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Telomerase has been considered to be an important tumor biomarker for early cancer diagnostics and a
valuable target for therapy treatment. A novel electrochemical biosensor based on structure-switching
DNA probe with ferrocene (Fc) as the electroactive reporter to detect telomerase activity was developed.
The developed approach displayed desirable dynamic range from 10? to 6 x 10% Hela cells mL~! with a
detection limit of 100 Hela cells mL~'. This biosensor afforded good reproducibility, stability and simple
operations. It provided a useful platform for practical use in quantitative telomerase activity assay for
clinical applications. Telomerase inhibitor performance was also investigated and the results indicated
the approach was suitable for telomerase inhibitor screening research.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Human telomerase is a ribonucleoprotein reverse transcriptase
which catalyzes the addition of TTAGGG repeats on the telomeric
ends of chromosomal DNA from its endogenous RNA template
(Bryan and Cech, 1999). As it reported, telomerase has been
observed over-expressed in over 85% of all known human tumors
and the differential expression between normal somatic cells and
cancer cells (Dhaene et al., 2000; Kavaler et al., 1998; Yoshida et al.,
1998; Ohuchida et al., 2004; Hirano et al., 1998) makes telomerase
a valuable tumor biomarker for early stage cancer diagnosis and an
important target for tumor therapy (Shay and Bacchetti, 1997;
Shay and Wright, 2002).

Various analytical methods have been developed to detect the
activity of telomerase (Hou et al., 2001; Niemeyer et al., 2005;
Kim et al, 1994). The PCR-based telomerase repeat extension
protocol (TRAP) assay was one of the most frequently used
methods (Kim et al., 1994). However, the TRAP method has some
limitations, it is inappropriate for the determination of telomerase
inhibition (Krupp et al., 1997; Cian et al., 2007), requires expensive
equipment and reagents, and is time-consuming. To overcome
these shortcomings, several alternative, PCR-free assays for telo-
merase activity techniques have been developed, such as colori-
metric strategy (Xiao et al., 2004b; Fu et al., 2009; Freeman et al.,
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2010), fluorescence method (Zuo et al., 2011; Ding et al., 2010;
Wang et al., 2012), chemiluminescence (Li et al.,, 2011; Niazov
et al., 2004; Pavlov et al., 2004b), electrochemiluminescence (Zhou
et al,, 2009; Wu et al., 2012), surface Plasmon resonance (Sharon
et al., 2010; Maesawa et al., 2003), quartz crystal microbalance
(Pavlov et al., 2004a), and electrochemical method (Xiao et al.,
2004a; Sato et al., 2005; Eskiocak et al., 2007; Sato and Takenaka,
2012; Shao et al., 2008). These developed approaches provide
useful platform for telomerase assay and its related biological
research. Nevertheless, each of them still has its disadvantages,
such as low sensitivity, complicated manipulation, requiring ela-
borate instruments or fluorescent probes, and time cost.

Recently, an electrochemical platform using structure-switching
DNA probe with certain electroactive reporters for biological
analysis has been reported (Zhang et al., 2007; Wu et al., 2007;
Liu et al., 2009). This platform, which operates via the alteration of
distance of the redox labels from the electrode caused by target
induced structure-switching, represent a significant advance of
using minimal reagents and working steps, simplified set-up,
cost-effective, high sensitivity and excellent compatibility with
miniaturization potential.

Inspired by the fact that great distance change between the
redox labels and electrode surface could be achieved by using
target-induced DNA structure switching approach, we reported for
the first time a novel, simple and sensitive electrochemical
biosensor for telomerase activity detection utilizing structure-
switching DNA probe with ferrocene (Fc) as the electroactive
reporter. Scheme 1 illustrates the principle of the approach for
telomerase activity assay. Two DNA probes are employed for the
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Scheme 1. Illustration of telomerase activity assay based on structure-switching electrochemical biosensor.

