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A B S T R A C T   

Telomerase is regarded as a crucial biomarker for the early diagnosis of malignant tumors and a valuable 
therapeutic target. In this work, a telomerase-triggered amplification strategy was designed on the basis of a 
catalyzed hairpin assembly (CHA) for bridging a signal probe of platinum nanoparticles (Pt NPs) anchored on 
three-dimensional (3D) epoxy-functionalized macroporous carbon (Pt/MPC-COOH) in an ultrasensitive elec
trochemical biosensor. Pt/MPC-COOH nanomaterials with interconnected macroporous structure not only 
immobilized hairpin DNA probe 2 (H2) via an amide reaction (Pt/MPC-COOH-H2), but they also generated an 
obvious electrochemical signal in response to acetaminophen (AP) oxidation. After the introduction of telome
rase, telomerase primer (TP) was extended to a telomerase extension product (TEP) with several hexamer repeats 
(TTAGGG)n to initiate the CHA cycle, leading to signal amplification. Subsequently, with the TEP-triggered CHA 
cycle amplification strategy, a large amount of Pt/MPC-COOH-H2 was introduced on the electrode surface for the 
construction of the electrochemical platform, which realized the sensitive detection of telomerase activity from 
102 to107 cells mL− 1 with a limit of detection (LOD) of 9.02 cells mL− 1. This strategy provides a sensitive method 
for the detection of biomolecules that could be useful for bioanalysis and early clinical diagnoses of diseases.   
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1. Introduction 

Telomerase is a ribonucleoprotein that preserves telomeric length 
and stability by catalyzing the addition of repeat units (TTAGGG)n onto 
the 3’ ends of telomeres through its reverse transcriptase and 

endogenous RNA template [1–5]. It is well-known that in 85% of ma
lignant tumor cells, telomerase is highly reactivated, and thus, telome
rase can be considered as a remarkable biomarker for the identification 
and therapy of tumor cells [6,7]. Therefore, sensitive and accurate 
quantification of telomerase activity is of crucial importance for bio
analysis and early clinical diagnoses of disease [8–10]. One of the most 
powerful approaches for telomerase activity detection is the polymerase 
chain reaction (PCR)-based telomere repeat amplification protocol 
(TRAP). Although the sensitivity of this method is ultrahigh, it is limited 
by harsh reagent storage conditions, unstable enzymatic activity, and 
highly technical manipulation [7,11–14]. To overcome the 
above-mentioned shortcomings, several alternative PCR-free methods 
such as electrochemiluminescence [15], fluorescence [16], colorimetry 
[17], and electrochemical method [18–23] have been developed to 
determine telomerase activity. Among them, electrochemical methods 
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have been widely utilized to detect telomerase activity because of their 
simple operation, high sensitivity, rapid response, and low cost. For 
example, Liu et al. described the electrochemical strategy for telomerase 
activity detection based on T7 exonuclease-aided target recycling 
amplification [18]. Ling P. et al. Described the electrochemical assay of 
telomerase activity by platinum nanoparticles encapsulated in 
metal-organic frameworks as a signal indicator [24]. 

There has been great interest in three-dimensional (3D) macroporous 
carbon (MPC) with continuously interconnected macroporous struc
tures, and it has been used in many research areas such as sensors, 
biomimetic catalysis, and catalyst support [25–27]. MPC exhibits a 
unique macroporous structure, remarkable electrical conductivity, large 
pore volume and specific surface area, satisfactory chemical inertness, 
and thermal stability, and thus, it is a suitable platform for loading other 
species to fabricate novel composites with excellent synergetic effects 
[28–30]. In particular, epoxy-functionalized MPC can provide a strong 
support for binding with DNA by the biochemical self-assembly process 
due to the many –COOH sites on its surface. 

One electrode material that has the potential for widespread use is 
the noble-metal/carbon composite. Noble-metal nanoparticles 
(NMNPs), a type of high-performance electrocatalyst, exhibit unique 
electrocatalytic characteristics [31,32]. Because of the synergistic ef
fects between the uniformly dispersed NMNPs and the continuously 
interconnected macroporous structures of MPC, the NMNPs/MPC com
posites exhibit remarkable electrical conductivity and electrocatalytic 
properties [33–35]. Because of these characteristics, NMNPs/MPC 
composites can be used as a signal probe to detect telomerase activity. 

