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Abstract
A stable and enzyme-free method is described for highly sensitive determination of telomerase activity. It is based on the use of a
framework nucleic acid (FNA) nanomachine and doxorubicin-spherical nucleic acid (DSNA) tags. Upon incubation with
telomerase, the primer-tetrahedron becomes elongated to form the handed swing arm. The extended swing arm autonomously
moves along the predefined track consisting of entropy-tetrahedron by consecutive strand displacement under the aid of fuel-
tetrahedron. As a result, many (entropy-tetrahedron)-(fuel-tetrahedron) complexes are assembled for combining the DSNA tags.
This results in an amplified electrochemical signal, typically measured at around −0.63 V (Ag/AgCl). The use of an enzyme-free
FNA nanomachine and of DSNA tags warrants outstandingly high stability and sensitivity. The method shows a broad dynamic
correlation of telomerase activity in cell extracts. The analytical range extends from 10 to 1.0 × 104 HeLa cells mL−1 with a lower
detection limit of 2 cells mL−1. The differences in telomerase activity between different cancer cells can be easily evaluated. The
methodwas further verified by quantifying telomerase activity of cancer cells in accumulated normal cells. Therefore, the sensing
method has great potential for clinical application.
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Introduction

Telomerase is a ribonucleoprotein complex and can extend
telomeric repeats (TTAGGG)n onto the 3′-end of telomers
[1]. Telomer length gradually shortens along with the natural
cell division, leading to cellular aging and senescence [2]. To
date, telomerase is over-expressed in over 85% of tumor cells,
and it has become a promising diagnostic and prognostic tu-
mor biomarker [3]. Therefore, it is crucial to detect telomerase

activity for early cancer diagnosis and treatment. Many bio-
sensing methods have been developed to evaluate telomerase
activity, such as fluorescence [4–7], colorimetry [8, 9], and
electrochemistry [10, 11] et al. Among them, electrochemical
techniques have attracted considerable attention owing to low
costs and rapid response [12].

Nucleic acids have been used to build diverse accurate
signal amplification strategies and nanomachines for biosens-
ing and biomedicine, due to excellent predictability and spec-
ificity of Watson-Crick base pairing [13, 14]. For one thing,
signal amplification strategies have been widely used to detect
telomerase activity, such as loop-mediated isothermal ampli-
fication (LAMP) [15], rolling circle amplification (RCA) [16],
and strand displacement reaction [17, 18]. For another thing,
The DNA nanomachines can execute mechanical movement
for signal amplification in constructing detection approaches
[19]. For instance, enzymatic cleavage propelled DNA nano-
machine was developed for the detection of telomerase activ-
ity [20]. However, these methods suffer from some disadvan-
tages. Firstly, the involvement of protein enzymes needs to
control strictly reaction conditions, which often lead to
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nonspecific response [21]. Secondly, the activation of protein
enzymes and free DNA components may confront interfer-
ences in complex matrices. These drawbacks restrict their
clinical applications. Therefore, constructing a sensing strate-
gy for sensitive and stable evaluation of telomerase activity
still remains urgently needed.

Framework nucleic acids (FNAs) including tetrahedron,
polyhedron, and DNA origami etc., have been explored to
develop biosensing strategies owing to structural order and
high stability [22, 23]. In addition, these nanostructures can
enhance target accessibility at the biosensing interface, which
greatly improve sensitivity [24]. Isothermal amplifiers exhibit
remarkably enhanced stability by inserting into framework
nucleic acids [25, 26]. For example, the entropy-driven circuit
imbedded DNA tetrahedron was reported for intracellular
microRNA imaging [26]. Nevertheless, the sensitivity of the
single DNA amplifier cannot meet the demand of trace anal-
ysis [27]. Faced with these challenges, we constructed a novel
FNA nanomachine for enzyme-free and highly sensitive de-
tection of telomerase activity with doxorubicin-spherical
nucleic acids tags.

Spherical nucleic acids (SNAs) are comprised of spherical
nanoparticle cores and oriented nucleic acid shells [28]. This
structure endows nucleic acid shells with several unique fea-
tures, such as low toxicity, resistance to enzymatic degrada-
tion, and improved binding constant with complementary se-
quences [29, 30]. Doxorubicin (DOX) has been known to be
easily intercalated into a double helix of DNA [31], showing
higher electrochemical signal than methylene blue. Therefore,
SNAs are used to appropriate DOX carrier for electrochemical
detection of telomerase.

