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Abstract Electrochemical methods allow fast and inexpensive
analysis of enzymatic activity. Here, a simple and yet efficient
Bsignal-on^ electrochemical assay for sensitive, label-free detec-
tion ofDNA-related enzyme activity was established on the basis
of terminal deoxynucleotidyl transferase (TdT)-mediated exten-
sion strategy. TdT, which is a template-independent DNA poly-
merase, can catalyze the sequential addition of deoxythymidine
triphosphate (dTTP) at the 3’-OH terminus of single-stranded
DNA (ssDNA); then, the TdT-yield T-rich DNA nanowires can
be employed as the synthetic template of copper nanoclusters
(CuNCs). Grown DNA nanowires-templated CuNCs (noted as
DNA-CuNCs) were attached onto graphene oxide (GO) surface
and exhibited unique electrocatalytic activity to H2O2 reduction.
Under optimal conditions, the proposed biosensor was utilized
for quantitatively monitoring TdT activity, with the observed
LOD of 0.1 U/mL. It also displayed high selectivity to
TdT with excellent stability, and offered a facile, conve-
nient electrochemical method for TdT-relevant inhibitors
screening. Moreover, the proposed sensor was successful-
ly used for BamHI activity detection, in which a new 3′-
OH terminal was exposed by the digestion of a phosphate
group. Ultimately, it has good prospects in DNA-related

enzyme-based biochemical studies, disease diagnosis, and
drug discovery.
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Introduction

Genetic information is duplicated to produce two alike copies of
an organism’s genome, and this typical process is addressed as
BDNA replication^ [1], involving a set of different proteinswork-
ing methodically [2, 3]. However, there are two main types of
enzymes in DNA replication: polymerases and endonucleases. It
has been clinically proven that altered expression level and ac-
tivity of these two enzymes play a critical role in cancer devel-
opment, and might also deteriorate even further the response to
anticancer chemotherapy [4–7]. Hence, the development of ef-
fective, sensitive methods for the activity detection of these
DNA-related enzymes is of great significance.

As is known, most DNA polymerases implement this reac-
tion effectively by exploiting a DNA or RNA template to
direct each incorporation event. This template-dependent po-
lymerization reaction leads to a generated DNA chain that is
complementary to the template strand on the basis of proper
Watson-Crick nucleotide base pairing rules. Nevertheless, one
unique polymerase, denoted as terminal deoxynucleotidyl
transferase (TdT), executes DNA synthesis without a template
[8, 9]. The biological function of TdT is to add random dNTP
at 3′-OH terminal DNA during V(D)J recombination, which is
the unique mechanism of genetic recombination that occurs
only in developing lymphocytes during the early stages of T
and B cell maturation [10–12]. TdTalso plays a notable role in
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cancer as it is overexpressed in acute lymphocytic leukemia
(ALL) and acute myelocytic leukemia (AML) [13, 14].
Furthermore, higher levels of TdT activity associate with a
poor prognosis as lower remission rates, which is observed
in patients with TdT-positive leukemia (36%) relative to pa-
tients with normal TdT levels (61%) [15]. Finally, ALL is the
most common form of childhood cancer in the United States,
presenting with approximately 5000 new cases each year [16].
If left untreated, ALL typically causes death within a few
months [17]. Hence, probing TdT activity is significant for
cancer-related fundamental biochemical research and pharma-
ceutical development. Previously, detection of TdT activity
was largely focused on immunoassay, biochemical assay, gel
electrophoresis, and fluorescent methods [13, 18–22], but
some unresolved obstacles still remain, including limited sen-
sitivity, complicated equipment, and a relatively expensive
and time-consuming detection procedure. To circumvent these
problems, electrochemical method is particularly popular ow-
ing to its remarkable features of simple, portable, and inex-
pensive instrumentation, high sensitivity and selectivity, fast
response, as well as low fabrication cost [23]. However, re-
ported electrochemical TdT-relevant biosensors are still rare.
Hence, it still remains a challenge to develop a facile, sensi-
tive, and cost-effective electrochemical method for probing
the activity of TdT.

Nucleases, including exonucleases and restriction endonucle-
ases, have fundamental significance in cellular events and phys-
iological processes, such as recombination, repair, and analysis of
DNA [24, 25]. Thus, endonucleases, which are realized as a
Bmolecular scalpel^ with highly specific activity of cleaving
DNA [26], have been extensively used in PCR assays, medicinal
chemistry, gene mapping, and nanostructures/nanodevices fabri-
cation [27, 28]. Endonucleases in prokaryotic organisms play the
role of a defensive system with the principal function of
protecting the host genome against foreign DNA, and they have
been regarded as important targets in the discoveries of antimi-
crobial and antiviral drugs [29]. BamHI endonuclease is a site-
specific endonuclease and can be employed to detect the hepatitis
C virus, demonstrating the biological significance of BamHI
[30]. So, exploring BamHI activity has attracted a great deal of
attention. Recently, some fluorescence methods were reported
for the detection of BamHI activity [21, 31]. However, other
analytical techniques, such as electrochemistry, are seldom im-
plicated in BamHI assays, presenting a large unexplored field to
investigate.