Herein, we report a simple and sensitive strategy to detect telome
rase activity in malignant tumors by combining Pt/MPC-COOH as a 
signal probe and the telomerase-triggered CHA process as a unique 

signal amplifier. The detailed mechanical principle is depicted in 
Scheme 1. Pt/MPC-COOH nanomaterial with an interconnected mac
roporous structure not only immobilized hairpin DNA probe 2 (H2) via 
an amide reaction (Pt/MPC-COOH-H2), but it also generated an obvious 
electrochemical signal towards acetaminophen (AP) oxidation. After the 
introduction of telomerase, the telomerase primer (TP) was extended to 
a telomerase extension product (TEP) with several hexamer repeats 
(TTAGGG)n. The TEP subsequently opened hairpin DNA probe 1 (H1) 
modified on electrode surfaces, and then, H2 on Pt/MPC-COOH-H2 
replaced TEP. The released TEP then entered the next cycle to open 
the next H1. Importantly, a mass of Pt/MPC-COOH-H2 can be intro
duced on the electrode surface, resulting in an increased electrochemical 
signal of the readout. Therefore, the proposed electrochemical sensing 
platform can achieve sensitive detection of biomolecules in low con
centrations, which enhances its diagnostic efficiency. 

2. Experimental section 

2.1. Reagents and materials 

The 6-Mercapto-1-hexanol (MCH), N-Hydroxysuccinimide (NHS), 3′- 
Azido-3′-deoxythymidine (AZT), and 1-Ethyl-3-(3-(dimethylamino) 
propyl) carbodiimide hydrochloride (EDC) were supplied by Aladdin 
Inc. (Shanghai, China). Succinic anhydride, magnesium chloride 
(MgCl2), 2-mercaptoethanol, Tween 20, ethylene glycol bis(2- 
aminoethylether)-N,N,N,N-tetraacetic acid (EGTA), phenyl
methylsulfonyl fluorid (PMSF), bovine serum albumin (BSA), tris- 
(hydroxymethyl) aminomethane (tris), glycerol, isopropanol, 3-[(3- 
cholamidopropyl) dimethylammonio]-1-propanseulfonic acid 
(CHAPS), polyoxometalates (POMs), sucrose, tris(2-carboxyethyl)- 
phosphine (TCEP), and chloroplatinic acid (H2PtCl6⋅6H2O) were pur
chased from Macklin Biochemical Co. Ltd (Shanghai, China). All DNAs 
and the deoxynucleotide mixture (dNTPs) were purchased from 
Shanghai Sangon Biological Engineering Technology & Services Co. Ltd. 
(China), and the sequences are shown in Table S1. H1and H2 were 
heated to 90 ◦C for 5 min and then gradually cooled down to room 
temperature before use. The used buffers are DNA washing buffer (10 
mM Tris-HCl, pH = 7.4), DNA reserve buffer and hybridization buffer:1 
× TE buffer (10 mM Tris-HCl, 1.0 mM NaCl, pH = 7.4). All aqueous 
solutions were prepared with ultrapure water (>18 MΩ, Millipore). 

2.2. Instruments 

Electrochemical measurements were implemented with a PGSTAT 
302N Autolab Electrochemistry Workstation (Metrohm, Switzerland). 
The classical three-electrode, consisting of a gold electrode (GE) or a 
modified electrode as working electrode, a platinum wire as auxiliary 
electrode, and an Ag/AgCl as reference electrode. Scanning electron 
microscopy (SEM; Philips XL-30) and transmission electron microscopy 
equipped with EDX (TEM; JSM- 6700F, Japan) were used to record the 
morphology of the products. The X-ray diffraction (XRD) for the crystal 
structure analysis of nanomaterials was examined on a X-ray D/max- 
2200vpc diffractometer with Cu Kα X-ray source. The zeta potentials 
of materials were obtained on a Zeta Potentials Analytical Instruments 
(Brookhaven Instruments, USA). The surface functional types of mate
rials were investigated by Fourier transform infrared (FT-IR) spectros
copy (Nicolet Magna 560). X-ray photoelectron spectroscopy (XPS, 
thermo ESCA LAB spectrometer, USA) was applied for elemental anal
ysis of synthesized nanomaterials. 