structure-switching in this biosensor system. Probe S1 is designed
with three segments: the first segment (in blue) is the primer
sequence for telomerase; the second segment (in gray) is a
recognition region for hybridizing with probe S2 or forming a
hairpin structure with its 3’ end after telomerase reaction; and the
third segment (in black) is thiolated at the 5-terminus for coating
onto gold electrode and has ten thymine bases to maintain proper
spatial conformations for promoting the binding efficiency
(Schreiner et al., 2010). Probe S2 is a complementary sequence
for segment 2 in probe S1 and labeled with Fc tag at the 3’ end.
Fc is chosen as the electrochemical signal producer due to its good
stability and ease of redox tuning (Zu and Rusling, 1997; D'Souza
et al,, 2002; Laforge et al., 2004). Firstly, the probe S1 is immobi-
lized on a gold electrode surface via self-assembly through the
thiol anchor, then the Fc-labeled probe S2 hybridizes with probe
S1, allowing the Fc tag approaching the electrode surface to
transfer electrons efficiently. In the presence of telomerase, the
telomerase extension occurs at 3’ end of probe S1 by adding the
dNTP mixture into solution. The telomerase extension product of
probe S1 is folded to form a hairpin structure, leaving only 5 base
pairs between probe S1 and probe S2. This structure-switching
makes probe S2 unstable at the experimental temperature. As a
result, the Fc-labeled probe S2 is released from the electrode
surface with a substantially decreased redox current attributed to
the increased electron-tunneling distance. This design affords a
simple and rapid operation, excellent stability and high sensitivity
for telomerase activity detection, and the strategy could be
implemented with minimized reagents and working steps.

2. Experimental
2.1. Reagents and materials

All oligonucleotides used in this work were synthesized by
Takara Biotechnology Co. Ltd. (Dalian, China). The sequences of the
oligonucleotides were given in Table S1 (in Supplemetary materials).
Thermodynamic parameters and secondary structures of both
oligonucleotides were calculated using bioinformatics software
(http://mfold.rna.albany.edu/). HeLa cells, PC-3 cells (Human pros-
tate epithelial tumor cells), K562 cells (Human leukemia chronic

cell lines), U937 cells (Human leukemia mononuclear acute cell
lines), MDA-MB-231 cells (Human breast carcinoma cell lines),
HEK-293 T cells (Human embryonic kidney cells) were obtained
from American Type Culture Collection (ATCC, Manassas, VA).

Ferrocenecarboxylic acid (Fc), 1-ethyl-3-(3-dimethyl-aminopro-
pyl) carbodiimide hydrochloride (EDC), and N-hydroxysulfo-
succinimide (Sulfo-NHS) were all purchased from Sigma-Aldrich
Chemical Co. 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochlor-
ide (AEBSF) and Nonidet-P 40 (NP-40) were purchased from Bio
Basic.Inc. Sodium deoxycholate, Tris, diethyl pyrocarbonate (DEPC)
was obtained from the Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, PRC). 5 x TBE buffer was purchased from Sangon Biotech
Co., Ltd. (Shanghai). All solutions were prepared using ultrapure
water, which was obtained through a Millipore Milli-Q water
purification system (Billerica, MA) and had an electrical resistance
of >18.3 MQ.

2.2. Preparation of Fc-labeled oligonucleotides

The Fc label was conjugated to the 3’ NH,-moiety oligonucleo-
tide probe S2, using the succinimide coupling (EDC-NHS) method
(Zhang et al., 2007, 2009; Fahlman and Sen, 2002; Huang et al.,
2009). In brief, 100 pL of 10 pM oligonucleotide probe S2 was
mixed with 100 pL of 10 mM PBS (pH 7.4) containing 10 mM
ferrocenecarboxylic acid, 1 mM EDC, and 5mM Sulfo-NHS,
followed by incubation for 2 h at 37 °C. The conjugate was dialyzed
against 10 mM PBS (500 mL) for 24 h to remove excessive ferro-
cenecarboxylic acid. The resulting solution was stored at —20 °C
before use.

2.3. Cell culture

Hela cells, K562 cells and U937 cells were all cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS)
and 100U mL~! of penicillin-streptomycin. PC-3 cells were
cultured in F-12 K medium. MDA-MB-231 cells and HEK-293 T
cells were grown in DMEM supplemented with 10% fetal calf
serum. The cells were maintained at 37 °C in a humidified atmo-
sphere (95% air and 5% CO,) and were kept in logarithmic growth
phase by routine passage every 2-3 days. The cancer cell densities
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were determined by using a hemocytometer, and this was per-
formed prior to any experiments.