Metal nanoclusters (MNCs) consist of few atoms, with a
core size in the sub-nanometer regime, providing the missing
link between atomic and nanoparticle behavior in metals [32,
33]. Their sizes are comparable to the Fermi wavelength of
electrons, bringing about molecule-like properties, including
size-dependent fluorescence and discrete electronic states
[34]. Exploiting these unique properties has resulted in many
important and exciting findings of MNCs. Since then, MNCs

have drawn considerable research interest in recent years and
are widely applied in electronic devices, catalysis, biological
imaging, and chemical sensors owing to their unique electri-
cal, physical, and optical properties [35–37]. So far great effort
has been directed to noble metal nanoclusters (mainly Au and
Ag) due to their facile synthetic procedure and chemical sta-
bility [38–40]. However, very promising copper nanoclusters
(CuNCs) have received much less attention. Actually, com-
pared to Au and Ag, Cu is significantly less expensive and
widely used due to its high conductivity. Furthermore, the
synthesis precursors for the preparation of CuNCs are relative-
ly abundant, inexpensive, and readily available from commer-
cial sources; therefore, CuNCs are more favorable for various
applications than Au or Ag nanoclusters [41]. Among synthe-
sis methods of CuNCs, DNA-templated CuNCs are becoming
increasingly prevalent owing to their fast and easy synthesis,
low toxicity, and good biocompatibility. They can be divided
roughly into twomain classes: random double-stranded DNA-
templated CuNCs (dsDNA-CuNCs) and single-stranded poly-
T-templated CuNCs (poly-T-CuNCs), but the latter is easier
and simpler to synthesize than the former. Generally, this poly-
T-CuNCs is strictly length-dependent; only poly-T DNA of
length greater than 15 bases can promote formation of CuNCs.
Wang and colleagues developed a turn-off nuclease assay and
relevant inhibitor screening, which was the first example of
the application of poly-T-CuNCs [42]. These length-
dependent DNA-CuNCs cause us to ask: Could a long ran-
domly arrayed poly-T sequence be obtained by some particu-
lar enzyme, and then could the long poly-T-CuNCs serve as
electrochemical biosensing probe for DNA-related enzyme
activity detection? The obstacle to test this idea is how to
prepare a randomly synthesized T-rich DNA sequence-
templated poly-T-CuNCs in a facile way and achieve the elec-
trochemical response of DNA-related enzyme activity.
Consequently, the application of the long poly-T-CuNCs in
enzyme inspection, particularly in a rapid, simple electro-
chemical assay of DNA-related enzyme activity, will arouse
considerable interest.

In the present work, we established a novel electro-
chemical method for label-free detection of DNA-related
enzyme (such as TdT and BamHI) activity based on the
unique electrocatalytic activity of the TdT-related grown
DNA nanowires-templated CuNCs (noted as DNA-
CuNCs in our work) loaded on the graphene oxide
(GO)-modified electrode. TdT, the exceptive polymerase
of cancer related-disease, can catalyze the addition of
deoxythymidine triphosphate (dTTP) to the 3′-OH termi-
nus of single-stranded DNA (ssDNA). It provides a facile
and cost-efficient way to prepare extremely long T-rich
DNA nanowires for CuNCs synthesis. Based on this,
our electrochemical strategy can realize label-free, turn-
on detection of TdT activity via DNA-CuNCs generation.
This electrochemical biosensor is highly sensitive and
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selective, and displays good feasibility for TdT inhibitor
screening. Moreover, our proposed TdT-mediated strategy
is also applicable to a universal biosensing system for
electrochemical turn-on detection of BamHI activity. The
novel strategy presents a convenient and simple electro-
chemical method for DNA-related enzyme activity detec-
tion, which is helpful for further development of a mini-
aturized and low-cost electrochemical sensing platform
for DNA-related enzyme-targeted biochemical investiga-
tion and drug discovery.

