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Application in the “On–Off–On” Detection of Copper Ions
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Abstract: In this work, an “on–off–on” switch system has
been successfully applied through the construction of an
electrochemiluminscent biosensor for copper ion (Cu2 +) de-
tection based on a new electrochemiluminescence (ECL)
emitter of supramolecular nanorods, which was achieved

through supramolecular interactions between 3,4,9,10-pery-
lenetetracarboxylic acid (PTCA) and aniline. The initial

“signal-on” state with strong and stable ECL emission was
obtained by use of the supramolecular nanorods with a new
signal amplification strategy involving a co-reaction accelera-

tor. In addition, ECL quencher probes (Fc-NH2/Cu-Sub/nano-
Au) were fabricated by immobilizing aminoferrocene (Fc-

NH2) on Cu-substrate strand modified Au nanoparticles. The

quencher probes were hybridized with the immobilized Cu-
enzyme strand to form Cu2 +-specific DNAzyme. Similarly, the
“signal-off” state was obtained by the high quenching effect
of Fc-NH2 on the ECL of the excited-state PTCA (1PTCA*). As
expected, the second “switch-on” state could achieved by in-

cubating with the target Cu2+ , owing to the Cu2 +-specific
DNAzyme, which was irreversibly cleaved, resulting in the re-

lease of the quencher probes from the sensor interface.
Herein, on the basis of the ECL intensity changes (DIECL)
before and after incubating with the target Cu2+ , the pre-

pared Cu2 +-specific DNAzyme-based biosensor was used for
the determination of Cu2 + concentrations with high sensitiv-

ity, excellent selectivity, and good regeneration.

Introduction

In recent years, electrochemiluminescence (ECL) techniques

have witnessed significant progress in the biosensing field be-
cause of the promises offered by the simple instrumentation re-

quired, high sensitivity, low background signal, and wide dy-
namic concentration response range.[1–4] Usually, ECL biosensors
can be classified into two output signal modes of “signal-off”
and “signal-on” strategies.[5, 6] On the basis of the ECL decrease

with increasing concentrations of analytes, the “signal-off” strat-
egy has the advantages of simple steps, short operating time,
and easy realization. For example, Bertoncello and his co-work-
ers reported that the ECL emission of a CdSe@ZnS quantum
dot (QD)/H2O2 system was quenched by glutathione to obtain

the “signal-off” state.[7] However, it is generally accompanied by
problems of strong background signal and “false positive or

negative” errors.[8, 9] Alternatively, the “signal-on” strategy, which

is based on the ECL signal increase with increasing concentra-
tions of analytes, could decrease the background signal and im-

prove the sensitivity.[10] For instance, Zhang’s group proposed

that the dendrimer/CdSe–ZnS–QD nanoclusters as an ECL
signal probe to get the “signal-on” state.[11] For the signal-on
strategy, there is still much room for improvement of selectivity

and specificity. Therefore, a more intelligent output signal
mode named the “on–off–on” switch strategy was developed

in recent years.[12, 13] Specifically, the “on–off–on” switch contains
three steps. The first step is the initial “signal-on” state with
a strong signal. The second step is the “switch-off” state caused
by introduction of a quencher probe. The third step is

a “switch-on” state, which can be achieved in the presence of
the target by taking away the quencher probe. Thus, this “on–
off–on” switch strategy endows the biosensor with not only
low background signal and high sensitivity, but also preferable
specific recognition ability.[14]

As far as we know, the initial “signal-on” state is a prerequi-
site to preserve the high efficiency of the “on–off–on” ECL

switch system, which can be obtained by using various signal
amplification strategies, such as enzyme-based signal amplifi-
cation, DNA-based signal amplification, and nanomaterial-

based signal amplification.[15–17] Considering that enzymes are
easily denatured and inactivated, and DNA possesses the draw-

backs of high cost, easy pollution, and complex operation,
nanomaterials could be an excellent candidate to circumvent
these limitations. In particular, the simple, feasible, and low-

cost synthetic method to achieve multi-functionalized nanoma-
terials has received increasing attention in recent years.[18, 19, 20]

Supramolecular nanomaterials, which are obtained by the self-
assembly method, could meet the requirements owing to their

advantages of simple preparation procedures, green produc-
tion, low cost, and easy large-scale production.[21–24] Known as
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an archetype class of colorants with a large p-conjugated
system, perylene and its derivatives can self-assemble to form

various supramolecular nanostructures (nanowires, nanorib-
bons, nanorods, and nanoropes),[25–27] which exhibit a wide

range of applications, including in organic electronic devices,
dye lasers, fluorescent solar collectors, and optical power limit-

ers, owing to its appealing characteristics of large specific sur-
face area, specific optical and electronic properties, easy modi-

fication, and low manufacturing cost.[28, 29] However, so far, its

properties and applications in the ECL field have rarely been
studied. Although we have reported the amino-terminated
perylene derivative obtained by ammonolysis, which has good
ECL properties, its further application was restricted owing to
the disadvantages of poor film-forming ability and complicated
preparation procedure.[30] Herein, new ECL supramolecular

nanorods (PTCA-An) were prepared with 3,4,9,10-perylenetetra-

carboxylic acid (PTCA) and aniline (An) through a simple and
feasible supramolecular assembly process, which not only re-

sults in large specific surface area, desirable electrical conduc-
tivity, and good membrane forming ability, but also gives

a strong and stable ECL emission with a new signal amplifica-
tion strategy with a co-reaction accelerator.

