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Abstract
An ultrasensitive electrochemical sensor is described for the determination of the activity of telomerase. It is
based on a DNA-generated current that is due to the reaction of the phosphate groups on DNA with molybdate
to form a redox-active molybdophosphate. A telomerase substrate primer was first immobilized on a gold
electrode. In the presence of telomerase and deoxyribonucleoside triphosphates (dNTPs), the primer can be
extended with repetitive nucleotide sequences (TTAGGG). The subsequent reaction of the sensor with molybdate
results in the enhancement of electrochemical current intensity due to an increased amount of nucleotides on the
electrode. Sensitivity can be further improved by introducing a hairpin probe that partially hybridizes with the
repetitive TTAGGG sequence and further enhances the amount of DNA on the electrode. The biosensor, best
operated at 0.2 V (vs. Ag/AgCl) shows a linear response to telomerase activity from 1×102 to 107 Hela cells
mL−1. The assay was applied to the detection of telomerase activity in HeLa cancer cells treated with the
anticancer drug epigallocatechin gallate, and the results indicate that it holds great potential in anticancer drug
screening.
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Introduction

Telomerase is a ribonucleoprotein that responsible for
maintaining the telomere length in cells through adding
telomere repeat sequence (TTAGGG)n to the end of the
human chromosomes [1–3]. Telomerase is a good bio-
marker for cancer detection as research has discovered

telomerase is overexpressed in over 85% of all known
cancer cells [4, 5]. In addition, telomerase activity is
necessary to preserve many cancer types. Therefore,
drugs that inhibit telomerase activity can repress the
growth of cancer cells with minimal side effects.
There for, it is of great importance to develop sensitive
and selective methods for early cancer diagnosis, telo-
merase related anticancer drug screening and therapeutic
research [6–8].

Polymerase chain reaction (PCR)-based telomeric re-
peat amplification protocol (TRAP) was developed as
the most widely used method to measure telomerase
activity [9]. What more, modified TRAP techniques
have also been reported by combing TRAP with other
detection strategies, such as TRAP-enzyme-linked im-
munosorbent assay and TRAP-polyacrylamide gel elec-
trophoresis with the silver staining assay [10, 11].
However, compared to these methods, electrochemical
methods have the advantages of simple instrumentation,
low cost and high sensitivity [12, 13].
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Previously, our group reported electrochemical sen-
sors for detection of different protein biomarkers based
on the reaction of DNA molecules with molybdate to
form redox molybdophosphate and generate electro-
chemical current [14, 15]. The formation of redox
molybdophosphate is actually due to the reaction of
phosphate groups on DNA with molybdate [16, 17].
Through various binding events, for example, the bind-
ing between protein biomarkers with aptamer and the
binding between different DNA strands, DNA molecules
will be captured onto electrode surface [18, 19]. The
generated electrochemical current intensity is proportion-
al to the amount of DNA molecules on electrode
surface.

In this paper, we reported electrochemical sensor for
measuring the activity and inhibition of telomerase
based on the above mentioned DNA generated electro-
chemical current. In the presence of telomerase and
deoxyribonucleoside triphosphates (dNTPs), the telome-
rase primer that immobilized on the gold electrode sur-
face was elongated with repetitive nucleotide sequences
(TTAGGG). The repetitive nucleotide sequences will
then open the structure of a hairpin probe (HP) in so-
lution and partially hybridize with the HP. This will
significantly increase the loading of DNA molecules on-
to electrode and increase the electrochemical current in-
tensity of the electrode after reacting of the electrode
with molybdate, improving the sensitivity of the sensor
for telomerase detection. The analytical performance of
the sensor was studied in detail. The sensor was also
applied for testing the inhibition effect of drugs on the
activity of telomerase.

Experimental section

Materials and apparatus

Telomerase substrate primer (5’-SH-(CH2)6-TTT TTT
AAT CCG TCG AGC AGA GTT-3 ′) and hairpin
probe (5 ′-GGT TAG GGT TAC CTC AGC TTT
CCT TTA ACC CTA ACC CTA A-3′) was synthe-
sized by Sangon Biotech Co., Ltd. (Shanghai, China,
http://www.sangon.com/). Dulbecco’s modified eagle’s
medium (DMEM), fetal bovine serum, penicillin, and
streptomycin were obtained from Gibco Laboratories
Life Technologies Inc. (Grand Island, NY, https://
www.thermofisher.com/cn/zh/home/brands/gibco.html).
Sodium molybdate dehydrate (Na2MoO4·2H2O),
ethylene glycol-bis(β-aminoethyl ether)-N, N, N′, N′-
tetraacetic acid (EGTA), 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonic acid (CHAPS),
deoxyribonucleoside triphosphates (dNTPs, 10 mM),

phenylmethylsulfonyl fluoride (PMSF) and epigallo-
catechin gallate (EGCG) were obtained from Sigma-
Aldrich (https://www.sigmaaldrich.com. The buffer
employed in this study was Tris buffer (10 mM
Tris-HCl, pH 7.4). All other reagents were of
analytical grade and used without further purification
and all aqueous stock solutions were prepared with
ultrapure water.