Experimental

Materials and apparatus

All chemicals were of analytical grade without further
purification. Terminal deoxynucleotidyl transferase
(TdT), 5× reaction buffer for TdT [1 M potassium
cacodylate, 0.125 M Tris, 0.05% (v/v) Triton X-100,
5 mM CoCl2 (pH 7.2)], DNA (involving single-
stranded DNA, and hairpin DNA, their sequences are
displayed in the Electronic Supplementary Material,
ESM), and deoxythymidine triphosphate (dTTP) were
obtained from Shanghai Sangon Biotechnology Co.
Ltd. (Shanghai, China). H2O2 (30 wt%), 3-(N-
morpholino) propanesulfonic acid (MOPS), copper sul-
fate, sodium ascorbate, Na4P2O7·10H2O (PP) were pur-
chased from Sinopharm Chemical Reagent Co. Ltd
(China). Graphite powder (99.99995%, 325 mesh) was
purchased from Alfa Aesar and used for the preparation
of graphene oxide (GO). Horseradish peroxidase (HRP),
glucose oxidase (GOX), alkaline phosphatase (ALP),
acetyl cholinesterase (AChE), and papain were obtained
from the Aladdin Industrial Co. BamHI, EcoRI, HindIII,
Nb.BbvCl, and ExoIII were purchased from Sigma-
Aldrich. The water used in the entire experiment was
deionized water (18.25 MΩ cm) purif ied by a
Millipore Milli-Q system.

All electrochemical experiments were performed with a
CHI 660E electrochemical workstation (Shanghai
Chenhua Instrument Co., China) and a conventional
three-electrode system, where the modified glassy carbon
electrode (3 mm in diameter), Ag/AgCl, and platinum
wire acted as the work electrode, reference electrode,
and counter electrode, respectively. A fluorescence spec-
trum was collected on a Hitachi F-4600 spectrometer
(Hitachi Co. Ltd., Japan) under a voltage of 700 V with
excitation and emission slit widths of 10 and 10 nm, re-
spectively. Polyacrylamide gel electrophoresis (PAGE)
was scanned by a ChemiDoc MP System, Bio-Rad,
USA. The morphology of CuNCs was characterized by

Philips CM200 UT transmission electron microscopy
(TEM).

Preparation of TdT-yielded DNA-CuNCs

Preparation of grown T-rich DNA nanowires

Grown DNA nanowires were prepared with the polymeriza-
tion solution containing single-stranded DNA (2 μM, 2.5 μL),
dTTP (2 mM, 0.5 μL), TdT (5 U/μL, 0.1 μL), 5× reaction
buffer for TdT (1 μL), and double-distilled water (0.9 μL).
Then, the mixture was incubated at 37 oC for 2 h. To inactivate
the enzyme, the polymerization solution was transferred into a
thermostatic bath and kept at 75 oC for 10 min. The solution
was stored at 4 oC before use.

Synthesis of grown DNA nanowires-templated copper
nanoclusters (DNA-CuNCs)

A 5 μL volume of MOPS buffer (10 mM MOPS, 150 mM
NaCl, pH 7.6) and ascorbic acid (2 mM, 10 μL) was added to
the grown DNA nanowires solution above. The obtained mix-
ture was sonicated for 2 min, in which CuSO4 (1 mM, 10 μL)
was added. Next, the resulting solution was incubated for
5 min at room temperature to form DNA-CuNCs.

Fabrication of the DNA-CuNCs/GO/GCE

GCE

Before modification, the glassy carbon electrode (GCE, 3 mm
diameter) was polished with 1.0, 0.3, and 0.05 μm alumina
slurry, respectively, and successively washed with double-
distilled water, ethanol, and double-distilled water in an ultra-
sonic bath sequentially, and then dried under N2 flow.

GO/GCE

The GCE was electrodeposited with graphene oxide (GO)
suspension (1.0 mg/mL) by cyclic voltammetry from –1.5 to
+0.5 V with a scanning rate of 10 mV/s under stirring for 10
cycles. The modified electrode was then thoroughly rinsed
with double-distilled water to remove the physically adsorbed
GO.

DNA-CuNCs/GO/GCE

Ten μL of the prepared DNA-CuNCs solution above was
dropped onto the surface of GO/GCE to obtain DNA-
CuNCs/GO/GCE. The prepared electrode was rinsed
completely with phosphate buffer (0.1 M, pH 7.4). After in-
cubation for 15 min, electrochemical measurements for TdT
or BamHI activity detection was carried out for the prepared
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DNA-CuNCs/GO/GCE. The modified electrode was stored at
4 °C in PBS (0.1 M, pH 7.4) when not in use.

The assay of TdT activity and its inhibitor

The 2.5 μL volume of ssDNA (2 μM) was added to PCR tube
followed by the addition of dTTP (2 mM, 0.5 μL) and 5×
reaction buffer for TdT (1 μL). Subsequently, different con-
centrations of TdT were added to the resulting solution and a
final volume of 5 μL was obained. After 2 h at 37 oC, the
synthesized TdT-mediated T-rich DNA nanowires were
employed for the synthetic templates of DNA-CuNCs by the
reduction of ascorbic acid. The entire conditions on prepara-
tion of DNA-CuNCs and fabrication of DNA-CuNCs/GO/
GCE were confirmed as described above. Finally, the cyclic
voltammograms of the resulting solutions were measured in
PBS (0.1 M, pH 7.4) containing 5 mM H2O2.