The other key point of the efficient “on–off–on” ECL switch

system is to establish the “signal-off” state to gain the low
background signal, which could be obtained by using the ECL

quencher. It is well known that ferrocene (Fc) and its deriva-
tives, as a classical quencher, have been widely applied in

signal-off sensing platform construction owing to its high sta-
bility and high quenching efficiency.[31] Landers’s group report-

ed that the Fc could quench the ECL intensity of the

[Ru(bpy)3]2+/TPrA system.[32] Ju’s group demonstrated that the
Fc effectively quenched the cathodic ECL of CdTe QDs.[33] Re-

cently, the ECL quenching of Fc for the O2/S2O8
2¢ system has

also been proven in our previous work.[34] Although Fc can act

as a quencher in many ECL systems, it possesses different
quenching efficiency towards different ECL systems. Thus, de-
veloping new Fc-quenched ECL systems with high quenching

efficiency for the construction of signal-off sensing platforms is
still desirable. Herein, we first developed a new quenching
system of aminoferrocene (Fc-NH2) for the ECL of excited-state
PTCA (1PTCA*), which exhibited high quenching efficiency and
high signal stability.

Although copper ions (Cu2 +), as an essential micronutrient

element, are vital to biological processes in most living organ-
isms, its deficiency or excess can cause adverse health effects,
such as liver or kidney damage, pancytopenia, and neurodege-

nerative diseases.[35–38] Therefore, a highly sensitive ECL biosen-
sor based on an “on–off–on” switch strategy, combining the

supramolecular nanorods of PTCA-An with the quencher of Fc-
NH2, was successfully applied for Cu2+ detection in this work.

The first “signal-on” state was obtained by use of the PTCA-An

to achieve a strong initial signal. Then, the prepared quencher
probes (Fc-NH2/Cu-Sub/nano-Au), which were obtained by the

assembling the Cu-substrate (Cu-Sub) strand and Fc-NH2 onto
the surfaces of Au nanoparticles (Au NPs) by Au¢N and Au¢S

bonds, hybridized with the Cu-Enzyme (Cu-Enz) strand to form
Cu2+-specific DNAzyme, resulting in effective ECL quenching

to get the “signal-off” state. Finally, when the proposed biosen-
sor was incubated with the target Cu2+ , the ECL signal was re-

covered to acquire the “signal-on” state. This could be attribut-
ed to the oxidative cleavage by the Cu2 +-specific DNAzyme to

release the Fc-NH2/Cu-sub/nano-Au from the sensing inter-
face.[35] On the basis of the changes in the ECL intensities

(DIECL) before and after incubating with the target Cu2 + , the
prepared Cu2 +-specific DNAzyme biosensor was successfully
applied for the determination of Cu2 + with high sensitivity, ex-

cellent selectivity, and good regeneration.

Experimental Section

Reagents and material

Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) was supplied
from Lian Gang Dyestuff Chemical Industry Co. Ltd. (Liaoning,
China). Hexanethiol (HT, 96 %), l-ascorbic acid (AA, 99.7 %), 4-(2-hy-
droxyethyl) piperazine-1-ethanesulfonic acid sodium salt (HEPES,
99 %), sodium citrate tribasic dihydrate (C6H5Na3O7·2 H2O), sodium
borohydride (NaBH4), and aminoferrocene (Fc-NH2, 96 %) were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA). Hydrogen
tetrachloroaurate (HAuCl4·4 H2O, 99.9 %) was bought from Sino-
pharm Chemical Reagent Co. Ltd (Shanghai, China). K2S2O8 was
provided by Chengdu Chemical Reagent Company (Chengdu,
China). Aniline (An, 99.5 %) and acetone (�99.7 %) were obtained
from Kelong Chemicals Inc. (Chengdu, China).

The Cu2+-dependent self-cleaving DNA oligonucleotides were syn-
thesized by Sangon Bioengineering Ltd. Company (Shanghai,
China), and their sequences were as follows:

Cu-Substrate (Cu-Sub) strand:

5’-AGCTTCTTTCTAATACGGCTTACCCTA-(CH2)6-SH-3’ (the bold gua-
nine indicates the cleavage site).

