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Catalytic assembly of DNA nanostructures on
a nanoporous gold array as 3D architectures
for label-free telomerase activity sensing†
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Wei-Chuan Shih *acde

Telomerase, an enzyme known to catalyze telomere elongation by

adding TTAGGG [thymine (T), adenine (A), and guanine (G)] repeats

to the end of telomeres, is vital for cell proliferation. Overexpression of

telomerase has been found in most tumor cells, resulting in telomere

dysfunction and uncontrolled cellular proliferation. Thus, telomerase

has been considered as a potential cancer biomarker, as well as a

potential target in cancer therapy. In this study, telomerase-catalyzed

growth of tandem G-quadruplex (G4) assembled on a nanoporous

gold array (NPGA) resulted in the formation of three-dimensional

hybrid nanoarchitectures. The generated nanostructure then captured

malachite green (MG) (reporter molecule) without the need of a

complicated labeling process. Upon laser irradiation, the captured

MG molecules produced a surface-enhanced Raman scattering (SERS)

signal that was generated by an abundant amount of plasmonic hot

spots in the NPGA substrates. A limit of detection (LOD) of 10�10 IU

along with a linear range, which was 3 orders of magnitude, was

achieved, which was equivalent to the telomerase amount

extracted from 20 HeLa cells. The LOD is 2 orders of magnitude

better than that of the commercial enzyme-linked immuno-

sorbent assay (ELISA), and it approaches that of the most sensitive

technique, telomeric repeat amplification protocols (TRAP), which

require a laborious and equipment-intensive polymerase chain

reaction (PCR). In addition, X-ray photoelectron spectroscopy

(XPS) was used to chemically identify and quantify the telomerase

activity on the sensitized NPGA surface. Furthermore, the sensor

was applied to screen the effectiveness of anti-telomerase drugs

such as zidovudine, thus demonstrating the potential use of the

sensor in telomerase-based diagnosis and drug development.

Moreover, the framework represents a novel paradigm of colla-

borative plasmonic intensification and catalytic multiplication

(c-PI/CM) for label-free biosensing.

1. Introduction

Telomeres consisting of tandem (TTAGGG)n repeats (thymine
(T), adenine (A), and guanine (G)) are present at the ends of
eukaryotic chromosomes with binding proteins. Proper telo-
mere maintenance is a vital prerequisite for continual cellular
proliferation. On the other hand, shortened telomeres increase
the probability of chromosome end damage, which subsequently
induces cellular senescence or apoptosis depending on the cell
type.1,2 Thus, a variety of pathological processes are linked with
the changes in the length of the telomere.3 Telomerase is an
enzyme that catalyzes telomere elongation by adding G-rich
TTAGGG repeats to the end of a telomere. Telomerase is well
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Conceptual insights
3D hybrid nanoarchitectures, formed by telomerase-catalyzed growth of
tandem G-quadruplexes (G4), was explored on a nanoporous gold array
(NPGA), followed by a simple staining step using malachite green (MG)
without any complicated labeling processes. Upon laser irradiation, the
captured MG molecules produced a surface-enhanced Raman scattering
(SERS) signal that was generated by an abundant amount of plasmonic
hot spots in the NPGA substrates. In particular, the highly active surface
and good biocompatibility of NPGA further enhanced the catalytic
performance of telomerase, greatly shortening the assembly time of the
telomeric repeats. The limit of detection is equivalent to the telomerase
amount extracted from 20 HeLa cells, which is 2 orders of magnitude
better than that of the commercial ELISA and approaches that of the most
sensitive PCR-based TRAP technique. A potential application is demons-
trated using the proposed sensor to screen anti-telomerase drugs such
as zidovudine. Therefore, this study establishes a novel paradigm of
collaborative plasmonic intensification and catalytic multiplication.
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known as a ribonucleoprotein with three main parts: a reverse
transcriptase unit (TERT) that is the enzyme center,4 a structural
component containing RNA that is used as a replica for coding
G-rich telomeric repeats, and the dyskerin protein complex.5

