this

method to detect the high human telomerase activity associated

with cancer cells in a cell-free assay. For this specific application, a

DNA primer is provided to allow the telomerase to produce a

repetitive sequence that interferes with the CHA reaction. The

method is shown to be capable of detecting telomerase activity

from as few as 10 cancer cells using fluorimetric assay, or 250 cancer

cells using a simple paper-based colorimetric sensor. We have

previously shown that paper sensors printed with DNA-based

materials are extremely stable during storage at ambient

temperatures and no significant performance reduction was

observed after storage for up to 180 days (Liu et al., 2016; Ali

et al., 2017; Hsieh et al., 2017). Given these properties, this all-DNA

amplification and reporting system has the potential to be developed

into a point of care diagnostic test.
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