Cu-Enzyme(Cu-Enz) strand: 5’-SH-(CH2)6-TATCTCCACGTCGG-
TAAGCCTGGGCCTCTTTCTTTTTAAGAAAGAAC-3’.

The DNA oligonucleotide samples were dissolved in 5.0 mm HEPES
buffer of pH 7.0 containing 25.0 mm NaCl. Phosphate buffer solu-
tion (PBS, pH 7.4) was prepared by using 0.1 m Na2HPO4, 0.1 m
KH2PO4, and 0.1 m KCl.

The colloidal Au nanoparticles (nano-Au, �6 nm) were prepared
through the reduction of HAuCl4 with sodium citrate at room tem-
perature according to the method reported previously.[39] All other
chemicals not mentioned here were of analytical reagent grade
and used as received without further purification in this research.
Deionized water was used throughout.

Apparatus

Fluorescence spectra were obtained with a RF-5301PC spectropho-
tometer (Shimadzu, Tokyo, Japan), and UV/Vis spectra were record-
ed on a UV-2450 UV/Vis spectrophotometer (Shimadzu, Tokyo,
Japan). The measurements for cyclic voltammetry (CV) and ECL
were recorded on a MPI-E multifunctional electrochemical and
chemiluminescent analytical system (Xi’an Remax Electronic Sci-
ence &Technology Co. Ltd. , Xi’an, China). The morphologies of the
supramolecular nanomaterials were characterized by using a scan-
ning electron microscope (SEM, S-4800, Hitachi, Tokyo, Japan) at an
acceleration voltage of 20–30 kV. X-ray photoelectron spectroscopy
(XPS) measurements were recorded on a VG Scientific ESCALAB
250 spectrometer (Thermoelectricity Instruments, USA). All experi-
ment were carried out with the conventional three-electrode
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system containing a modified glassy carbon electrode (GCE, with
diameter of 4 mm) as the working electrode, Ag/AgCl (saturated
KCl) as the reference electrode, and a platinum wire as the auxiliary
electrode.

Preparation the supramolecular nanorods (PTCA-An)

The supramolecular nanorods (PTCA-An) were prepared by p–p in-
teractions and hydrogen bonding by using 3,4,9,10-perylenetetra-
carboxylic dianhydride (PTCDA) and aniline based on a previous
report with minor modifications.[40] First, PTCDA (10 mg) was dis-
solved in acetone (5.0 mL), and then the aniline solution (1.0 mL,
99.5 %) was added into the above solution with vigorous stirring
for a week. Following that, to remove the residual acetone and An,
the above admixture was centrifuged at 12 000 rpm. The precipi-
tate was washed with anhydrous ethanol and deionized water al-
ternately until the pH was 7.4. Then, the resultant red product of
PTCA-An was dispersed homogeneously in deionized water
(20.0 mL) and stored in the refrigerator at 4 8C for further use.

Preparation of the quencher probes (Fc-NH2/Cu-Sub/nano-
Au)

The quencher probes of Fc-NH2/Cu-Sub/nano-Au were achieved by
the following method: First, the Cu-Sub strand (400 mL, 10 mm)
with a thiol at its 3’-end was mixed with Au NPs colloidal solution
(�6 nm, 500 mL). After shaking gently for 16 h, the above admix-
ture was centrifuged (16 000 rpm, 30 min at 4 8C) to remove the
excess Cu-Sub strand, and then the precipitate was dispersed in
HEPES buffer (500 mL, pH 7.0) containing NaCl (25.0 mm). Subse-
quently, the Fc-NH2 solution (200 mL, 100 mm) was added to the
above solution with shaking overnight at room temperature to
make the Fc-NH2 immobilize on the Au NPs surface through Au¢N
bonding. The resultant Fc-NH2/Cu-Sub/nano-Au probes were
stored in the refrigerator at 4 8C for further use.

Fabrication of the Cu2 ++-specific DNAzyme-based ECL bio-
sensor

Prior to use, the GCE was polished carefully with 0.3 and 0.05 mm
alumina slurry to obtain a mirror-like surface, followed by sonica-
tion in deionized water and ethanol. First, the prepared suspension
of PTCA-An (5 mL) was drop cast onto the cleaned GCE surface to
obtain a homogeneous film at room temperature. Subsequently,
the above modified electrode (PTCA-An/GCE) was immersed in
HAuCl4 solution (2 mL of 1 %) to obtain Au NPs by electrochemical
deposition under a constant potential of ¢0.2 V for 40 s. After that,
the Cu-Enz strand solution (15 mL, 5.0 mm ; the Cu-Enz strand was
heated at 95 8C for 2 min and allowed to cool to room temperature
for 1 h before use) was dropped onto the above modified elec-
trode (DepAu/PTCA-An/GCE) and kept at 4 8C for 16 h. Following
that, the resultant electrode (Cu-Enz/DepAu/PTCA-An/GCE) surface
was blocked with HT (15 mL, 1 mm) for 1 h at room temperature to
eliminate the nonspecific binding effect. The resultant modified
electrode (HT/Cu-Enz/DepAu/PTCA-An/GCE) was incubated in the
quencher probe (Fc-NH2/Cu-Sub/nano-Au) solution (15 mL) at 45 8C
for 1 h. After each step, the modified electrode was thoroughly
cleaned with PBS (pH 7.4) to remove the physically absorbed spe-
cies. The prepared Cu2 +-specific DNAzyme-based ECL biosensor
(Fc-NH2/Cu-Sub/nano-Au/HT/Cu-Enz/DepAu/PTCA-An/GCE) was
stored in the refrigerator at 4 8C for further use, and the corre-
sponding schematic graph is illustrated in Scheme 1.