2.4. Telomerase extraction

The telomerase was extracted by the NP-40 method according
to a documented protocol (Maesawa et al., 2003). HeLa cells were
removed from the substrate by trypsinization, washed twice with
PBS (pH 7.4) and centrifugated at 3000 rpm for 5 min at 4 °C.
The cells was resuspended in 200 pL of ice cold lysis buffer (10 mM
Tris-HCl, 1% NP-40, 0.25 mM sodium deoxycholate, 10% glycerol,
150 mM Nadl, 0.1 mM AEBSF, pH 8.0) by retropipeting at least three
times at a concentration of 1.0 x 107 cells mL~!, kept on ice for
30 min and then centrifugated at 12,000 rpm for 20 min at 4 °C. The
resulting extracts were flash frozen in liquid nitrogen at —80 °C for
further experiment.

2.5. Gold electrode treatment and oligonucleotide immobilization

Prior to the experiment, the working gold electrodes (~2 mm
diameter, 99.99% polycrystalline, CH Instrument Inc.) were first
immersed in piranha solution (H,SO4/H,0,=3:1 in volume) for
3 h, polished carefully with 0.05pm Al,O; powder on fine
chammy skin for 5 min, and then sonicated in absolute ethanol
and ultrapure water for 3 min twice to remove the possible bound
microparticles. Finally, the electrode was again rinsed thoroughly
with ultrapure water and dried in nitrogen stream.

The pretreated gold electrode was immersed in a solution
containing 1 pM thiolated probe S1 in 10 mM Tris-HCI buffer
(1.0 M Nadl, pH 8.0) for 12 h at 4 °C. This process produced a self-
assembly monolayer (SAM) of thiolated oligonucleotide on the
electrode surface. Then, the electrode was rinsed thoroughly with
10 mM Tris-HCI buffer (pH 8.0) containing 1.0 M NaCl for 10 min.
The resulting thiolated oligonucleotide functionalized electrode
was subsequently incubated with 50 pL hybridization buffer solu-
tion (10 mM PB, 1.0 M NaCl, pH 7.4) containing 1.0 M ferrocene-
tagged S2 for 4 h at 49 °C. The electrode was then rinsed with
10 mL mixture solution of 1mL 10 x TRAP reaction buffer
(200 mM Tris-HCl, 15 mM MgCl,, 630 mM KCl, pH 8.3), 1 mL NP-
40 lysis buffer (10 mM Tris-HCl, 1% NP-40, 0.25 mM sodium
deoxycholate, 10% glycerol, 150 mM NaCl, 0.1 mM AEBSF, pH 8.0)
and 8 mL DEPC water at a room temperature for three times. The
sensor thus obtained was stored at 4 °C in PBS buffer and was
found to maintain the activity for more than 1 week.

2.6. Electrochemical detection of telomerase activity

The pretreated electrode was immersed in 60 pL of extension
solution with 6.0 pL various concentration of telomerase extracts,
6.0 pL of 10 x TRAP reaction buffer, 1.2 pL of 10 mM dNTP mixture
(dATP, dCTP, dGTP, dTTP) and 46.8 pL of DEPC water at 30 °C for
2 h. The electrode was then rinsed with 10 mL mixture solution of
1 mL 10 x TRAP reaction buffer, 1 mL NP-40 lysis buffer and 8 mL
DEPC water at room temperature (~25 °C) for 10 min. For control
experiments, telomerase extracts were pretreated heat treated
(90°C for 30min). In the inhibition experiments, different
volumes of 3’-azido-3’-deoxythymidine (AZT) solution (Sigma
Aldrich Inc.) were pre-incubated with 6.0 pL 10 x TRAP reaction
buffer, 1.0 pL telomerase extracts and DEPC water at 37 °C for 1.5 h,
and the telomerase extension reaction was then performed at
30 °C for 2 h.