2.3. Cell culture 

HeLa, MCF-7, A549, and MDA-MB-231 cells were grown in Dulbec
co’s modified Eagle’s medium (DMEM) supplemented with strepto
mycin (100 μg mL− 1), penicillin (100 μg mL− 1), and 10% fetal bovine 
serum (FBS) in a 37 ◦C incubator with 5% CO2. For telomerase 

Scheme 1. Preparation of the Pt/MPC-COOH nanomaterial (A). Schematic 
representation of the fabrication process of the biosensor (B). 
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extraction, 1.72 × 107 cells were transferred into an EP tube, washed 
twice with ice-cold phosphate-buffered saline (PBS, 0.1 M, pH 7.4), and 
redispersed in ice-cold CHAPS lysis buffer consisting of (Tris-HCl (10 
mM pH 7.5), glycerol (10%), CHAPS (0.5%), 2-mercaptoethanol (5 
mM), MgCl2 (1 mM), PMSF (0.1 mM), and EGTA (1 mM). After that, the 
cells were redispersed in ice-cold CHAPS lysis buffer and incubated for 
30 min on ice. After centrifugation for 20 min (12,000 rpm, 4 ◦C), the 
supernatant was carefully transferred to a new tube and used immedi
ately or frozen at − 80 ◦C. For the inhibition experiments, different 
volumes of AZT (20 mM) solutions were added to the telomerase 
extension reaction buffer to achieve the desired final concentrations. For 
the control experiment, telomerase extracts were heat-treated at 95 ◦C 
for 10 min. 

2.4. Preparation of epoxy-functionalized MPC and Pt/MPC-COOH 

MPC was performed according to the previous reports [36,37]. Prior 
to use, the 0.45 g MPC powder was dissolved in 1 M HNO3 solution 
(75.00 mL) and refluxed at 90 ◦C for 6 h to obtain the 
epoxy-functionalized MPC. The epoxy-functionalized MPC samples were 
collected by centrifugation and dried in air (100 ◦C). For Pt/MPC-COOH, 
30 μL of isopropanol was mixed in 1.5 mL of the POMs (10 mg mL− 1) 
solutions. The reaction mixture was irradiated for 30 min under 
ultra-violet light (500 W) until a blue solution was obtained. After that, 
12 μL of H2PtCl6⋅6H2O (100 mg mL− 1) and 200 μL of 
epoxy-functionalized MPC suspension 5 mg mL− 1) were injected into the 
above blue solution under stirring for 5 min. The resulting products were 
collected by suction filtration and washed with double distilled water. 
Finally, the products were obtained after drying at 80 ◦C overnight. 

2.5. Construction of Pt/MPC-COOH-H2 

The Pt/MPC-COOH-H2 was prepared through the covalent interac
tion between the –COOH groups of Pt/MPC-COOH and –NH2 groups of 
H2. First, 200 μL of Pt/MPC-COOH (1.0 mg mL− 1) aqueous solution was 
added to 500 μL of EDC (20 mg mL− 1）and NHS (10 mg mL− 1) solution, 
and incubated for 2 h at room temperature. After that, 500 μL of DNA 
(10 μM) was added to the Pt/MPC-COOH suspension, slightly shaken for 
12 h at 4 ◦C, and centrifuged for 20 min at 12,500 rpm to remove excess 
EDC and NHS. The conjugated Pt/MPC-COOH-H2 was finally dispersed 
in 0.1 M PBS buffer (pH 7.4) and stored at 4 ◦C for later use. 

2.6. Fabrication of the proposed biosensor 

The GE was carefully polished with 1, 0.3, and 0.05 μm alumina 
powder, and then, it was washed in ethanol and deionized water by 
sonication. Each pretreated GE was exposed to 2 μM H1 in hybridization 
buffer for 14 h at 4 ◦C, and the electrode was modified through Au–S 
affinity. The modified electrode was extensively rinsed with washing 
buffer to remove excess H1. Subsequently, the resultant electrode was 
blocked with 8 μL of MCH (1 mM) solution for 1 h to eliminate non- 
specific binding sites. For the telomerase extension reaction, 10 μL of 
telomerase extracts, 8 μL of telomerase primer (TP), and 2 mM of dNTPs 
in telomerase extension reaction buffer (TRAP buffer: 20 mM Tris-HCl 
pH 8.3, 1.5 mM MgCl2, 0.005% Tween 20, 1 mM EGTA, 63 mM KCl, 
and BSA 0.1 mg mL− 1) were incubated at 37 ◦C for 60 min. Then, the 
solution was inactivated by heating it at 95 ◦C for 10 min to end the 
extension reaction. After that, the H1-modified electrode was immersed 
in telomerase extension product at 37 ◦C for 1 h. After washing with 
washing buffer, the resulting electrode was immersed in hybridization 
buffer containing Pt/MPC-COOH-H2 for 150 min at 37 ◦C, and then 
thoroughly rinsed with washing buffer. The biosensor performance was 
measured using differential pulse voltammetry (DPV) methods in 0.1 M 
PBS (pH 7.4). 