For inhibitor assay, 0.1 μL of TdT (5 U/μL) was mixed
with a series of different concentrations of sodium pyrophos-
phate (PP) and incubated for 5 min at 37 oC. Then ssDNA (2
μM, 2.5μL), dTTP (2mM, 0.5μL), and 5× reaction buffer for
TdT (1μL) were added to the pre-prepared solution above and
kept a total volume of 5 μL. The reaction conditions and
subsequent steps were the same as those of TdT activity
detection.

Detection of BamHI activity

To prepare the BamHI-relevant reaction solution, 2.4 μL of
10 μMDNA-Bam was mixed with different concentrations of
BamHI and then 1 μL 10× BamHI reaction buffer was added
and incubated at 37 oC for 2 h. Next, to inactivate BamHI, the
total solution was left at 85 oC for 20 min.

After complete cleavage reaction, dTTP (2 mM, 0.5 μL),
TdT (5 U/μL, 0.1 μL), 5× reaction buffer for TdT (1 μL), and
double-distilled water (0.9 μL) were added to the Bam-
mixture above (2.5 μL). Thereafter, the subsequent proce-
dures were the same as those mentioned above.

Results and discussions

Principle and feasibility of the assay

A brief description of our electrochemical biosensing strategy
for TdT activity detection based on grown DNA nanowires-
templated copper nanoclusters (DNA-CuNCs) is shown in
Scheme 1. The analysis is a three-step process: First, the key
of our strategy is the exploitation of TdT to generate T-rich
DNA sequence; there is a stronger specific interaction be-
tween copper ions and thymine than the other three bases. In
the presence of dTTP, TdT catalyzes the continual polymeri-
zation of dTTP to elongate the 3′-OH terminal of DNA

primers, thus bringing about long T-rich DNA nanowires.
Second, the resulting grown DNA nanowires can be used as
an efficient template for the formation of DNA-CuNCs. These
unique DNA-CuNCs have high affinity with GO through
noncovalent π–π stacking interaction. Third, on the basis of
this mechanism, an electrochemical assay is established by
self-assembling DNA-CuNCs onto a GO-modified glassy car-
bon electrode (GO/GCE) surface; this can electrocatalyze the
reduction of H2O2, producing a strong electrochemical signal
proportional to the amount of TdT. Consequently, the highly
sensitive TdT activity assay can be realized by monitoring the
change of the electrochemical signal. Therefore, the as-
proposed label-free electrochemical strategy based on DNA-
CuNCs is a promising candidate for highly sensitive detection
of the activity of TdT and screening its inhibitor. What is
interesting is that when the solution of DNA-Bam is mixed
with BamHI, a new 3′-OH terminal is exposed due to the
digestion of a phosphate group. Inspired by these phenomena,
the proposed sensor can be used for the detection of BamHI
activity by exploiting TdT-mediated extension. Conversely,
DNA-CuNCs are not able to generate in the absence of
BamHI. So, the prepared versatile electrochemical sensor pro-
vides a good prospect for a broader and general application in
DNA-related enzyme-based biochemical studies, disease di-
agnosis, and drug discovery.

Characterization of TdT-yielded DNA-CuNCs

According to the previous reports, it is known that the solution
of DNA-CuNCs exhibits strong fluorescence [21, 43, 44]. To
evaluate the feasibility of our grown DNA nanowires-
templated CuNCs strategy, we chose a random ssDNA as
the primer for TdT polymerization, in which process the short
ssDNA primer can be converted to a long T-rich DNA

Scheme 1 Schematic illustration of the design and principle for
electrochemical detection of TdT activity by using grown DNA
nanowires-templated copper nanoclusters (DNA-CuNCs)
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nanowire to support the formation of DNA-CuNCs. The ob-
tained DNA-CuNCs exhibit an excitation peak centered at
350 nm and an emission peak centered at 620 nm (Fig. 1A).
The results are similar to those obtained by the Yao group
[21], and also demonstrate that DNA-CuNCs have been suc-
cessfully synthesized. Moreover, fluorescence responses of
the different samples are also displayed in Supplementary
Fig. S1 (see ESM). It was shown that a strong fluorescence
emission of TdT-generated DNA-CuNCs at 620 nm was de-
tected, but no obvious fluorescence signal was obtained in the
absence of TdT, DNA, dTTP, or Cu(II), respectively. To eval-
uate further the TdT-generated T-rich DNA nanowires, 8%
PAGE was performed to analyze the polymerization product.
Obviously, as shown in Fig. 1B, ssDNA (lane 3) and TdT-
generated T-rich DNA nanowires (lane 4) can be identified
clearly by the migration position in gel, and there are no bands
on just TdT (lane 1) or dTTP (lane 2), indicating the feasibility
of the proposed assay.