Several recent reports have argued that the overexpression of
telomerase might prolong the cellular lifespan due to its anti-
aging effect.6–9 However, in cancer biology, overexpression of
telomerase has been found in most tumor cells, leading to
telomere dysfunction and uncontrolled proliferation. This has
led scientists to consider telomerase as a potential cancer
biomarker10–13 and a target in cancer therapy.14 For example,
Xu et al. reported that the combination of TERT and cyclo-
oxygenase 2 can synergistically kill gastric cancer cells both
in vitro and in vivo.15 Thus, precise monitoring of the telomerase
activity is key to advancing science and technology in anti-aging
and cancer diagnostics and therapeutics.16–19

To date, several commercial telomerase sensing technologies
have been developed based on the polymerase chain reaction
telomeric repeat amplification protocol (PCR-TRAP)20 and
enzyme-linked immunosorbent assay (ELISA). PCR-TRAP is
the most widely used technique with high sensitivity;21 however,
it suffers from interferences from other species such as bio-
molecules used in PCR inhibition, which leads to false-negative
results.22 In addition, PCR requires sophisticated sample pre-
paration, long waiting time, and has high cost. ELISA, on the
other hand, is relatively easier to implement. However, it suffers
from poor sensitivity compared to PCR-TRAP. In addition, ELISA
cannot be employed to monitor telomerase activity since it lacks
the specificity to distinguish between active and non-active forms
of telomerase. Furthermore, the need for highly specific anti-
bodies renders ELISA costly. To address these issues, alternative
methods have been developed based on the detection of telomeric
repeats via different reporting mechanisms such as fluores-
cence,23–26 electrochemistry,27–30 electrochemiluminescence,31,32

and surface plasmon resonance.33,34 Although these approaches
have shown various levels of success, having a detection sensitivity
that is competitive to that of the PCR-TRAP is still elusive. Most of
the existing techniques rely on the hybridization of telometric
repeats with additional complementary DNA sequences, which
makes them complicated and prone to false-positive results.

To overcome these limitations, we developed a rapid, low-cost
sensing platform based on telomerase-catalyzed assembly of
tandem G4 on nanoporous gold array (NPGA) substrates, an
attractive plasmonic platform due to its large specific surface area,
high-density hot spots, and tunable plasmonic properties.35,36

Since NPGA are directly fabricated on a substrate using advanced
micro and nanofabrication technologies, the nanostructures are
extremely robust, a key factor for high-performance molecular
sensing. In our previous studies, NPGA chips have been employed
for label-free monitoring of individual DNA hybridization via
SERS37 and surface-enhanced fluorescence (SEF).38 Recently,
chemical and refractive index sensing have been simultaneously
achieved via surface-enhanced near-infrared absorption (SENIRA).39

In the existing demonstrations, NPGA was explored for its plasmonic
light concentrating property. In this study, however, NPGA was
demonstrated to enhance the local electric field as well as facilitate

the catalytic reactions. While extreme light concentration enables
ultrasensitive detection, catalytic reactions effectively reduce the
assay time. Therefore, this study represents a novel paradigm of
collaborative plasmonic intensification and catalytic multiplication
(c-PI/CM).

Herein, tandem G4 topological structures, formed by telomerase-
catalyzed telomeric repeats in situ, were used as scaffolds to capture
malachite green (MG), a reporter molecule, onto the NPGA surface;
moreover, molecular-specific detection and quantification were
carried out using surface-enhanced Raman spectroscopy (SERS).
The high capturing efficiency of tandem G4 towards MG improved
the sensitivity of the assay without the use of complicated labeling
processes. This newly developed sensor demonstrates a limit of
detection approaching that of the PCR-TRAP with a linear range
across 3 orders of magnitude. We also confirmed the telomerase
activity on the NPGA surface using X-ray photoelectron spectroscopy
(XPS) and estimated the number of the telomeric repeats. For the
real applicability of the sensor, we successfully showed the screening
of an anti-telomerase drug, zidovudine, which is employed in
treating AIDS patients. The present sensor has several distinct
advantages such as low-cost, fast response, high sensitivity and
dynamic range, and is easy-to-use, making it a promising candidate
for monitoring the telomerase activity.