Measurement procedure

The prepared Cu2 +-specific DNAzyme-based biosensor was incu-
bated with 10 mL of different concentrations of Cu2 + solution (con-
taining 10 mm AA) at room temperature for 20 min, and then the
ECL was detected by a MPI-E ECL analyzer in PBS (3 mL, 0.1 m,
pH 7.4) containing K2S2O8 (5.0 mm). The working potential was
varied from ¢1.7 to 0 V (vs. Ag/AgCl) at a scan rate of 0.3 V s¢1

with the voltage of the photomultiplier tube (PMT) at 600 V.

Results and Discussion

SEM characterization of the different supramolecular nano-
materials

The morphologies and sizes of the as-prepared supramolecular

nanomaterials were characterized by SEM. As displayed in Fig-
ure 1 A, the typical SEM image of the supramolecular nanoma-

terial of PTCA showed a large quantity of short rod-like struc-
tures with widths of 180�30 nm and lengths of 800�200 nm,

which was consistent with previous reports.[41] Compared with
PTCA, the PTCA-An retained a similar rod-like shape, but its in-
terface became more smooth and compact (Figure 1 B), sug-

gesting that the supramolecular nanorods of PTCA-An was suc-
cessfully obtained by p–p interactions and hydrogen-bonds
between PTCA and aniline. The UV/Vis absorption spectra of
PTCA and PTCA-An are shown in Figure 1 C. The maximum ab-

sorption peak of PTCA-An was located at 600 nm (Figure 1 C,

Figure 1. SEM images of PTCA (A) and PTCA-An (B). UV/Vis absorption spec-
trum (C) of PTCA-An (a) and PTCA (b). XPS analysis for full region of PTCA
(D) and PTCA-An (E). SEM images of DepAu/PTCA-An (F).
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curve a), which has a clear 131 nm redshift compared with that

of PTCA (469 nm: Figure 1 C, curve b). These results further
confirmed that stronger supramolecular interactions exist in

the supramolecular nanomaterial of PTCA-An compared with
that of PTCA.[42] XPS characterization (Figure 1 Dand E) was ap-

plied to further prove the generation of the supramolecular
nanomaterials of PTCA-An. Both the O 1s and C 1s peaks ap-
peared in the XPS survey spectrum of PTCA (Figure 1 D) and

PTCA-An (Figure 1 E), whereas the N 1s peaks only appeared in
the XPS survey spectrum of PTCA-An. This result suggests that

the supramolecular nanomaterials of PTCA-An were successful-
ly prepared by supramolecular interactions between PTCA and

An through p–p interactions and hydrogen-bonds.

Additionally, the typical SEM image of the Au NPs deposited
onto the PTCA-An interface is shown in Figure 1 F. It can be

clearly observed that large amounts of the approximately
spherical Au NPs with a diameter of approximately 50 nm were

distributed uniformly and tightly on the PTCA-An surfaces, in-
dicating that the electrodeposited generation of Au NPs al-

lowed them to be coated successfully on the supramolecular

nanorod (PTCA-An) surfaces.

ECL mechanism of the supramolecular nanorods (PTCA-An)

To investigate the ECL reaction mechanism of the supramolec-

ular nanorods of PTCA-An, the synchronous ECL potential pro-
files and CV waves of the different modified electrodes were

obtained in the range ¢1.7 to 0 V, and the results are shown
in Figure 2. The bare GCE showed an evident ECL peak at

¢1.7 V in S2O8
2¢ solution (Figure 2 A, curve a), which could be

attributed to the emission of singlet oxygen (1(O2)2*).[43] The

corresponding CV wave showed a clear reduction peak at

¢0.75 V (Figure 2 B, curve a), indicating that the sulfate radical
anion (SO4

¢C) was generated by reduction of S2O8
2¢ on the

electrode interface.[44] When the PTCA/GCE was measured in
S2O8

2¢ solution, an enhanced ECL signal was observed (Fig-

ure 2 A, curve b). The reason may be that the co-reactant of
S2O8

2¢ reacted with the reduced species of PTCA (PTCA¢C), re-

Scheme 1. Schematic illustration of the preparation procedure of the Cu2 +-specific DNAzyme-based ECL biosensor for Cu2+ detection and the possible lumi-
nescence mechanism of the “on–off–on” ECL biosensor in S2O8