Generally, poly-T DNAs with different lengths were exe-
cuted for the formation of fluorescent DNA-CuNCs. As
depicted in Supplementary Fig. S2, when TdT-generated T-
rich DNA nanowires acted as a synthetic template of DNA-
CuNCs, they emitted stronger fluorescence than other samples

involving purchased T40 at varying concentrations. It may be
caused by the following two reasons: (1) the longer poly-T
DNA, the better the protection effect by repelling the polar
solvent from the surface of the DNA-CuNCs, thus enhancing
the fluorescence intensity [45]; (2) the optical properties of
DNA-CuNCs were improved due to fluorescence resonance
energy transfer (FRET) similar to the reported FRET-based
interaction among gold nanoclusters [46]. Meanwhile, we
found that the fluorescence intensity increased at first, then
began to decrease at 5 μM T40, suggesting the number of T
bases can affect the formation of DNA-CuNCs. The reason for
this is that when the T40 concentration was less than 5 μM,
Cu(II) attached in T40may be sufficient, leading to an increas-
ing trend. Conversely, indigent Cu(II) is not enough for extra
T40, resulting in a fluorescence decrease. These results re-
vealed that TdT-generating poly-T DNA nanowire has a
brighter outlook than short-chain poly-T DNA for the prepa-
ration of DNA-CuNCs. Moreover, our proposed DNA-
CuNCs showed high fluorescence and good repeatability
(Supplementary Fig. S3), presenting a great potential in bio-
sensing. Afterwards, transmission electron microscopy
(TEM) images of DNA-CuNCs were recorded and revealed
that the as-prepared DNA-CuNCs were ultra-small with a size

Fig. 1 (A) Excitation (curve a)
and emission (curve b)
normalized intensity of
fluorescence spectra of as-
prepared TdT-generated DNA-
CuNCs; (B) PAGE analysis of
sole TdT (lane 1), sole dTTP (lane
2), sole ssDNA (lane 3), and TdT-
extended poly-T DNA (lane 4);
(C) and (D) TEM images of
DNA-CuNCs with different
magnifications. [TdT] = 100
U/mL, [dTTP] = 0.2 mM,
[ssDNA] =1 μM
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of approximately 3 nm, and were arranged in clusters (Fig. 1C
and D); it depended on the template role of TdT-generated T-
rich DNA nanowires.

Electrochemical behaviors of the sensor

The stepwise modification process of the biosensor and the
adsorption interaction of DNA-CuNCs and GO were verified
by electrochemical measurements. Figure 2A displays the CV
curves of the modified electrodes at different fabrication steps
in 5 mM [Fe(CN)6]

3-/4- containing 0.1MKCl. Compared with
the bare GCE, the peak current of GO-modified GCE in-
creased owing to the excellent conductivity of GO. When
the electrode was modified with our DNA-CuNCs, decreased
peak currents and poor reversibility were found due to the
insulating effect of DNA. With DNA-CuNCs assembled on
the GCE directly, the peak currents are equal to that at GCE;
this is attributed to the fact that DNA-CuNCs cannot be
adsorbed without GO. The assembly process of the sensor
was also tested with electrochemical impedance spectroscopy
(EIS) method. As illustrated in Fig. 2B, the results of EIS data
are in accordance with the CV data, confirming further the
successful construction of the sensor and the adsorption inter-
action of DNA-CuNCs and GO. Generally, an electrode–

electrolyte interface can be described as the equivalent elec-
trical circuit in terms of a resistor and capacitor. The imped-
ance spectra are fitted by a simple Randle circuit, as shown in
the inset of Fig. 2B. Here, Rs and Rct represent ohmic resis-
tance of electrolyte solution and the electron-transfer resis-
tance of the redox, respectively. Based on the theoretical mod-
el, a nice agreement in terms of the magnitude and phase angle
of impedance over the frequency range from 0.1 Hz to
100 kHz were achieved between the simulation and experi-
mental results obtained on the modified electrode. The fitting
values for the stepwise assembled layers on the electrode of
electrochemical impedance spectroscopy are presented in
Supplementary Table S1.