2. Results and discussion
2.1. Catalytic assembly of the DNA topological nanostructures
on NPGA for the capture of malachite green

Thiolated sequence (TS) primer was first immobilized on NPGA,
followed by incubation in deoxynucleotide triphosphates (dNTPs)
and potassium ion (K+). With the addition of telomerase,
a number of elongated telomeric repeats (TTAGGG) were
assembled at the end of the TS primer via telomerase catalysis.
The highly active surface and good biocompatibility of NPGA
may further enhance the catalytic performance of telomerase,40

greatly shortening the assembly time of the telomeric repeats.
Owing to the telomeric repeats, there is a G-rich sequence that
can fold into a series of G4 structures through cyclic arrays of
Hoogsteen hydrogen bonds in the presence of K+ and form
tandem G4 moieties.41 Subsequently, exposure to MG mole-
cules causes the formation of G4-MG conjugations through p–p
stacking and electrostatic interactions (Fig. 1A),42,43 which
makes the MG molecules to couple onto the NPGA surface as
a signal reporter without the need of a sophisticated labeling
process.44 Mercapto-1-undecanol (MCU) was applied to block
the non-specific binding of the MG molecules, which could
greatly reduce a false positive result. As previously reported, the
high-density NPGA features a unique 3D internal porous network
and ligament structure, offers a large surface area and abundant
plasmonic hot-spots, which greatly enhances the electromagnetic
fields of the localized surface plasmon resonance (LSPR), and
further contributes to the high SERS enhancement and sensitivity.
The remaining space of the flat Au film is low, indicating that a
restricted SERS response is caused by the surface of the flat Au
film. Moreover, the SERS response on the flat Au film is weak
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because of the poor enhancement factor of the flat Au film.45

Therefore, the SERS response from the flat Au film surface is
negligible as compared to that from NPGA in our system.
In addition, the MG molecules captured near the surface of NPGA
contribute to a higher SERS signal, whereas other MG molecules
that are far from the NPGA surface contribute to a relatively weaker
SERS signal. A typical NPGA (diameter: 500 nm; thickness: 90 nm;
and pore size: B15 nm) and its bicontinuous three-dimensional
inner structure are shown in Fig. 1B.

2.2. Surface modification-induced LSPR shifts

The spectral position of the LSPR of gold nanoparticles can be
tuned by modifying the size, shape, and composition of the
nanostructure. In addition, LSPR of gold nanoparticles is highly
sensitive to changes in the local refractive index of the

nanoparticles. This sensitivity can be employed to monitor
the assembly and structural evolution of the nanoarchitectures.
As shown in Fig. 2A, extinction spectra (Cary 5000, Agilent) of
NPGA with and without telomerase were employed to assess
different surface modification steps. A significant red shift of
15 nm was observed after incubating naked NPGA in a TS
primer (Fig. 2Ab and Bb), indicating the successful binding of
the TS primer on the gold surface. A further red shift of 10 nm
was observed after the addition of telomerase (Fig. 2Ac), which
was attributed to the catalytic elongation of the telomeric
repeats and the formation of tandem G4 in situ. After exposing
the assembled tandem G4-NPGA nanoarchitecture to MG solu-
tions, an additional red shift of 16 nm was observed (Fig. 2Ad),
and the binding of the MG molecules onto tandem G4 caused
this shift. Lastly, a slight blue shift of 7 nm was observed after

Fig. 1 (A) Schematic of the catalytic assembly of the DNA topological nanostructures on NPGA as three-dimensional hybrid nanoarchitectures for
ultrasensitive label-free telomerase activity sensing. The two black dots on top indicate more telomeric repeat-based G4 moieties. (B) SEM images of a
typical NPG nanoparticle and its 3D nanostructure.

Fig. 2 (A) Extinction spectra of NPGA at different modification steps: (a) naked NPGA, (b) TS-modified NPGA, (c) G4-assembled NPGA, (d) after capturing
MG, and (e) after MCU incubation. (B) SERS spectra of NPGA with and without telomerase: (a) in the absence of telomerase, (b) in the presence of
heat-inactivated telomerase (1.0 IU), and (c) in the presence of active telomerase (6.45 � 10�9 IU).
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incubating the sensor in MCU solutions, a blocking agent (Fig. 2Ae),
suggesting that non-specifically bound MG molecules and TS
primer were removed and replaced by MCU molecules.