Electrochemical measurements were carried out by a
CHI-650D electrochemical workstation (Shanghai CH
Instruments Co., China) equipped with a conventional
threeelectrode configuration utilizing a working elec-
trode (gold electrode, 2 mm in diameter), a saturated
Ag/AgCl reference electrode, and a platinum auxiliary
electrode.

Cell culture and telomerase extraction

Hela cells were cultured in DMEM medium supple-
mented with 10% fetal bovine serum and maintained
at 37 °C in a humidified atmosphere (95% air and 5%
CO2). Hela cells were collected in the exponential phase
and washed twice with ice-cold sterile Tris buffer. After
that, 106 cells were re-suspended in 1 mL of ice-cold
CHAPS lysis buffer (10 mM Tris-HCl, pH 7.5, 1 mM
MgCl2, 1 mM EGTA, 0.5% CHAPS, 10% glycerol,
0.1 mM PMSF) and stored in a 4 mL eppendorf tube.
Then, the cell lysis was frozen at −80 °C for 30 min.
Subsequently, the cell lysis was centrifuged for 20 min
at 4 °C (12 000 rpm). The finally clean lysis was stored
at −80 °C for further use.

Preparation of the electrochemical sensor

Initially, to link the telomerase substrate primer onto
gold electrode, the cleaned gold electrode was immersed
into 100 μM of primer solution overnight at 4 °C. After
extensive washing, the electrode was then immersed in-
to 100 μL of telomerase reaction solution which
contained 5 μL of telomerase extracts and 95 μL of
telomerase reaction buffer (20 mM Tris−HCl buffer,
pH 7.4, 1.5 mM MgCl2, 63 mM KCl, 0.05% Tween
20, 1 mM EGTA, 1.0 mM dNTPs) at 37 °C for 1 h.
Sequentially, the electrode was incubated with hairpin
probe (2.5 μM, 20 μL) at 37 °C for 2 h. After washing
again, the electrode was ready for measurement.

Electrochemical detection

For electrochemical measurement, 5 μL of 5 mM Na2MoO4

solution was added onto the sensor surface and incubated for
20 min before electrochemical analyzed in 0.5 M H2SO4.
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Results and discussion

Scheme 1 shows the schematic representation of the
sensor preparation and testing process. The idea of
the paper is utilizing the reaction between DNA mol-
e cu l e s w i t h mo lybda t e t o fo rm r edox - a c t i v e
molybdophosphate and generate electrochemical cur-
rent. Telomerase can extend the length of telomerase
substrate primer on gold electrode by adding repeti-
tive nucleotide sequences (TTAGGG) to the primer,
leading to increased loading of DNA on electrode.
The increased loading of DNA on electrode will then
enhance the electrochemical current intensity of the
electrode after reaction with molybdate. In addition,
the produced repetitive TTAGGG sequence will open
the hairpin probe in solution and partially hybridize
with the probe, further increasing the amount of DNA
on electrode surface, enhancing the sensitivity of the
sensor. The electrochemical current intensity of the
sensor is proportional to the activity of telomerase.

Initially, the feasibility of the sensor for measuring
the telomerase activity was studied. After the linking
of the telomerase substrate primer onto gold electrode
via the thiol group at the end of the primer, the primer
was treated with telomerase extract from Hela cells and
dNTPs. Finally, the electrode was incubated with hairpin
probe solution to hybridize the probe onto electrode.
After each modification step, the electrode was charac-
terized in 0.5 H2SO4 solut ion by square wave

voltammetry (SWV). As shown in Fig. 1, for the bare
gold electrode, after the reaction of the electrode with
molybdate, the electrode displays a small pair of current
peaks in the H2SO4 solution at around 0.20 and 0.32 V
(curve a). The generated small current is ascribed to the
reaction of molybdate itself on the electrode. With the
linking of the primer onto gold electrode, the current
intensity is increased (curve b). The current intensity
increased is due to the reaction of the substrate primer
with molybdate that formed molybdophosphate, which
indicated the successful linking of the primer onto elec-
trode. Then, after the reaction of the electrode with tel-
omerase extract from 107 Hela cells mL−1 in the pres-
ence of dTNPs, the electrochemical current of the elec-
trode is increased again (curve c). The increase of elec-
trochemical current proved the telomerase added repeti-
tive TTAGGG sequence to the primer. Finally, when the
electrode is incubated with hairpin probe solution, there
is another significant increase of the electrochemical
current (curve d). However, when the telomerase is ab-
sent, there is no obvious enhancement of the electro-
chemical current intensity. The above data demonstrated
the feasibility of the sensor for detecting the activity of
telomerase activity and that the introduction of the hair-
pin probe can significantly enhance the sensitivity of the
assay.