3. Results and discussion 

3.1. Characterization of the as-prepared samples 

The morphologies of the as-prepared MPC-COOH and Pt/MPC- 
COOH were observed with SEM and TEM (Fig. 1). As shown in Fig. 1A 
and B, the SEM and TEM images of MPC-COOH exhibit a well-defined 
interconnected macroporous nanostructure, with an average pore size 
of 110 nm. The TEM image of Pt/MPC-COOH shows that Pt NPs were 
uniformly dispersed on the MPC surface (Fig. 1C). The EDX spectroscopy 
of the as-synthesized Pt/MPC-COOH shows the coexistence of C, Pt, W, 
and O (the strong peaks of Cu are from the copper grid), which further 
confirms the existence of Pt in the Pt/MPC-COOH nanohybrids (Fig. 1D). 

XRD pattern of Pt/MPC-COOH is displayed in Fig. 2A. The charac
teristic peak at 25◦ corresponds to the plane of C (002). The character
istic peaks at 39.2◦, 44.9◦, 66.1◦, and 78.9◦ correspond to the (111), 
(200), (220), and (311) planes of crystalline Pt, respectively [38]. 
Fig. 2B reveals that the negative zeta potential is greater for the 
as-prepared Pt/MPC-COOH-H2 compared to Pt/MPC-COOH, which 
confirms the successful conjugation of the DNA onto Pt/MPC-COOH. 
From the FT-IR spectrum of MPC-COOH (Fig. S1), the peaks at 1728 
and 1596 cm− 1 correspond to C––O stretching bands. Characteristic 
peaks were observed for the C–O stretching band from –COOH at 1375 
cm− 1. Furthermore, the peak observed at 3400 cm− 1 may be ascribed to 
O–H bands. 

To prove that the formation of the Pt/MPC-COOH composites 
occurred, XPS was applied to analyze the chemical composition of the 
composite. As presented in Fig. S2A, the peaks at 35.9 eV, 72.1 eV, 
274.4 eV, 283.5 eV, 426.2 eV, 530.2 eV can be respectively attributed to 
W 4f, Pt 4f, W 4d, C 1s, N 1s, and O 1s, demonstrating that the Pt/MPC- 
COOH composites were successfully synthesized. Furthermore, the W 4f 
spectrum exhibited two peaks at 35.9 and 38.1 eV, which could be 
ascribed to the W 4f5/2 and W 4f7/2 doublet, respectively (Fig. S2B). 
These binding energies suggest that W was in its full oxidation form in 
POMs when assembled in the composites [35,36]. The high-resolution 
spectrum of Pt 4f in Fig. S2C shows two binding energies of Pt 4f7/2 
at 72.1 eV and Pt 4f5/2 at 75.4e V, which confirms that Pt nanoparticles 
were successfully doped onto the surface of MPC-COOH. 

3.2. Feasibility of the proposed biosensor 

Electrochemical impedance spectroscopy (EIS) is an efficient 
approach for probing the stepwise construction process of the sensor. 
The section of high-frequency semicircle diameter in the EIS results is 
related to the interfacial charge transfer resistance (Rct). Fig. 3 shows 
that a small value of Rct (Rct = 179 Ω, curve a) was observed for the bare 
GE. After the immobilization of H1and the MCH, the value of Rct 
significantly increased due to the electrostatic repulsion between 
negatively charged K3Fe(CN)6/K4Fe(CN)6 and the negatively charged 
DNA strands, and the blocking effect of MCH attenuated the electron 
transfer (Rct = 555 Ω, curve b). When TP (Rct = 1.58 kΩ, curve c) and Pt/ 
MPC-COOH-H2 (Rct = 2.11 kΩ, curve d) were successively incubated on 
the GE, a continuous increase of Rct was observed, which occurred 
because the electron transfer was hindered. Therefore, the value of Rct 
maintained a continuous enhancement from curves a to d, confirming 
the successful construction of this biosensor. 