SERS spectra of the NPGA substrates were acquired under
different treatment conditions, without telomerase, with heat-
inactivated telomerase, and with low-concentration active
telomerase, using a home-built line-scan Raman microscope
(LSRM).46 LSRM simultaneously enables the acquisition of
high-quality SERS spectra from B120 diffraction-limited spots
along a 120 mm line and facilitates the assessment of sample
uniformity via statistical analysis. Spectral preprocessing, such
as curvature correction and background removal, was performed
using a home-built software.47 As shown in Fig. 2B, in the absence
of telomerase, very weak SERS peaks were detected, which were
attributed to the residual non-specifically bound MG molecules
(Fig. 2Ba). In the presence of active telomerase, tandem G4 formed
and assembled on the surface of NPGA, which allowed the
capturing of the MG molecules. As a result, a strong SERS signal
from the MG molecules was detected (Fig. 2Bc). Among these, the
strong peaks at 1179 cm�1, 1402 cm�1, and 1615 cm�1 were
assigned to the in-plane C–H bending, N-phenyl stretching, and
ring C–C stretching of the MG molecules, respectively. The peaks
at 798 cm�1 and 915 cm�1 were assigned to the out-of-plane C–H
bending of the ring.48 Note that only a weak SERS signal was
detected while using heat-inactivated telomerase (pre-heated at
90 1C for 15 min), suggesting that the proposed approach could
differentiate between inactivated and activated telomerase,
Fig. 2Bb vs. Bc, respectively.

2.3. XPS measurements for telometric elongation on NPGA

To verify the telometric elongation on the surface of NPGA,
X-ray photoelectron spectroscopy (XPS) was performed, and the
results are shown in Fig. S1 (ESI†). The signals of S 2p appeared
roughly centered at 161.8 eV (S 2p3/2) and 163.1 eV (S 2p1/2) and
clearly confirmed the existence of the TS primer modification
layer (see curve a, b, and c in Fig. S1D, ESI†). No significant
changes for the peak position and corresponding intensity of C
1s and N 1s were found when the TS primer-modified NPGA
was incubated in the dNTPs solution (see curve a and b in
Fig. S1B and C (ESI†), respectively), indicating that dNTPs alone
had no effect on the TS primer. However, the intensities of C 1s
and N 1s increased with the addition of telomerase (see curve c
in Fig. S1B and C (ESI†), respectively), suggesting that the
telomeric repeats were successfully added to the end of the
TS primer. These variations were further verified by the ratios of
C 1s and N 1s to Au 4f, and the data is summarized in Table 1.
The ratios of C 1s/Au 4f, N 1s/Au 4f, and S 2p/Au 4f show no
significant changes before and after the immersion of the TS

primer-modified NPGA in the dNTPs solution (see a and b
in Table 1). However, significant increases of C 1s/Au 4f and
N 1s/Au 4f ratios were achieved following incubation with
telomerase (see c in Table 1). Furthermore, according to the
increase factor of the N 1s/Au 4f ratio of the TS primer-modified
NPGA before and after incubation with telomerase, the number
of telomeric repeats was estimated to be 15.5. Detailed calcula-
tion can be found in the ESI.† These results also suggested that
telomerase remained highly active on the NPGA, which was
essential for our approach.

2.4. Sensor optimization

A series of control experiments were conducted to identify the
optimal conditions for monitoring the telomerase activity.
As can be seen from Fig. 3A, the SERS intensity rapidly
increased with an increase in the TS primer concentration in
the range from 6.0 nM to 0.2 mM and then gradually decreased
at over 0.2 mM. A plausible explanation is that at the TS primer
concentration higher than 0.2 mM, the assembled tandem G4
layer is too compact and spatially hindered to allow the MG
molecules to bind. Fig. 3B shows the effect of the dNTP
concentrations on the SERS signal. It was found that the SERS
intensity gradually increased and reached a plateau near 0.03 mM.
Thus, the optimal concentrations of the TS primer and dNTPs
were selected at 0.2 mM and 0.03 mM, respectively.

Moreover, the incubation time of the TS-immobilized NPGA
with telomerase and MG molecules was examined. For the effect
of the incubation time in the presence of the MG molecules, the
SERS intensity dramatically increased and plateaued near 35 min
(Fig. 3C); therefore, 35 min of MG incubation was selected for
later experiments. For the performance of incubation time with
telomerase (Fig. 3D), it was found that the SERS intensity first
increased and then quickly decreased after 15 min. Therefore,
unlimited telomeric elongation with longer incubation time
would result in a more compact tandem G4 layer that would
spatially hinder MG from binding G4 closer to the NPGA surface,
leading to weaker SERS signal. Thus, to achieve the best SERS
signal, the incubation time of 15 min was selected, which was
much shorter than that reported in previous studies (at least
1 hour).33,49 On the other hand, the result suggests that the
telomerase activity may be catalyzed by the highly active surface
of the NPGA.