It is intriguing for us to explore the electrocatalytic prop-
erty of our proposed DNA-CuNCs, which is scarce.
Moreover, the formation of T-rich DNA nanowires depends
on the polymerization of TdT, so probing the TdTactivity can
be achieved by a signal-on electrochemical response of DNA-
CuNCs. It can be seen that no current response was observed
in the absence of TdT (Fig. 2C), and what is more, when
DNA-CuNCs were introduced, an outstanding reduction peak
at –0.5 V was observed on the presence of TdT. Furthermore,
in DNA-CuNCs preparation process, sole TdT, sole dTTP,
sole Cu(II), or DNA (Supplementary Fig. S4A) leads to

-0.1 0.0 0.1 0.2 0.3 0.4 0.5

-200

-100

0

100

200

300
 GCE

 GO/GCE

 DNA-CuNCs/GO/GCE

 DNA-CuNCs/GCE

C
u
r
r
e
n
t 
/

Potential /V

0 1 2 3 4

0.0

0.5

1.0

1.5

2.0

 GCE

 GO/GCE

 DNA-CuNCs/GO/GCE

 DNA-CuNCs/GCE

-
Z
''
 /
1
0
3

o
h
m

Z' /10
3

ohm

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
-120

-90

-60

-30

0

 without TdT

 with TdT

C
u
r
r
e
n
t 
/
A

Potential /V

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
-120

-90

-60

-30

0

C
u
r
r
e
n
t 
/
A

Potential /V

 without H
2
O

2

 with H
2
O

2

Electro catalytic performance

DNA CuNCs/GO/GCETdT generated DNA CuNCs

Cdl

Rs
Rct

a b

c d

Fig. 2 (A) Cyclic
voltammograms (CV) and (B)
electrochemical impedance
spectroscopy (EIS) of the bare
GCE, GO/GCE, DNA-CuNCs/
GO/GCE, and DNA-CuNCs/
GCE in 5 mM [Fe(CN)6]

3-/4-

containing 0.1 M KCl, the insert
is the equivalent circuit for the
EIS data; (C) electrochemical
detection of TdTactivity based on
TdT-generated DNA-CuNCs in
PBS (0.1 M, pH 7.4) containing
5 mM H2O2; (D) cyclic
voltammograms ofDNA-CuNCs/
GO/GCE in the presence or
absence of 5 mM H2O2. [TdT] =
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negligible electrochemical signal. The same phenomenon was
also observed with lack of one of the other reaction composi-
tions (involving TdT, dTTP, Cu(II), or DNA) (Supplementary
Fig. S4B), foreshadowing TdTactivity detection. Later on, we
further tried to assess the electrocatalytic property of DNA-
CuNCs, and found that the proposed sensor exhibits an excel-
lent electrochemical signal in PBS (0.1M, pH 7.4) with 5 mM
H2O2 rather than without H2O2 (Fig. 2D), indicating good
electrochemical performance of DNA-CuNCs for the con-
struction of TdT-based biosensor.

Analytical performance test of the proposed biosensor

The present strategy is based on TdT-mediated extension and
the formation of DNA-CuNCs. Some experimental parame-
ters, which greatly influence the sensitivity of the sensor, have
been optimized. Supplementary Figure S5A exhibits that the
response current upon H2O2 reduction increases with the in-
creasing TdT-mediated extension time and then approaches a

constant value at 2 h. Thus, 2 h of extension time was selected
in the following experiments. The effect of adsorption time on
DNA-CuNCs and GO/GCE ranged from 0 to 60 min, as can
be seen from Supplementary Fig. S5B, the current intensity
gradually increased with the increasing absorption time until
15 min, and the absorption time longer than 15 min did not
produce further signal change. Thus, 15 min of adsorption
timewas chosen. A further study was performed to investigate
the influence of pH (Supplementary Fig. S5C), and the max-
imal reduction peak current of H2O2 was obtained at pH 7.4; a
buffer solution (pH 7.4) was selected as the supporting elec-
trolyte in the experiments. Additionally, as noted in
Supplementary Fig. S5D, the current intensity increased with
increasing dTTP concentration without changing other reac-
tion conditions. This is because the more dTTP, the longer
DNA nanowires, which then result in the stronger electro-
chemical signal. When the concentration of dTTP is 2 mM,
the current gradually reaches a plateau. So, 2 mM of dTTP
was chosen for the optimal reaction concentration.
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Fig. 3 (A) Current-time response
obtained in 0.1 M PBS by
increasing different
concentrations of H2O2 on the
DNA-CuNCs/GO/GCE at –0.3
V; (B) the plot of response current
versus the concentration of H2O2;
(C) stability test on the DNA-
CuNCs/GO/GCE within one
month; (D) amperometric i-t
response at DNA-CuNCs/GO/
GCE for the successive addition
of 0.1 mM H2O2, but alternation
of 1 mM AA, UA, DA, AP, citric
acid or glucose solution
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To convince large current density and avert the interference
from other biologically active molecules, the amperometric
current-time response of the DNA-CuNCs/GO/GCEwith suc-
cessive addition of varying concentrations of H2O2 in 0.1 M
PBS solution (pH 7.4) was tested, and the results are presented
in Fig. 3A and Supplementary Fig. S6. The DNA-CuNCs-
based biosensor presents quick response with the introduction
and change of H2O2 concentration. Moreover, as noted in Fig.
3B, the current response of the sensor is proportional to H2O2

concentration in the range of 0.05 to 1000 μM. The limit of
detection was experimentally found to be 0.01 μM (S/N = 3),
which is lower than those of most of previously reported H2O2

assays (Supplementary Table S2). Therefore, DNA-CuNCs is
an ideal electrochemical sensing material for H2O2 detection
with high sensitivity.