The feasibility of the proposed biosensing was further validated by 
polyacrylamide gel electrophoresis (PAGE), and the results are shown in 
Fig. S3. TP (lane a), H1 (lane c), and H2 (lane d) exhibited a distinct 
single migration band under the same conditions. When TP (lane a) was 
incubated with dNTPs and telomerase extracts at 37 ◦C for 1 h, a new 
band (lane b) would appear, demonstrating the formation of telomerase 
elongation products (TEPs). After the addition of H1 and H2, new bands 
(lane e) appeared, demonstrating that the TEPs can trigger hybridization 
between H1 and H2. This occurred because H2 replaces the TEPs to form 
the H1/H2 duplex through the CHA and simultaneous release of the 
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TEPs. In the absence of telomerase extracts, no additional bands 
appeared (lane f), suggesting that no hybridization occurred between H1 
and H2. The above results successfully indicate the interactions among 
these DNA sequences. 

The DPV responses of different signal probes were also obtained to 
confirm the feasibility of the proposed biosensor (Fig. 4A). The bare GE 
(curve a) exhibited an obvious oxidation peak, which was attributed to 
the enhanced electron transfer process on the surface of electrode. After 
the immobilization of H1 and the blocking of the nonspecific adsorption 
sites by MCH, the DPV response barely appeared (curve b). After addi
tion of the telomerase extracts and Pt/MPC-COOH-H2, the biosensor 
exhibited an obvious DPV response (curve c). This can be attributed to 

H1 hybridizing with Pt/MPC-COOH-H2, causing a mass of Pt/MPC- 
COOH-H2 that was introduced on the electrode surface and distinctly 
improved the DPV response. Additionally, a weak DPV response was 
obtained in the absence of telomerase extracts (curve d). After adding 
heat-treated cell extracts (curve e), a small increase in DPV response was 
observed as a result of the non-specific adsorption between Pt/MPC- 
COOH-H2 and the electrode surface. 

3.3. Optimization of the electrochemical biosensor 

The concentrations of H1, TP, and H2, the incubation time for 
telomerase-triggered elongation, and the CHA reaction time greatly 

Fig. 1. SEM image of MPC-COOH (A). TEM images of MPC-COOH (B) and Pt/MPC-COOH (C). EDX spectrum of Pt/MPC-COOH (D).  

Fig. 2. XRD pattern of Pt/MPC-COOH(A). Zeta potentials of Pt/MPC-COOH (a) and Pt/MPC-COOH-H2 (b) (B).  
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affect the electrochemical signal response. Therefore, five key experi
mental parameters were researched to obtain the optimal analytical 
experimental conditions. Fig. 4B reveals the effect of H1 concentration 
on the biosensor. When the H1 concentration was increased from 0.5 to 
2 μM, the DPV intensity was gradually enhanced and reached a constant 
value at 2 μM. This suggested that the optimal concentration of H1 was 
2 μM, and therefore, this value was applied to the following experi
ments. Fig. 4C shows the relationship between the concentration of TP 
and DPV intensity. With the increase in the TP concentration, the DPV 
intensity gradually increased until it was almost at the same value (2–4 

μM). Therefore, in subsequent experiments, 2 μM was chosen as the 
optimal concentration for TP. As shown in Fig. 4D, the relationship 
between the incubation time for telomerase-triggered elongation and 
DPV intensity was investigated. With the increased incubation time for 
telomerase-triggered elongation, the DPV intensity increased accord
ingly and approached a plateau at 20 min. Hence, the optimal incuba
tion time for telomerase-triggered elongation was determined to be 20 
min. Fig. 4E shows that the DPV intensity was enhanced accordingly 
along with increasing H2 concentration from 0.5 to 2.5 μM. Then, the 
DPV intensity remained almost the same (2.5–10 μM). Hence, the op
timum concentration of H2 was 2.5 μM. As shown in Fig. 4F, with the 
increase in the CHA reaction time, the DPV intensity gradually improved 
due to the combination of abundant Pt/MPC-COOH-H2 and the elec
trode. A plateau was reached after the CHA reaction time exceeded 150 
min. Hence, we selected 150 min as the optimal CHA reaction time for 
subsequent experiments. 