2.5. Monitoring the telomerase activity

To investigate the feasibility of the proposed nanoarchitecture
to quantify the telomerase activity, a series of TS primer-
immobilized NPGA were immersed in different amounts of
telomerase solutions. The SERS spectra and calibration curve

Table 1 The ratios of C 1s, N 1s, and S 2p to Au 4f calculated from the XPS data for different modified NPGAa

Sample name Au 4f C 1s N 1s S 2p C 1s/Au 4f N 1s/Au 4f S 2p/Au 4f

NPGA + TS (a) 72671.35 4291.08 647.96 315.21 0.059 0.018 0.004
NPGA + TS + dNTPs (b) 64794.54 3707.07 700.45 259.41 0.057 0.011 0.004
NPGA + TS + dNTPs + telomerase (c) 41819.12 6510.79 2553.37 122.40 0.156 0.061 0.003

a Peak areas were used to calculate the ratio between C 1s, N 1s, S 2p, and Au 4f.
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for the quantitation of the telomerase activity are shown in
Fig. 4. It was observed that the SERS intensity gradually
increased with the increase in the telomerase activity in the
range from 0.01 to 6.45 � 10�7 IU, reached a maximum at
6.45 � 10�7 IU, and a decreasing trend originated at over 6.45 �
10�7 IU (Fig. 4B). The results indicated that more telomeric
repeats and G4 were formed and assembled with the increasing
telomerase activity, which subsequently captured more MG
molecules. However, spatial hindrance caused by the compact

G4 layer prevents MG from binding G4 closer to the NPGA
surface, resulting in a decrease in the SERS signal intensity at
over 6.45 � 10�7 IU. In addition, the plot of I/I0 value vs. the
logarithm of the telomerase activity exhibits good linearity in
the range from 1.695 � 10�9 IU to 6.45 � 10�7 IU (inset in
Fig. 4B). The correlation coefficient R2 of the linear standard
curve is 0.9869. The lowest detection limit was calculated to be
6.44 � 10�10 IU at 3 times of signal-to-noise ratio, which was
equivalent to the amounts extracted from 20 HeLa cells.25

Fig. 3 Dependence of the SERS intensity on the (A) TS primer concentration, (B) dNTPs concentration, (C) incubation time with MG molecules, and
(D) incubation time with telomerase (6.45 � 10�9 IU).

Fig. 4 (A) SERS spectra for different telomerase activities and (B) dependence of the corresponding SERS intensity on the telomerase activity at
1179 cm�1, inset: linear calibration curve of I/I0 value vs. logarithm of telomerase activity. I and I0 are the SERS intensities with and without telomerase at
1179 cm�1, respectively. Telomerase activity from a to g were 0.0 IU, 1.695 � 10�9 IU, 6.45 � 10�9 IU, 1.695 � 10�8 IU, 6.45 � 10�8 IU, 6.45 � 10�7 IU,
and 1.695 � 10�6 IU, respectively.
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2.6. ELISA-based colorimetric assay

ELISA-based colorimetric assay has drawn significant attention
due to its simplicity and rapid readout.50 However, its limit of
detection is in the nanomolar range. For comparison with our
approach, we tested a commercial ELISA kit (Fig. 5A) with
telomerase monoclonal antibody (mAb1) immobilized at the
bottom of a sampling well. Once telomerase was captured by
the mAb1, the addition of biotin-labeled polyclonal telomerase
antibody (pAb2) could form sandwiched immuno-conjugates.
Then, avidin-labeled horseradish peroxidase (HRP) was linked

to the sandwiched immuno-conjugates via specific biotin-avidin
conjugation. Tetramethylbenzidine (TMB) was employed as the
catalytic substrate for HRP. As summarized in Fig. 5B–D, the
color of the solution gradually changed from colorless to dark
blue with the increase in the telomerase activity (Fig. 5B), corre-
lating to the absorbance measurements (Fig. 5C). A good linear
relationship between the absorption intensity at 650 nm and
telomerase activity over the range from 9.7 � 10�7 IU to 1.25 �
10�4 IU was identified with a detection limit of 2.43 � 10�7 IU,
which was 2 orders of magnitude worse than that of our SERS
technique. Moreover, the ELISA method was further used to