To attempt receiving an outstanding signal in the presence
of traces H2O2 by amperometric i-t curves, the proposed sen-
sor had to meet two criteria: long-time operation and excellent
stability. When the sensor was not in use, it was stored at 4 °C
in PBS (0.1 M, pH 7.4). The stability of the designed biosen-
sor was also evaluated bymeasuring its current responses at 4-

wk-period storage. The current responses had no obvious
change after storage for 3 wk, only in the fourth wk there
was a little decline, showing good stability and detection reli-
ability (Fig. 3C). Then, the effect on some interfering electro-
active species, including ascorbic acid (AA), uric acid (UA),
dopamine (DA), acetaminophen (AP), citric acid, or glucose,
for the current response was evaluated at the potential of –
0.3 V (Fig. 3D). We can observe a significant change of cur-
rent with the addition of 0.1 mM H2O2, while the currents of
the interfering substances are nearly the same as that in the
blank solution. The results reveal that the prepared biosensor
presents a new insight into H2O2-relevant determination in
biological fluids without any interference.

Probing TdT activity and its inhibitor

The proposed DNA-CuNCs and their electrocatalytic prop-
erty were further employed for probing TdT activity. As far as
we know, altered expression levels and activity of TdT play an
important role for cancer development and might deteriorate
the response to anticancer chemotherapy. In our research,
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Fig. 4 (A) Cyclic
voltammograms employed by
probing TdT activity with various
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synthesis strategy for DNA-
CuNCs; (B) linear relationship
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8 mM) of PP were used for
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randomly arrayed T-rich DNA nanowires are received by TdT-
mediated extension from the 3′-OH terminus of ssDNA,
which can be performed for the template of DNA-CuNCs.
Consequently, TdT activity can be facilely probed by the
change of electrochemical response. As shown in Fig. 4A,
an obvious response current peak of H2O2 near –0.5 Vappears
and the electrochemical response currents of DNA-CuNCs/
GO/GCE increase gradually with the increment of concentra-
tions of TdT. Meanwhile, Fig. 4B shows a line correction be-
tween the electrochemical current and the logarithms of TdT
concentrations, ranging from 0.5 to 160 U/mL. According to
the S/N = 3 rule, the detection limit of TdT was calculated to
be 0.1 U/mL, which is lower than those of most of previously
reported TdT assays (SupplementaryTable S3). Thus, a novel,
simple, and label-free electrochemical strategy for TdT activity
detection was developed based on unique electrocatalytic prop-
erty of our proposed DNA-CuNCs.

For demonstrating the possible application of the proposed
system to screen the potential enzyme inhibitor, Na4P2O7

(PP), a potent small molecule inhibitor of the TdT [21] was
chosen as model. As exposed in Fig. 4C, the electrochemical
signal of the system in the presence of PP was nearly the same
as that of the blank solution, but a strong electrochemical
reduction response was observed without PP. The results in-
dicated that PP is an effective inhibitor for TdT. Additionally,
different concentrations of PP were added to the sensing sys-
tem, and the data are summarized in Fig. 4D. The

electrochemical responses of the sensing system decreased
gradually with the enhancement of the PP concentrations.
The IC50 value (half maximal inhibitory concentration of the
inhibitor) is determined to be about 1.5 mM, which is agree-
able with the literature values [21]. Thus, these results clearly
suggest that the proposed assay has a considerable potential to
qualitatively screen TdT inhibitors and provide a broad pros-
pect for TdT-based drug discovery.
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Fig. 5 (A) Selectivity of the
proposed sensor for TdT over
other biomolecules including
HRP, GOX, ALP, AChE, or
Papain, respectively; (B)
interference in the presence of
TdT, together with HRP, GOX,
ALP, AChE, or Papain,
respectively; TdTactivity assay in
different volume ratios of
biological fluids, such as (C)
serum and (D) urine, original:
namely the TdT activity assay
without serum or urine. The
concentrations of all objects are
100 U/mL

Scheme 2 Schematic representation of BamHI activity assay principle
based on the TdT-generated DNA-CuNCs synthesis
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Selectivity and interference are the key factors to assess the
sensing performance of the proposed sensor, especially for the
potential applications in practical biological samples, because the
physiological environment is complex. To investigate the speci-
ficity of the sensor for TdT, the response to different interfering
species containing HRP, GOX, ALP, AChE, and papain was
studied. As shown in Fig. 5A, compared with other interfering
molecules, the electrochemical response of the sensor has a great-
er enhancement toward TdT. Furthermore, anti-interference was
subsequently evaluated and illustrated by adding other interfering
molecules to the TdT-based reaction solution, and negligible
change of electrochemical signals was observed (Fig. 5B).
Therefore, the proposed sensor exhibited excellent selectivity
toward TdT and could be applied to detecting TdT activity in
living cells and tissue.