2¢ solution.
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sulting in production of the excited state of PTCA (1PTCA*),
which emitted light.[45] The corresponding CV wave showed an

irreversible multielectron transfer process owing to the step-

wise reduction process of two one-electron (1 e) transfers of
PTCA, and the peak current increased owing to oxygenation

between PTCA and S2O8
2¢ (Figure 2 B, curve b).[46, 47] Significant-

ly, when the PTCA-An/GCE was measured in S2O8
2¢ solution,

the ECL signal was noticeably increased about two-fold (Fig-
ure 2 A, curve c) compared with that of PTCA/GCE (Figure 2 A,

curve b). Thus, we speculated that the aniline might act as

a new co-reaction accelerator in the PTCA/S2O8
2¢ system,

which was similar to the effect of semicarbazide in the CdTe

QDs/S2O8
2¢ system.[48] Specifically, the co-reaction accelerator

of aniline is a species that could interact with co-reactant of

S2O8
2¢ rather than the luminophore of PTCA to promote the

ECL reaction rate of the luminophore and co-reactant, resulting

in enhancement of the ECL response. Curve c in Figure 2 B

shows the corresponding CV wave of PTCA-An/GCE; it can be
seen that the reduction peak potential shifted negatively and

the corresponding peak current increased distinctly in compar-
ison to that of PTCA/GCE (Figure 2 B, curve b), indicating that

the aniline could promote the oxygenation between PTCA and
S2O8

2¢. However, when the PTCA-An/GCE was measured in PBS

solution, predictably, no ECL signal was observed in same po-

tential range (Figure 2 A, curve d), proving that the aniline
could not interact with the luminophore (PTCA) to amplify the
ECL. The corresponding CV wave exhibited two pairs of well-
defined redox peaks from ¢1.7 V to 0 V (Figure 2 B, curve d),

suggesting that the supramolecular interaction between PTCA
and aniline reconciled the self-derived farraginous redox peaks

of PTCA successfully.[40] Subsequently, to further confirm that
the aniline could promote the generation of SO4

¢C, the bare
GCE was measured in S2O8

2¢ solution containing aniline, and

an enhanced ECL signal was observed (Figure 2 A, curve e)
compared with that of bare GCE in the absence of aniline (Fig-

ure 2 A, curve a). This result indicated that the aniline promot-
ed the reduction reaction of the S2O8

2¢ to produce more SO4
¢C,

which led to the production of more 1(O2)2* and the stronger

emission of light. The corresponding peak current of the CV
wave increased significantly in comparison to that of bare GCE

in the absence of aniline (Figure 2 B, curve b), further demon-
strating that the aniline promoted the reduction reaction of

S2O8
2¢ to produce more SO4

¢C, which thus led to the produc-
tion of additional 1(O2)2* and the resulting stronger emission of

light. That is to say, the aniline, as a new co-reaction accelera-

tor, interacts with the co-reactant (S2O8
2¢) rather than the lumi-

nophore (PTCA) to produce more SO4
¢C, which led to genera-

tion of more 1PTCA* and stronger light emission.
As shown in Figure 3, the normalized ECL spectrum was

used to further investigate the ECL reaction mechanism of
PTCA-An in the S2O8

2¢ solution. The ECL spectrum of the GCE

in S2O8
2¢ solution containing aniline showed the maximum

emission wavelength at 575 nm (Figure 3, curve a), which was
consistent with the maximum wavelength of ECL spectrum in

pure S2O8
2¢ solution (Figure 3, curve b), confirming that the lu-

minophore was the 1(O2)2* in S2O8
2¢ solution. Interestingly, the

ECL spectrum of PTCA/GCE in S2O8
2¢ solution showed the max-

imum emission wavelength at 492 nm (Figure 3, curve c),

which was consistent with the emission of PTCA-An/GCE in

S2O8
2¢ solution (Figure 3, curve d), demonstrating that the lu-

minophore was the 1PTCA* not the 1(O2)2* in S2O8
2¢ solution.