Fig. 5 (A) Schematic of the ELISA-based colorimetric assay for telomerase detection; (B) color changes with different telomerase activity; (C)
corresponding UV/vis spectra; a to h are 2.44 � 10�7 IU, 9.75 � 10�7 IU, 3.905 � 10�6 IU, 7.8 � 10�6 IU, 1.66 � 10�5 IU, 3.12 � 10�5 IU, 6.25 � 10�5

IU, and 1.25 � 10�4 IU, respectively; (D) dependence of the UV/vis absorption intensity at 650 nm on the telomerase activity, inset: linear calibration curve
of the UV/vis absorption intensity vs. telomerase activity.

Fig. 6 (A) SERS spectra and (B) the corresponding SERS intensity at 1179 cm�1 with respect to the AZT concentration: from a to e: 0.0 nM, 0.25 nM,
2.5 nM, 25 nM, and 250 nM, respectively. Inset: Linear calibration curve of the SERS intensity vs. logarithm of the AZT concentration.
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detect heat-inactivated telomerase (pre-heated at 90 1C for
15 min). As shown in Fig. S2 (ESI†), results similar to those
obtained from the active telomerase were obtained, suggesting
that the ELISA-based colorimetric assay lacked the specificity to
distinguish whether telomerase was active or not.

2.7. Screening for anti-telomerase drug

Since telomerase has been found to be up-regulated in 80–90% of
cancers and is directly linked to uncontrolled cell proliferation,
it has become a potential target in several anticancer agent
studies.51 One of the general strategies of telomerase targeting
directly depends on inhibiting its activity.52 Zidovudine (30-azido-
30-deoxythymidine, AZT) is a drug that is currently used to treat
acquired immunodeficiency syndrome (AIDS).53 However, now
several research groups have validated that AZT has multiple
other pharmacological functions such as inhibition of integrase,
human telomerase, and thymidine kinase.54,55 Therefore, AZT is
selected as a model to demonstrate the potential application of
our sensor for anti-telomerase drug development. In a series of
experiments, telomerase activity was assessed by mixing various
amounts of AZT with telomerase before measurement using the
proposed sensor. As shown in Fig. 6, SERS intensity decreased
with respect to AZT concentration at as low as 0.25 nM, indicating
that AZT can effectively block telomerase function. Moreover,
a good linear relationship between the SERS intensity and the
logarithm of the AZT concentration over the range from 0.25 nM
to 250 nM can be observed. The correlation coefficient R2 was
calculated to be 0.9912. It is suggested that the inhibitory
interaction between AZT and telomerase may be assigned to
the first-order reaction kinetic mode, which causes a nonlinear
curve between the SERS intensity and the AZT concentration.

3. Conclusion

In summary, we demonstrated novel three-dimensional hybrid
nanoarchitectures of catalytically assembled tandem G4 topo-
logical nanostructures on NPGA for monitoring the telomerase
activity. The assembled tandem G4 effectively captures MG
reporter molecules onto the NPGA surface for SERS detection.
This protocol is simple and avoids complicated labeling processes
and harsh conditions. XPS was utilized to confirm the telomerase
activity on the NPGA surface and calculate the number of telo-
meric repeats. The total telomerase elongation time was 15 min,
much shorter than that reported in previous studies. Compared to
the commercial ELISA colorimetric assay, our SERS sensor is
2 orders of magnitude more sensitive and specific to differentiate
active telomerase from inactive telomerase. The sensor also has a
linear range across 3 orders of magnitude. In addition, the SERS
sensor was demonstrated to have a potential application in the
quantification of the efficacy of an anti-telomerase drug. The
unique catalytic assembly of the DNA topological nanostructures
on the plasmonic nanostructures to form hybrid nanoarchitec-
tures represents a novel label-free enzyme activity SERS sensor.
Overall, this study establishes a novel paradigm of collaborative
plasmonic intensification and catalytic multiplication (c-PI/CM).
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