In order to assess the practicality of the sensor, we per-
formed the analysis of TdT in real biological systems. To
eliminate the interference from reducing substance, a TdT-
trapping test was performed in diluted serum or urine samples
spiked with different concentrations of TdT. The current re-
sponse in 10% serum or urine sample is basically no change,

while there is a sight change in 30% serum or urine sample
(Fig. 5C and D). The results confirmed that the proposed
method was feasible to detect TdT in real biological samples.
To further evaluate the applicability of this proposed TdT
sensor for detection in real samples, recovery measurement
of TdT spiked in 10% serum or urine (v/v) was conducted
by the proposed electrochemical approach. As shown in
Supplementary Table S4, the recoveries were in an acceptable
range, from 94.0% to 103.0% for serum samples and from
95.0% to 107.0% for urine samples; the RSD were in the
range from 1.7% to 5.1% for serum samples and from 1.1%
to 4.5% for urine samples, indicating an acceptable accuracy.

Versatile platform for BamHI activity detection

As a site-specific endonuclease, BamHI endonuclease can be
used to detect the hepatitis C virus (HCV), presenting a great
biological significance [30]. The working principle of the de-
signed electrochemical method for probing the BamHI activity
is schematically shown in Scheme 2. As is well-known, native
BamHI restriction enzyme recognizes G^GATCC sites for

Fig. 6 (A) Electrochemical
responses of BamHI activity
based on TdT-generated DNA-
CuNCs in the presence or absence
of 20 U/mL BamHI; (B)
calibration curve of this BamHI-
based sensor with the increase of
different final concentrations of
BamHI (0.02, 0.05, 0.1, 0.5, 1, 3,
5, 10, 15, 20, 25, 30 U/mL); (C)
selectivity of the developed
biosensor, the concentrations of
all objects are 20 U/mL; (D)
comparison of the BamHI
detection assay in original sample
(namely the reaction solution
without serum/urine) and serum/
urine samples
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double digestion. When BamHI was introduced into DNA-Bam
reaction system, DNA-Bam could be digested and a new 3′-OH
was exposed. The resulting 3′-OH DNA was used for TdT-
mediated extension and the ensuing experiments, obtaining a
signal-on electrochemical signal, which can be carried out for
the quantitative detection of BamHI activity (Fig. 6A).
Conversely, in the absence of BamHI, the 3′-PO3 passivated
hairpin DNA probe failed to induce electrochemical signal. The
electrochemical current at –0.5 V was systematically decreased
and linear to log(CBamHI) in the concentration range of 0.02 to 30
U/mL (Fig. 6B). The LOD based on S/N = 3 was estimated to be
0.004 U/mL, which is lower than that reported for most other
assays listed in Supplementary Table S5.

The selectivity was also evaluated. Some other irrelevant
enzymes, such as EcoRI, HindIII, Nb.BbvCI, and NdeI, were
used as control. The results persuasively showed that none of
these representative interferents, except BamHI, could evoke a
conspicuous electrochemical signal (Fig. 6C). The practicabil-
ity of this sensing platform was demonstrated by detecting
BamHI in diluted serum or urine sample (10% or 30%). As
shown in Fig. 6D, the proposed sensor exhibits excellent cur-
rent response with 10% or 30% serum or urine, indicating the
potential of this method for applications of detecting BamHI
activity in complicated real samples.

Conclusions

An electrochemical sensing platform for TdTwith high sensi-
tivity and selectivity was ingeniously designed and
established by the catalytic capability of TdT-generated T-rich
DNA nanowires-templated CuNCs. The proposal of DNA-
CuNCs opens up a new window for TdT-based electrochem-
ical sensor. The DNA-CuNCs were developed based on the
template role of TdT-generated T-rich DNA nanowires. To our
best knowledge, it is rare that the DNA-CuNCs are applied for
electrochemical detection of TdT activity and its inhibitor
screening. Moreover, DNA-CuNCs-based sensing strategy
was also extended to the detection of different biomolecules,
such as BamHI, which indicated the broad application of the
developed DNA-CuNCs in biological analysis. This new bio-
sensing strategy shows great promise for further development
of CuNCs-based biosensors, such as for a molecular biology
tool and for early clinical diagnosis or drug discovery.
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