3.4. Telomerase activity assay 

Under optimal conditions, a series of HeLa cells with different con
centrations (from 102 to 107 HeLa cells mL− 1) was measured (Fig. 5). 
The DPV intensities were sequentially increased along with the increase 
in cell concentration. As shown in the inset plot of Fig. 5, the linear 
response range was from 102 to 107 HeLa cells mL− 1 with a linear 
regression equation of I(μA) = 0.2913 log(c)－0.2043, and the limit of 
detection (LOD) was calculated to be 9.02 HeLa cell mL− 1 (S/N = 3). 
Moreover, the proposed biosensor has a wider dynamic range and lower 
LOD value than those of other published electrochemical telomerase 
biosensors (Table 1). Additionally, the biosensor exhibits outstanding 
reproducibility. The obtained relative standard deviation (RSD) of 
2.84%, 2.49%, and 3.00% correspond to the five repetitive tests of 5.0 ×
104, 3.7 × 105, and 1 × 106 HeLa cells mL− 1, respectively. The obtained 
signal intensities of the biosensor remained at 95.03% of its original 
response after storage at 4 ◦C for 15 days. This demonstrates that the 
proposed electrochemical sensing platform has satisfactory reproduc
ibility and stability. In addition, the reproducibility was measured with 
different electrodes (n = 5). An acceptable RSD (3.57%) was obtained, 

Fig. 3. EIS characterization of bare GE (a), MCH/H1/GE (b), cell extract + TP/ 
MCH/H1/GE (c), and Pt/MPC-COOH-H2/(cell extract + TP)/MCH/H1/GE (d). 

Fig. 4. DPV responses of bare GE (a), MCH/H1/GE (b), Pt/MPC-COOH-H2/(cell extracts + TP)/MCH/H1/GE (c), Pt/MPC-COOH-H2/TP/MCH/H1/GE (d), and Pt/ 
MPC-COOH-H2/(heated cell extracts + TP)/MCH/H1/GE (e) in 0.1 M PBS (pH = 7.4) solution containing 0.3 mM of AP (A). Influence of the concentrations of H1 
(B), the concentrations of TP (C), the incubation time for telomerase-triggered elongation (D), the concentrations of H2 (E) and the CHA reaction time (F) on DPV 
response currents. The HeLa cell number is equivalent to 3.7 × 105. 
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which indicates that this method exhibits satisfactory reproducibility 
(Fig. S4). To further evaluate the analytical applicability of this method, 
recovery tests were further performed using 4 human blood serum 
samples (Table S2), and recoveries of 97.6–105.8% were obtained, 
which indicated that this method possesses excellent practicability in a 
complex biological system for telomerase activity assay. 

In order to further estimate the universality of the developed telo
merase activity detection, telomerase activity in different cancer cell 
lines, such as MDA-MB-23 and MCF-7, was measured. As revealed in 
Fig. 6, all of these cell lines exhibited remarkable DPV responses, 
revealing their excellent telomerase activities. A weak signal response 
was obtained for heated cell extracts because of the lack of telomerase 
activity. Furthermore, T4 DNA ligase (T4) and glucose oxidase (GOD) 
were selected as controls to explore the selectivity of the electrochemical 
sensing platform. In comparison with telomerase, GOD and T4 exhibited 
weak electrochemical signals (Fig. 6). These comparisons clearly 
confirm that the developed electrochemical sensing platform for telo
merase activity assay possesses excellent universality and selectivity. 
The evaluation of inhibitory telomerase activity is displayed in Fig. S5. 