Furthermore, the fluorescence (FL) spectrum of PTCA-An
(Figure 3, curve e) showed the maximum emission wavelength

at 489 nm, which matched its ECL spectrum (lmax = 492 nm)
well, providing further evidence that the luminophore was the
PTCA in S2O8

2¢ solution because the same singlet state of
1PTCA* was responsible for the emission in both cases.[46] Con-
sequently, the possible reaction mechanism could be outlined
in the following two routes:

Route 1 (homogeneous):

And route 2 (heterogeneous):

Figure 2. Synchronous ECL/potential profiles (A) and CV waves (B) for the
different electrodes: bare GCE (curve a), PTCA/GCE (curve b), and PTCA-An/
GCE (curve c) in S2O8

2¢ solution, PTCA-An/GCE (curve d) in PBS solution, bare
GCE in aniline + S2O8

2¢ solution (curve e). The concentrations of S2O8
2¢ and

aniline were 0.1 m and 0.6 mm in PBS (pH 7.4), respectively.
Figure 3. Normalized ECL spectrum of the bare GCE in S2O8

2¢ solution con-
taining aniline (a), and bare GCE (b), PTCA/GCE (c), and PTCA-An/GCE (d) in
S2O8

2¢ solution, respectively. Normalized FL spectrum of the PTCA-An solu-
tion (lEx = 458 nm) (e).
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ECL quenching mechanism between Fc-NH2 and PTCA-An

To clarify the ECL quenching mechanism of PTCA-An by Fc-NH2

in S2O8
2¢ solution, the ECL intensity results over time are

shown in Figure 4. Curve a in Figure 4 A presents the ECL re-

sponse of PTCA-An in air-saturated S2O8
2¢ solution. It can be

seen that a strong cathodic ECL emission peak, which results

from the emission of 1PTCA*, is located at ¢1.7 V with the ECL
peak intensity 9033 a.u. When the Fc-NH2 was introduced into

the above detection system, the ECL intensity decreased dra-

matically by 63.0 % (from 9033 a.u. to 3345 a.u. ; Figure 4 A,
curve b). It could be speculated that the Fc-NH2 could quench

the ECL intensity of PTCA-An in S2O8
2¢ solution. Significantly,

when the above-modified electrode was tested in nitrogen-sa-

turated S2O8
2¢ solution, the ECL intensity further decreased by

86.4 % (from 9033 a.u. to 1227 a.u. ; Figure 4 A, curve c). The

reason may be that the dissolved oxygen and the 1PTCA*

could consume the Fc-NH2 competitively, causing a decrease in
the ECL quenching efficiency of Fc-NH2 in air-saturated S2O8

2¢

solution. As shown in Figure S1 (in the Supporting Informa-
tion), the quenching efficiency of Fc-NH2 was further evaluated

by the quenching constant (KSV) based on the ratio of the ini-
tial ECL intensity (I0) to the intensity I at a given concentration
of Fc-NH2, following the Stern–Volmer equation:

I0=I1 ¼ 1þ KSV½Fc¢ NH2¤

in which the KSV value of PTCA-An in air-saturated S2O8
2¢ solu-

tion and nitrogen-saturated S2O8
2¢ solution were estimated to

be 6.75 Õ 106 m¢1 and 2.54 Õ 107 m¢1, respectively. The FL spec-
trum of PTCA-An (curve a) and the UV/Vis absorption spectrum
of Fc-NH2 (curve b) are shown in Figure 4 B. It can be seen that

the FL spectrum of PTCA-An with the emission peak at 489 nm
overlapped perfectly with the UV/Vis absorption spectrum of

Fc-NH2 with the absorbance peak at 518 nm. It could be specu-
lated that the energy transfer would occur between Fc-NH2

and 1PTCA* in this ECL system. Herein, considering the high

quenching efficiency of Fc-NH2 on the ECL of the 1PTCA*, we
could presume that this ECL quenching pathway might be

a synergistic effect between the energy transfer and electron
transfer mechanisms.

ECL and CV characterization of the stepwise fabrication of
Cu2++-specific DNAzyme-based ECL biosensor

The stepwise fabrication of the Cu2 +-specific DNAzyme-based

ECL biosensor was confirmed with ECL measurements, as
shown in Figure 5 A. The bare GCE exhibited a weak ECL emis-

sion peak at ¢1.7 V in S2O8
2¢ solution (Figure 5 A, curve a),

which resulted from the transition of the excited state of
1(O2)2*. After the modification of PTCA-An on the GCE surface,
a remarkable ECL response was observed (Figure 5 A, curve b).

The reason for this was that the luminophore of PTCA can
strongly emit light, and the aniline, as a co-reaction accelerator,

could further accelerate the reduction of S2O8
2¢, resulting in

the generation of more 1PTCA* to emit stronger light. Howev-
er, when Au NPs were electrodeposited on the electrode sur-

face, the ECL intensity slightly decreased (Figure 5 A, curve c).
The reason for this may be that the hindering effect of the Au

NPs between the PTCA and S2O8
2¢ made the ECL intensity de-

crease slightly. After successive modification with Cu-Enz
strands (Figure 5 A, curve d) and HT (Figure 5 A, curve e), the

ECL signal further decreased sequentially owing to the insula-
tion and steric hindrance of Cu-Enz strand and HT retarding
the electron transfer on the electrode surface. When the above
resultant electrode was incubated with the quencher probes

(Fc-NH2/Cu-Sub/nano-Au), the corresponding ECL intensity was
sharply decreased (Figure 5 A, curve f), which could be attribut-

ed to the quenching reaction between the Fc-NH2 and the ex-
cited state of 1PTCA*. Finally, after incubation with the Cu2 + so-
lution (Figure 5 A, curve g), the ECL emission showed signifi-

cantly greater intensity than that in the absence of Cu2 + ,
which indicated that the quencher probes of Fc-NH2/Cu-Sub/

nano-Au were irreversibly self-cleaved to release the Fc-NH2

from the electrode surface.