All electrochemical measurements including differential pulse
voltammetry (DPV), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS) were performed on an electroche-
mical analyzer CHI-660 A (CH Instruments, Shanghai, China) at
room temperature (~25 °C). A three-electrode system consisting

of a KCl saturated calomel reference electrode (SCE), a platinum
counter electrode and the working electrode (gold electrode) was
used. DPV was recorded in a 1/15 M PB (pH 7.4) solution contain-
ing 0.3 M NaCl and 0.1 M KClIOy4 at a potential range from 0 to 0.5 V
with a modulation amplitude of 25 mV and a scan rate of 10 mV/s.
CV was performed at a potential range from —0.1V to 0.5V in a
1/15M PB (pH 7.4) solution containing 0.3 M NaCl and 0.1 M
KClO4. EIS was performed in 1/15M PB (pH 7.4) containing
5 mM Fe(CN)g>~/4~ (1:1 mixture) and 0.1 M KCI in the frequency
range from 0.1 Hz to 100 kHz with 5 mV as the amplitude at a bias
potential of —0.19 V (vs. SCE) with frequency modulation of 5 mV.
The reported DPV curves were background subtracted through
extrapolation to the baseline in the regions far from the peaks.

2.7. Gel electrophoresis

The prepared sample mixed with bromophenol blue was
analyzed using gel electrophoresis in 4% (w/w) agarose containing
0.5 x TBE electrophoresis buffer. Electrophoresis was performed at
a constant potential of 100 V for 90 min with loading each sample
into the lanes. The gels were dried on filter paper and visualized
using a Tocan 240 gel imaging system (Shanghai Tocan Biotech-
nology Company).

3. Results and discussion
3.1. CV and DPV performance of different modified electrodes

The proposed electrochemical biosensor for telomerase was
first characterized by cyclic voltammetry (CV) and Differential
pulse voltammetry (DPV) as shown in Fig. 1. It was observed in
Fig. 1A, when Fc-labled probe S2 was hybridized with probe S1
modified on the electrode, in the absence of telomerase, a couple
of strong redox peaks appeared at 0.136 and 0.335 V (vs. SCE) in CV
(curve a), indicating electrochemical characteristics of Fc at elec-
trode surface. While in the presence of high telomerase concen-
tration (~6 x 10*Hela cells mL~!), the couple of redox peaks
almost disappeared (curve b). Those observations implied that
the biosensor was sensitively responsive to telomerase. Control
experiment by incubating the probe S1 and S2 modified electrode
with heat-treated telomerase indicated the inactive telomerase
had negligible effect on redox peak (curve c). Further control
experiment was using two control DNA probes: thiolated probe S3
and Fc-labeled probe S4 modified electrode incubating with active
telomerase concentration (~6 x 10%Hela cellsmL~!), the the
results revealed that the redox peak of the Fc nearly did not
change (curve d). Fig. 1B shows similar results but with better
resolution of these observations in DPV measurements. These
results demonstrated that the extension reaction of telomerase
induced the folding of the probe S1 into a hairpin structure, which
resulted in the release of the Fc-labeled probe S2 from the
electrode surface with a substantially decreased redox current.
And the present approach had good selectivity with active
telomerase.

3.2. Gel electrophoresis characterization of the assay

To further verify the mechanism of the assay, we designed two
DNA probes, probe S5 and FAM-labeled probe S6 (see Table S1 in
Supplementary materials for their sequences), for agarose gel
electrophoresis experiments. Probe S5 had same sequence with
probe S1 but without thiolation at 5’ end while Probe S6 had same
sequence with probe 2 and labeled with FAM. Fig. S1 (in Supple-
mentary materials) illustrates different migration of these DNA
probes under different conditions. A bright band was obtained on
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Fig. 1. Typical CV (A) and DPV (B) curves of the structure-switching electrochemical
biosensor with differently modified gold electrodes: (a) probe S1+Fc-labeled probe
S2-+NP-40 lysis buffer solution, (b) probe S1+ Fc-labeled probe S2+ active telomer-
ase Hela cell extracts, (c) probe S1+ Fc-labeled probe S2+ heat-treated telomerase
Hela cell extracts, (d) probe S3+ Fc-labeled probe S4+active telomerase Hela cell
extracts.