4. Conclusions 

In summary, we successfully developed a reliable and highly sensi
tive electrochemical biosensor based on the integration of the 
telomerase-initiated CHA process with electrocatalysis by Pt/MPC- 
COOH. The conjugation of Pt NPs with epoxy-functionalized MPC not 
only prevented the aggregation of Pt NPs, but also harnessed the 
excellent electrocatalytic performance of Pt NPs and the short electron- 
transport distance of epoxy-functionalized MPC, revealing outstanding 
catalytic activity toward AP oxidation. After the introduction of telo
merase, TP could be extended to TEPs with several hexamer repeats 
(TTAGGG)n, which initiated the CHA cycle and lead to signal amplifi
cation. There was enrichment of Pt/MPC-COOH on the electrode sur
face, resulting in the increased electrochemical signal of the readout. 
This biosensor exhibits high catalytic performance such as low limit of 
detection (9.02 HeLa cells mL− 1) and wide linear response range (102 to 
107 HeLa cells mL− 1) for telomerase activity detection. The electro
chemical sensing platform exhibited an excellent analytical performance 

and good feasibility with cell extracts. This shows that the developed 
sensor can be a favorable analytical tool for the evaluation of telomerase 
activity in biological analysis. 

Fig. 5. DPV signals of the biosensor for telomerase extracts from different 
concentrations of HeLa cells at 1 × 102, 5 × 102, 1 × 103, 5 × 103, 1 × 104, 5 ×
104, 1 × 105, 3.7 × 105, 1 × 106, and 1 × 107 (from bottom to up). Inset: 
calibration curve of DPV peak currents vs the logarithmic value of HeLa 
cell numbers. 

Table 1 
Comparison of different analytical strategies for telomerase activity detection.  

Materials Linear range 
(HeLa cells 
mL− 1) 

Limit of 
detection 
(HeLa cells 
mL− 1) 

Detection 
mode 

Ref. 

CS/Ru− PEI@ZIF-8/ 
PtNPsa 

50–1.0 ×
106 

11 ECb [15] 

T7 Exonuclease- 
Aided Target 
Recycling 
Amplification 

2–1.0 × 103 1 DPVc [18] 

SNAs AuNPsd 10–1.0 ×
104 

2 DPV [19] 

PorMOF@SAe 100–1.0 ×
107 

30 DPV [20] 

ExoIII-aided target 
recycle 
amplification 

5–1.0 × 103 1 DPV [21] 

STTS/GEf 0–5.0 × 104 10 i-tg [22] 
AuNRs-3-cDNAh 100–1.04 ×

107 
52.81 DPV [23] 

Pt@UiO-66-NH2- 
cDNAi 

500–1.0 ×
107 

100 LSVj [24] 

Gold nanoparticles 5–1.0 × 103 3 UV–Visk [39] 
AuNP-DNAl 200–1.2 ×

104 
46 Fluorescence [40] 

Au@CeMOF-cDNAm 200–2.0 ×
106 

27 SWVn [41] 

H-GNso 100–2.3 ×
103 

60 Colorimetry [42] 

Au NRs/TMB2+p 200–1.5 ×
104 

90 Colorimetry [43] 

Au NPs-pDNAq 100–800 
2.0 ×
103–1.6 ×
104 

30 PECr [44] 

Pd/MIL101-NH2- 
cDNAs 

5.0 ×
102–1.62 ×
107 

11.25 DPV [45] 

Pt/MPC-COOH-H2 100–1.0 ×
107 

9.02 DPV This 
work  

a Ruthenium polyethyleneimine complex doped zeolitic imidazolate 
framework-8, Pt nanoparticles, and chitosan solution modified on glassy carbon 
electrode. 

b Electrochemiluminescence. 
c Differential pulse voltammetry. 
d Spherical nucleic acids gold nanoparticles. 
e Streptavidin functionalized porphyritic metal-organic framework. 
f Spired DNA tetrahedron TS primer modified gold electrode. 
g Amperometric i-t curve. 
h Capture DNA was conjugated with carboxylic group functionalized Au 

nanorods. 
i Pt nanoparticles encapsulated metal-organic frameworks with capture DNA. 
j Linear sweep voltammetry. 
k Ultraviolet–visible spectroscopy. 
l DNAzyme strands functionalized gold nanoparticle. 
m Capture DNA was conjugated with cerium-based metal-organic frameworks 

functionalized with gold nanoparticles. 
n Square wave voltammetry. 
o Hemin-graphene nanomaterial. 
p Au nanorods were gradually etched by oxidation state of 3,3′,5,5′ tetrame

thylbenzidine sulfate. 
q Gold nanoparticles-labeled DNA probe. 
r Photoelectrochemical. 
s Pd nanoparticles anchored on amine functionalized Cr-based metal-organic 

frameworks with capture DNA. 
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