After proved the feasibility of the sensor, parame-
ters that affect the sensitivity of the sensor, such as
the react ion time of the substrate primer with

Scheme 1 Schematic
representation of the telomerase
activity detection process
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telomerase and the reaction time of the sensor with
hairpin probe were studied. For detection of telome-
rase extract from 107 Hela cells mL−1, the following
parameters were found to result in the optimized per-
formance, the reaction of the substrate primer with
telomerase for 1 h and the reaction of the sensor with
hairpin probe for 2 h (Electronic Supporting Material,
Fig. S1 a and b).

Under optimized experimental conditions, the telomerase
extracted from different concentrations of Hela cells were an-
alyzed by the sensor. From Fig. 2, it can be seen electrochem-
ical current intensity of the sensor is increased with the in-
crease of cell numbers. A linear relationship between the

current intensity and the logarithm of cell number in the range
from 102 to 107 cells mL−1 is obtained. The limit of detection,
calculated based on signal-to-noise ratio of 3 is 40 cells mL−1.

The performances of the sensor are compared to previous
reported methods for telomerase detection. From Table 1, it
can be seen the overall performance of the sensor are better
than previous reports.

To study the selectivity of the assay, the responses of the
sensor to various other enzymes were tested. Glucose oxidase
(GOx), horseradish peroxidase (HRP), β-site amyloid precur-
sor protein cleaving enzyme 1 (BACE1) and protein kinase A
(PKA) were selected as potential interfering enzymes. For
1 U.mL−1 of the above enzymes, from Fig. 3, it can be seen,
the responses of the sensor to these enzymes are close the
blank sample. In addition, the reproducibility of the sensor
was studied by analyzing telomerase extract from 107 cells
mL−1 independently 5 times. The relative standards deviation
(RSD) of the analyzing results is 4.7%. These data indicate the
sensor display good performance towards detection for telo-
merase activity.

Performance of the sensor in different cell lines

The performance of the sensor was also tested by
using three kinds of different cell lines, such as Hela,
MCF-7 and leukemia cells (K562) to evaluate the uni-
versality of the sensor. The telomerase were extracted
from the three cell lines by exactly the same proce-
dure. As shown in Fig. 4, it can be seen that the
sensor are effective for detection of telomerase in these
three cancer cell types. However, when the cancer cells
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Fig. 2 Responses of the sensor to
telomerase that extracted from
different Hela cells, from a to g, 0,
102,103,104,105,106, 107 cells
mL−1. The inset is the calibration
plot of the sensor to telomerase
activity. Current intensity at 0.2 V
was acquired to draw the
calibration plot
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Fig. 1 SWV responses of different electrodes after reaction with
molybdate. (a) Bare electrode; (b) primer modified electrode; (c) primer
modified electrode after reaction with telomerase; (d) electrode c after
incubation with the hairpin probe
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were heated at 95 °C, the telomerase in cancer cells
was denatured as the telomerase activity is sensitive to
heat, which can destroy the essential RNA template
and the reverse transcriptase protein of telomerase
[23]. As a result, the response of the sensor is close
to background current. These data indicated the reli-
ability of the sensor.

Testing the inhibition of telomerase activity by drugs

The sensor was then applied for dynamic monitoring of
the variation of telomerase activity after treating with a
typical telomerase-inhibiting drug, epigallocatechin gal-
late (EGCG) [24]. The telomerase that extracted from
107 Hela cells mL−1 was treated with different concen-
tration of EGCG (0, 50, 100, 150, 200 μg.mL−1) for
12 h and then tested by the sensor. As the concentration
of EGCG increased, the current response of the sensor
was decreased, indicating the activity of telomerase was
inhibited that prevented the adding of TTAGGG se-
quence to the primer. As can be seen from Fig. 5, the
inhibition of EGCG toward telomerase activity also

shows dose-dependent behavior. These results demon-
strated the sensor has potential to be applied for screen-
ing of telomerase-related drugs.

Conclusion

In summary, we reported electrochemical sensor for measur-
ing the activity and inhibition of telomerase based on DNA
generated electrochemical current. The introduction of the
hairpin probe that can partially hybridize with the repetitive
TTAGGG sequence significantly enhanced the sensitivity of
the sensor. This sensor is sensitive with low cost. The success-
ful application of the sensor for measuring the telomerase
activity in different cell lines and the inhibition effect of
EGCG on the telomerase activity demonstrated wide potential
application of the sensor in clinical diagnosis and drug screen-
ing. However, the current method, including most recent re-
ported works for telomerase activity detecting, did not mea-
sure the exact telomerase activity quantitively, due to the lack
of commercial standard telomerase sample.

Table 1 Compare the performance of the sensor towards telomerase activity detection with literature reports

Detection method Materials used Linear range (cells mL−1) Limit of detection (cells mL−1) Reference

Electrochemistry Platinum nanoparticles 5 × 102 to 107 100 [20]

Electrochemistry Magnetic mesoporous silica nanocontainer 50–5000 12 [21]

Electrochemiluminescence Luminol 100–9000 62 [1]

Electrochemiluminescence Ruthenium Complex 50 to 106 11 [22]

Colorimetric Gold nanorod 200 to 1.5 × 104 90 [2]

Electrochemistry Hairpin probe 102 to 107 40 This work
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