the gel at about 12 bp corresponding with FAM-labeled probe S6
(lane 1). After incubating probe S6 with the complementary DNA
probe S5, a bright bane was obviously observed at nearly 50 bp on
the gel which validated the hybridization process (lane 2). To
obtain better image and further evidence, we added SYBR Green I,
which could be embedded into the double-stranded DNA and
provide brighter image for telomerase treatment experiments.
When incubated with active telomerase, several bands with
decreased migration shifts ( > 50 bp) indicated various DNA length
products from telomerase extension, while the band in 12 bp
positions corresponding with FAM-labeled probe S6 gave direct
evidence that the hybridized probe S6 became unstable and was
released due to the telomerase extension and structure-switching
(lane 3). When incubating with heat-treated telomerase, same
position at 50 bp but brighter image obtained (lane 4 compared
with lane 2) indicated the heat-treated telomerase lost its activity.

3.3. Electrochemical characterization of the biosensor

To investigate the surface interactions, electrochemical impe-
dance spectroscopy (EIS) was performed. Fig. S2 shows the
impedance spectra in the form of a Nyquist plot. The bare gold
electrode behaved as an ideal conductor and the impedance
spectra gave a linear plot (curve a). The probe S1 modified electrode
exhibited much larger impedance than the bare electrode (curve b),
due to the formation of a barrier for the electron transfer at the
electrode interface. After hybridization with Fc-labeled probe S2, the
electrochemical impedance greatly decreased (curve c). This exhib-
ited facilitated electron transfer kinetics because of the surface

confinement of the Fc labels. In the presence of telomerase, the
resistance increased substantially again due to the release of Fc labels
(curve d).

In addition, the electrochemical process on electrode surface
was also investigated by cyclic voltammetry experiments. As
shown in Fig. S3A (in Supplementary materials), after Fc-labeled
probe S2 hybridized with probe S1 modified at electrode, the CV
peak current were obtained at varying potential scanning rates.
Fig. S3B (in Supplementary materials) also showed that the
reduction peak currents of the sensor were observed increase to
in linear correlation to the scan rate in the range of 10-120 mV/s.
These observations manifested that the sensor demonstrated
typical surface-bound electrochemical processes and the Fc tags
were confined to the electrode surface.

3.4. Optimization of experimental conditions

For the developed biosensor, probe S1 was hybridized with
Fc-labeled probe S2, to maximize the efficiency of hybridization,
several parameters were optimized. The hybridization reaction
time and hybridization reaction temperature were first investi-
gated. Fig. S4A and B (in Supplementary materials) depicts typical
DPV peak current responses in correlation to the two assay
conditions in hybridization reaction, respectively. It was observed
in Fig. S4A that with the increased of hybridization reaction time,
DPV peak current intensities in assay were enhanced substantially
at first, and then became flat when the time was longer than 4 h.
And DPV peak current intensities reached its maximum only when
the hybridization reaction temperature at 49 °C in Fig. S4B. There-
fore, 4 h of the hybridization reaction time and 49 °C of the
hybridization reaction temperature were taken throughout the
subsequent experiments. The telomerase extension reaction was
performed after the hybridization reaction, in which the elongated
DNA probe occurred structure-switching, resulting in the releasing
of the Fc-labeled probe S2. Hence, to obtain a maximal DPV signal
change, the concentration of Mg?™* in telomerase extension reac-
tion buffer and the time of telomerase extension reaction were
then investigated. As shown in Fig. S4C in Supplementary materi-
als, DPV peak current value decreased first to a minimum at the
Mg?* concentration of 1.5 mM, and then increased again with the
increasing of Mg?* concentration. This phenomenon might be due
to the fact that the DNA double strand was so stable at high
Mg2+ concentration that the releasing of the Fc-labeled probe S2
became difficult. In addition, it can be seen from Fig. S4D in
Supplementary materials that as the time of telomerase extension
reaction increased, the DPV peak current intensities declined
gradually, and became almost leveled off for 120 min. As a result,
1.5 mM of Mg?* concentration and 120 min of telomerase exten-
sion reaction time was used throughout subsequent experiments.