To further characterize the interfacial changes of the modi-

fied electrode at each immobilization step, cyclic voltammo-
grams were recorded in 0.1 m PBS (pH 7.4) containing 5 mm
[Fe(CN)6]3¢/4¢ (acting as the redox probe). As shown in Fig-
ure 5 B, curve a exhibited a pair of well-defined redox peaks for

[Fe(CN)6]3¢/4¢ on the bare GCE. When the bare GCE was modi-
fied with PTCA-An (Figure 5 B, curve b) and Au NPs (Figure 5 B,

Figure 4. A) ECL intensity/time profiles of PTCA-An (a) and PTCA-
An + 0.25 mm Fc-NH2 (b) in air-saturated S2O8

2¢ solution. (c) PTCA-
An + 0.25 mm Fc-NH2 in nitrogen-saturated S2O8

2¢ solution. B) FL spectrum of
PTCA-An (lEx = 458 nm) (a) and UV/Vis absorption spectrum of Fc-NH2 (b). Figure 5. A) ECL responses of the electrode at different stages of functionali-

zation in 5.0 mm S2O8
2¢ solution (pH 7.4) and B) CV characterization of the

stepwise modified electrodes performed in 0.1 m PBS (pH 7.4) containing
5.0 mm [Fe(CN)6]3¢/4¢. a) GCE, b) PTCA-An/GCE, c) DepAu/PTCA-An/GCE,
d) Cu-Enz/DepAu/PTCA-An/GCE, e) HT/Cu-Enz/DepAu/PTCA-An/GCE, f) Fc-
NH2/Cu-Sub/nano-Au/HT/Cu-Enz/DepAu/PTCA-An/GCE, g, f) incubated with
1.0 Õ 10¢7 m Cu2+ .
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curve c), the peak currents of the electrode increased sequen-
tially because the PTCA-An and Au NPs possess excellent con-

ductivity and large surface area to promote the electron trans-
fer. After successive modification with Cu-Enz (Figure 5 B,

curve d) and HT (Figure 5 B, curve e), the peak currents of the
electrode decreased sequentially, indicating that the insulation

and steric hindrance of the Cu-Enz strand and HT retard the
electron transfer on the electrode surface. When the quencher

probes of Fc-NH2/Cu-Sub/nano-Au were modified on the elec-

trode interface, the corresponding peak current decreased (Fig-
ure 5 B, curve f). The reason for this may be that the negative
charges on the electrode surface increased owing to the hy-
bridizing reaction between Cu-Enz strands with the quencher
probes of Fc-NH2/Cu-Sub/nano-Au. As expected, the current re-
sponse was greatly increased after the modified electrode was

incubated with the Cu2+ solution, suggesting that the release

of Fc-NH2/Cu-Sub/nano-Au from the electrode surface was
based on the Cu2 +-specific DNAzyme irreversible cleavage. The

experiment results clearly demonstrated that ECL characteriza-
tion was in accordance with the CV measurements.

Performance of the Cu2 ++-specific DNAzyme-based ECL bio-
sensor

To evaluate the sensitivity of the developed Cu2 +-specific DNA-

zyme-based ECL biosensor, experiments were performed after
incubation with various concentrations of Cu2 + for 20 min and

then ECL detection was measured in 5.0 mm S2O8
2¢ solution

(pH 7.4). As shown in Figure 6 A, under the optimal conditions,

the changes in the ECL intensities (DIECL) were found to be line-

arly depended on the logarithm of Cu2 + concentration in the

range 1 Õ 10¢12 m to 1.0 Õ 10¢7 m. As a result, the linear regres-
sion equation was DIECL = 1147.89 lg c + 14351.91 (where DIECL

represents the change in ECL intensity and c represents the
concentration of Cu2 +) with a correlation coefficient of R =

0.9989 and a detection limit of 3.4 Õ 10¢13 m (signal/noise = 3).
The results demonstrated that the developed biosensor based

on Cu2 +-specific DNAzyme was highly sensitive and has
a great potential for accurate detection of Cu2+ . In addition, as

listed in Table S1 (in the Supporting Information), the proposed
biosensors were compared with other assays for the determi-
nation of Cu2 + . The prepared biosensor possessed good sensi-

tivity compared with the other test platforms, indicating that it
was suitable for Cu2 + detection at low concentrations.