In the presence of telomerase, the primer-tetrahedron
(PT) is recognized and elongated by telomerase to form a
handed swing arm. Subsequently, the extended swing arm
binds to entropy-tetrahedron (ET) to expose the prelocked
toehold domain. Then, fuel-tetrahedron (FT) rapidly binds
to the exposed toehold domain, triggering strand displace-
ment reaction to form ET-FT complex for capturing the
doxorubicin-spherical nucleic acids (DSNA) and produc-
ing an amplified electrochemical signal. The extended
swing arm is released and will start a new cycle reaction.
Therefore, an enzyme-free and high stable strategy is suc-
cessfully developed for highly sensitive telomerase detec-
tion. The method provides a promising tool for cancer ear-
ly diagnosis.

Experimental section

Materials, reagents, apparatus, preparation of the probes, and
native polyacrylamide gel electrophoresis (PAGE) are de-
scribed in the Electronic Supporting Material (ESM).

The number of DOX and double-strand DNA (dsDNA)
molecules per AuNP

AuNPs were synthesized in accordance with the reported
method [32]. The preparation of DSNA tags is depicted in
Fig. 1a. The synthesized steps of AuNPs and DSNA tags are
described in the ESM. According to the previously reported
method [33], the amount of DOX loaded in dsDNAwas firstly
evaluated. The doxorubicin loading efficiency was around
43.5%. Further, the number of dsDNA molecules on per
AuNP was quantified based on the method that previously
reported [34, 35]. The amount of dsDNA on each AuNP
was estimated to be around 105. The specific steps of deter-
mination of the number of DOX and dsDNAmolecules on per
AuNP are described in the ESM.

Electrochemical determination of telomerase activity

Cell culture, extraction of telomerase, and modification of the
bare gold electrode are described in the ESM. The cyclic volt-
ammetry (CV) (from 0.2 V to 0.6 V) and electrochemical
impedance spectroscopy (EIS) measurements were performed
in 1.0 mM [Fe(CN)6]

3−/4- solution and the supporting electro-
lyte was 0.1 M KCl. For telomerase analysis, 8 μL of the
telomerase extracts with different concentrations and
250 nM FT probes was added into the above modified gold
electrode, and then incubated at 37 °C for 45 min. Finally, the
electrode was immersed in DSNA tags solution at room tem-
perature for 30 min, and then washed three times with 10 mM
Tris-HCl. The square wave voltammetry (SWV) response was
obtained in Tris-HCl (20 mM, pH 7.4) with potential range of
−0.80 to −0.3 V with a scan rate of 50 mV·S−1, amplitude of
25 mVand frequency of 25 Hz.

Results and discussion

Mechanism of the method

The operation principle of the method is illustrated in
Scheme 1. The sensing system only contains the self-
assembled probe ET, PT and DSNA tags. The ET and PT
probes are firstly immobilized on the surface of the bare gold
electrode by Au-S bonds. Upon incubation of telomerase ex-
tracts with the sensing system, tandem telomeric repeat se-
quences (5′-TAGGG-3′) are added to the 3′ end of telomerase
primer in probe PT, forming the handed swing arm. The ex-
tended swing arm recognizes the toehold domain in probe ET
through accurate base pairing, and then displaces P strand by
strand migration to expose the prelock toehold domain.
Subsequently, the probe FT binds to the exposed toehold,
which simultaneously release the R strand and the extended
swing arm that start to next cycle by further hybridizing with
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the other probe ET. Thus, automatic motions of the elongated
swing arm along the pre-designed track can be propelled by
DNA strand displacement. As a result, numbers of FT probes
attach to the modified electrode surface by forming ET-FT
complex for capturing the electrochemical indicator DSNA,
leading to the production of significantly amplified output
signal. The FNA nanomachine and DSNA tags offer a novel
signal amplification pattern for evaluating telomerase activity.

Choice of materials

These materials, including SNAs, tetrahedron framework, and
Au electrode, were used to perform the detection of telome-
rase activity. Compared to DNA origami, tetrahedron

framework not only owns simple assembly (four short DNA
strands), but improve the sensitivity and stability of the bio-
sensors [22–24]. SNAs have many advantages, such as low
toxicity, larger surface areas, and good dispersibility and sta-
bility [29, 30]. Compared with other nanomaterial electrodes,
Au electrode displays high conductivity and high affinity with
sulfydryl groups, which load easily with thiolated DNA.
Hence, these materials are chose to construct the electrochem-
ical biosensor for the detection of telomerase activity.

Characterization of AuNPs and DSNA tags

The schematic diagram of the self-assembled process of
DSNA is illustrated in Fig. 1a. The synthetic AuNPs and the

Scheme 1 Schematic illustration of target induced FNA nanomachine with DSNA tags for electrochemical detection of telomerase activity.