3.5. Electrochemical detection of telomerase activity

The ability of quantitative analysis of telomerase was investi-
gated by performing telomerase extracts from various concentra-
tions of Hela cells under the optimal experimental conditions.
Fig. 2 shows a dynamic correlation between DPV peak current
at 0.232V and telomerase activity from 10 to 6 x 10* Hela
cells mL~'. The concentration response was quantified by obser-
ving the change in the area of the DPV peak at 0.232 V, which was
plotted in Fig. 2B. In Fig. 2C, the peak currents exhibited a linear
correlation to the logarithm of the Hela cell concentration across
the range from 102 cells to 6 x 10 cells. The linear regression
equation was I, (nA)=1243 —259.71 gC (cell number/mL) (where I,
was the peak current, and C was the Hela cell concentration) with
a correlation coefficient of 0.9865. A high-dose sensitivity was also
obtained in this five-decade cell number range with a detection
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Fig. 2. (A) Typical DPV response curves in response to telomerase extracts from
different concentrations of HelLa cells. (B) The plot of DPV peak currents vs. Hela
cells concentrations. (C) Corresponding DPV peak currents vs. the logarithm of the
Hela cell concentrations. The error bars represented RSD across three repetitive
experiments.

limit of 100 Hela cells mL~! as calculated in terms of the rule of
3 times standard deviation over the blank response. Compared
with the sensors reported by other groups (Li et al., 2011; Pavlov
et al., 2004a, 2004b; Sato et al., 2005; Shao et al., 2008), the
developed sensor exhibited a relatively high sensitivity for the
detection of telomerase activity. Additionally, the present strategy
possessed excellent reproducibility. Relative standard deviations
(RSDs) of peak current intensities were 4.8%, 3.1% and 4.5% in three
repetitive assays of 200, 2000 and 10,000 Hela cells. The stability
of the sensor was also studied under continuous linear scans for 10
cycles, and the results indicated that the developed sensor had
excellent stability. Moreover, we analyzed the performance of the
oligonucleotide-immobilized electrode before and after being
stored at 4 °C in PBS buffer for 1 week, and the results indicated
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Fig. 3. (A) Normalized DPV peak currents in response to different cancer cells. DPV
was recorded in 1/15 M PB buffer (pH 7.4) containing 0.3 M NaCl and 0.1 M KCIO,4
within the potential range from O to 0.5 V. (B) The histogram of DPV peak currents
vs. different cancer cells.

that the performance of the sensor remained unchanged in 1 week
(see Fig. S5 in Supplementary materials).

The developed electrochemical biosensor was then applied for
detecting telomerase activity with different cancer cells. Five types
of cancer cells (PC-3 cell, K562 cell, U937 cell, MDA-MB-231 (231)
cells and HEK-293T (293T) cells) were selected to extract telomer-
ase, then, each extracts was individually added to the reaction
solution, and the DPV response was recorded after incubation at
30 °C for 2 h. As shown in Fig. 3, the sensor showed significant DPV
peak current decrease in response to telomerase extracts of all
types of cancer cells (include Hela cell), compared to the peak
current when incubated only with NP-40 lysis buffer. These results
were consistent with the previous reports that the telomerase
could be detected in nearly 85% of human cancer cells.

3.6. Inhibition characterization of telomerase activity

The inhibition of telomerase activity was investigated by
adding varying concentration of 3’-azido-3’-deoxythymidine
(AZT), a recognized inhibitor of telomerase enzymatic activity
(Melana et al., 1998; White et al., 2001), to the solution in the
telomerase extension reaction step. The telomerase initially added
to the assay were extracted from 1 x 10#HeLa cells, and the
concentration of AZT used was from 10 to 40 mM. DPV peak
currents showed increased signal intensity as a function of
increased AZT concentrations (Fig. 4A). The corresponding histo-
gram of DPV peak currents vs. the AZT concentrations is also
shown in Fig. 4B. These results suggested the potential use of our
assay for telomerase inhibition study.
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Fig. 4. (A) DPV response curves at various AZT concentrations after pre-incubation
with telomerase extracts at 37 °C for 1.5 h. (B) The histogram of DPV peak currents
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4. Conclusions

We have developed a novel electrochemical biosensor for the
sensitive telomerase activity detection based on structure-
switching DNA probe. This method exhibited a very broad linear
response range and high sensitivity, excellent stability and repro-
ducibility as well as simple operations. In view of the advantages
this approach was hold great potential for telomerase activity
detection and its inhibitor screening research.
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