The stability of the proposed Cu2 +-specific DNAzyme-based
ECL biosensor was demonstrated with various concentrations

of Cu2 + . As shown in Figure 6 B, the ECL intensity increased

correspondingly with the increase in Cu2+ concentration, and
stable ECL/time curves were obtained under continuous CV

scanning for three cycles (with the scan range ¢1.7 V to 0 V
and scan rate 0.3 V s¢1) in different concentration ranges (from

1 Õ 10¢12 m to 1.0 Õ 10¢7 m). It is seen that the prepared biosen-
sor has good stability for Cu2 + detection.

The selectivity of the prepared Cu2 +-specific DNAzyme-

based ECL biosensor for Cu2 + was evaluated by against other
interference metal ions, including Co2 + , Cd2+ , Fe2+ , Fe3 + , Ni2 + ,

Zn2+ , Pb2 + , Mg2+ and Ca2 + at a concentration of 1.0 Õ 10¢6 m
and Cu2 + at 1.0 Õ 10¢9 m. As shown in Figure 6 C, Cd2 + , Ni2 + ,

Zn2+ , Pb2 + , Mg2 + , and Ca2+ exhibited negligible interference
in the detection of Cu2+ . Fe2+ , Fe3 + , and Co2 + caused a slight

ECL enhancement, but their concentrations were 1000 times

as high as the target Cu2 + . Thus, the results suggested that
the prepared biosensor exhibited a remarkably high selectivity

for Cu2 + over other competing metal ions.
The regeneration of the prepared biosensor has been inves-

tigated for Cu2 + detection as shown in Figure 6 D. The first ECL
response of Fc-NH2/Cu-Sub/nano-Au/HT/Cu-Enz/DepAu/PTCA-

An/GCE was recorded as the blank signal of regeneration.

Then, the second ECL response was recorded as the original
signal after the biosensor was incubated with the target Cu2 +

(1.0 Õ 10¢9 m). Afterwards, when the biosensor was incubated
with 1.0 Õ 10¢3 m Cu2 + solution to release the residual quench-
er probes from the sensing interface and then incubated with
the quencher probes to rebuild Fc-NH2/Cu-Sub/nano-Au/HT/

Cu-Enz/DepAu/PTCA-An/GCE, the corresponding ECL signal
was recorded as the regeneration signal. This regeneration pro-
cedure was repeated three times for one Cu2 +-specific DNA-

zyme-based ECL biosensor. The relative standard deviation of
these measurements was only 6.2 %, indicating that the pre-

pared biosensor has a good regeneration ability for Cu2 + de-
tection.

Direct detection of Cu2++ in human hair

The capacity of the Cu2 +-specific DNAzyme-based ECL biosen-
sor was investigated in an extraction solution of human hair

(the sample pretreatment process is shown in the Supporting
Information), and the results are shown in Figure S1 (in the

Figure 6. A) The calibration plot of the DIECL intensity vs. the logarithm of
Cu2 + concentration. B) Stability of the proposed Cu2 +-specific DNAzyme-
based ECL biosensor in various concentrations of Cu2 + . C) Selectivity of the
prepared Cu2 +-specific DNAzyme-based ECL biosensor toward Cu2+

(1.0 Õ 10¢9 m) by comparing it to interfering metal ions (1.0 Õ 10¢6 m). D) Re-
generation of the prepared Cu2 +-specific DNAzyme-based ECL biosensor in-
cubated with target Cu2+ (1.0 Õ 10¢9 m) and then hybridized with Fc-NH2/Cu-
Sub/nano-Au successively. N represents the number of times for the regen-
eration of the biosensor.
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Supporting Information). Compared with the Cu2 + standard
solutions (Figure S2, curve a), the calibration curve of the

sample solutions exhibited an approximate slope (Figure S2,
curve b), indicating that the proposed biosensor has potential

applications for Cu2 + detection in practical samples with good
accuracy and acceptable precision.

Conclusions

A new “on–off–on” switch system has been designed for the
highly sensitive and selective detection of Cu2+ by using Fc-

NH2/Cu-Sub/nano-Au as quencher probes on a PTCA-An modi-
fied electrode. Remarkably, the PTCA-An nanorods were ob-

tained by a simple and facile supramolecular assembly process,
which not only gave a large specific surface area, desirable

electrical conductivity, and good membrane forming ability,

but also gave nanorods that exhibited strong and stable ECL
emission based on the use of the co-reaction accelerator for

boosting signal amplification. Furthermore, the quencher
probes of Fc-NH2/Cu-Sub/nano-Au showed high quenching ef-

ficiency on the ECL emission of PTCA with a low background
signal. Thus, the prepared Cu2+-specific DNAzyme-based ECL

biosensor showed high sensitivity, excellent selectivity, and

good regeneration, and thus provides a promising sensing
platform for Cu2 + analysis in real samples.
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