Fig. 1 Characterization of AuNPs
and DSNA tags. a The self-
assembled procedure for DSNAs.
b TEM image of AuNPs, Scale
bars: 100 nm. c UV–vis absorp-
tion spectrums of (a) AuNPs, (b)
SNAs, (c) DSNAs. For particle
sizes, standard deviations (± 1.5)
and the number of particles (n =
35)
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assembly process of DSNAwere verified by the transmission
electron microscopic (TEM) image and UV-vis absorption
spectrums, respectively. As shown in Fig. 1b, the synthesized
AuNPs show good uniformity and dispersity, and the average
diameter of the AuNPs is 15 nm. As seen in Fig. 1c, the peak
of DNA at 260 nm in the UV-vis spectrum of SNAs shows
that DNA binds to AuNPs (curve b) compared to the peak of
AuNPs (curve a). Curve c shows the UV-vis spectrum of
DSNAs.

Characterization of the modified electrode

The modification of the electrode at each step was studied by
CV and EIS, respectively. As shown in Fig. 2a, bare gold
electrode exhibits a pair of well-defined current peaks (curve
a) on account of the good electron transfer capability. After
modification with ET and PT, the peaks distinctly decrease
due to the fact that negatively charged DNA is capable of
repelling [Fe(CN)6]

3−/4−(curve b). In the presence of

telomerase and FT, FNA nanomachine is triggered, resulting
in the binding of many FTs to the gold electrode. Thus, the CV
peaks further reduce (curve C). Then, EIS results are recorded
in Fig. 2b. In general, the semicircle size represents the electron
transfer limited process in an impedance spectrum. Compared
to the bare gold electrode (curve a), the value of electron-
transfer resistance (Ret) of ET/PT/bare gold electrode (curve
b) significantly enhance. After the operation of telomerase-
induced nanomachine, an increased semicircle diameter is ob-
served (curve c), owing to the constructed nanomachine walk-
ing that brings more negatively charged FT to the gold elec-
trode surface. The EIS results are consistent with those of CV,
suggesting the successful modification of the gold electrode.

Feasibility of the method

To clearly demonstrate the feasibility of the sensing method for
telomerase assay, the SWVmeasurements were carried out un-
der different reaction conditions. Native polyacrylamide gel

Fig. 2 a CVand b EIS representations of the modified gold electrode at
different conditions: (a) bare gold electrode, (b) ET/PT/bare gold
electeode, (c) telomerase + FT + ET/PT/bare gold electeode. c Testing
the feasibility of the method. SWVresults at different reaction conditions:

(a) DSNAs + ET/PT/gold electrode, (b) FT +DSNAs + ET/PT/gold elec-
trode, and (c) telomerase + FT +DSNAs + ET/PT/gold electrode. The
concentrations of DSNAs and FT are 100 nM and 250 nM, respectively.
Telomerase contract is from 1000 HeLa cells mL−1

Fig. 3 Evaluation of the sensitivity of the strategy. SWV signals in
response to a range of HeLa cell extracts (from a to h): a 0, 10, 50, 100,
500, 1.0 × 10,3 5.0 × 10,3 1.0 × 104 cells mL−1. b Calibration plots of the
SWV peak current versus different number of HeLa cells. Insets: linear
plots of calibration versus the logarithm of HeLa cell number ranging

from 10 cells to1.0 × 104 cells. SWV were carried out from −0.80 to
−0.3 V with amplitude of 25 mV and frequency of 25 Hz, typically
measured at around −0.63 mV (Ag/AgCl). All data expressed as mean
± standard variation (n = 3)
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electrophoresis (PAGE) was carried out for characterizing the
formation of DNA tetrahedron (Fig. S1). As shown in Fig. 2c,
in the absence of the telomerase extracts and FT, ignorable
current peak has been observed because ET and PT modified
gold electrodes cannot absorb DSNA tags (curve a). Then the
SWV result of the modified electrode without telomerase ex-
tracts is also recorded (curve b), which barely changes in com-
parison to curve a due to that the FNA nanomachine cannot be
initiated, leading to the result that no DSNA tags bind to the
modified electrode. However, once telomerase extracts is intro-
duced, the extended swing arm binds to ET and triggers nano-
machine walking, subsequently forming ET-FT complex, and
then capturing the DSNA tags, resulting a well-defined current
peak of Dox appeared at about −0.632 V (curve c), powerfully
demonstrating that the DSNA tags captured on the electrode
surfaces is attribute to the operation of target-induced nanoma-
chine. Therefore, the results show that the strategy is feasible
and offers a novel method for telomerase detection.

Optimization of the assay conditions

To get a higher sensitivity, the following parameters were
optimized: (a) ratio of PT to ET; (b) incubation temperature;
(c) reaction time; (d) concentration of dsDNA bound to

AuNP; (e) density of ET/PT on the electrode. Respective data
and Figures are given in the ESM. The following experimental
conditions were found to give best results: (a) Best ratio of PT
to ET: 1/9; (b) Optimal incubation temperature: 37 °C; (c)
Optimal incubation time: 45 min; (d) Best concentration of
dsDNA bound to AuNP: 100 nM; (e) the densities of ET
and PTon the electrode were 1 μM and 100 nM, respectively.

Sensitivity

Under the optimized reaction conditions, the sensitivity of the
sensing strategy for various concentrations of telomerase ex-
tracted from HeLa cells was evaluated. As shown in Fig. 3a,
with the increase of telomerase extracts corresponding to from
0 cell to 104 HeLa cells, more FT-ETcomplexes are formed to
capture DSNA tags, which are directly reflected by the step-
wise increased current intensity. The relationships between
increased peak currents and cell numbers are used for plotting
calibration plot (Fig. 3b). A good linear relationship is con-
structed for the cell numbers ranging from 10 to 104 HeLa
cells with the regression equation as follows:

y ¼ 2:18 lgCþ 0:96 R2 ¼ 0:96
� �

in which y stands for the electrochemical peak, and C is the
HeLa cell number mL−1. The detection limit of 2 cells mL−1 is
calculated based on the average signal of blank plus three
times of the standard deviation. The electrochemical sensitiv-
ity is 0.104 μA·μM−1·cm−2. This method shows superior sen-
sitivity to those of previously reported telomerase detection
methods (Table 1).

Telomerase detection in different cell lines

It is known that different cancer cells show obviously differ-
ence in the expression levels of telomerase. To evaluate the
capacity to detect telomerase activities in various cell lines, the
method was applied to test HepG2, HeLa, MCF-7 and normal
cells (HL-7702), respectively. As described in Fig. 4, com-
pared with HL-7702, the current signals given by HepG2,

Table 1 Comparison of our
method with other methods for
the detection of telomerase
activity

Method applied Materials used LOD Reference

Electrochemistry Hairpin probe 40 cells mL−1 [11]

Fluorescence Endonuclease-driven walking 90 cells μL−1 [20]

Electrochemistry Gold nanorods 52.8 cells mL−1 [36]

Fluorescence Exponential rolling circle amplification 1 cells mL−1 [37]

ECL Ruthenium Complex doped MOF 11 cells mL−1 [38]

Fluorescence graphene quantum dot and GO 10 cells mL−1 [39]

Electrochemistry FNA nanomachine with DSNA tags 2 cells mL−1 This work

ECL Electrochemiluminescence, MOF Metal-Organic Frameworks, FNA Framework nucleic acids, DSNA
doxorubicin-spherical nucleic acids, GO graphene oxide

Fig. 4 Telomerase activity detection of different cell lines. SWV signals
in response to telomerase activity of different cell line extracts (equivalent
to 1000 cells): (a) HL-7702 cells, (b) heated telomerase extracts, (c)
MCF-7 cells, (d) HepG2 cells, (e) HeLa cells. All data expressed as
mean ± standard variation (n = 3)
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HeLa, and MCF-7 are raised. However, when the telomerase
extracts from these cancer cells are heated at 95 °C 10min, the
telomerase level is almost the same with normal cells. In ad-
dition, the telomerase expression levels follow the descending
order of HeLa > HepG2 >MCF-7, which is in accord with
previous reported studies [40]. These results demonstrate that
the strategy can distinguish cancer cell lines via their different
telomerase activity levels.

Cancer cell detection in cell mixture

Generally, cancer cells are blended with many normal cells in
clinical samples. To assess the clinical applicability of the
sensing method, we investigated its capacity for discerning
cancer cells in cell mixture. Firstly, HeLa cells are diluted 5-
folds, 10-folds, and 100-folds with normal cells (HL-7702),
respectively. Then the cell extracts of these compounds are
used to analyze telomerase activity. As seen in Fig. 5, the
current intensity enhance with the decrease of HeLa cells di-
luted times. In comparison to the blank control that only in-
cludes HL-7702 cells, the electrochemical signal produced by
100-folds diluted HeLa cells is distinctly increased. These
results prove that this sensing method can detect infrequent
cancer cells from abundant normal cells. Hence, the method
has potential clinical applications.

Conclusion

We describe a method based on framework nucleic acid
(FNA) nanomachine with doxorubicin-spherical nucleic acid
(DSNA) tags for the determination of telomerase activity.
Under the optimized conditions, the method revealed a wide
dynamic range and a low detection limit for the detection of
telomerase activity from HeLa cells. The telomerase activities
of different kinds of cancer cells were sensitively and easily

measured. The sensing system was also used for telomerase
activity of cancer cells detection in accumulated normal cells
with satisfactory results. However, there are challenges for this
method applied to clinical samples, such as high working
potential and the interferences of complex compositions in
body fluid.
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