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ABSTRACT: The evolution of electrochemiluminescence (ECL)
emission amplified by coreaction accelerator in near-infrared
(NIR) area has been overwhelmingly anticipated for ultrasensitive
detection of disease biomarkers. Herein, the hollow double-shell
CuCo2O4@Cu2O (HDS-CuCo2O4@Cu2O) heterostructures were
conveniently prepared and utilized as an attractive coreaction
accelerator to improve the NIR ECL performance of gold
nanoclusters (AuNCs) for the first time. Benefiting from perfect-
matched lattice spacing, unique Cu2O nanoparticles (NPs) were
formed in situ on the layered-hollow CuCo2O4 nanospheres (NSs)
to obtain HDS-CuCo2O4@Cu2O heterostructures. The formed
heterojunctions supplied shorter charge transfer distance and better interfacial charge transfer efficiency as well as more effective
separation performance. Consequently, HDS-CuCo2O4@Cu2O heterostructures as an admirable electroactive substrate could
significantly promote the formation of sufficient coreactant intermediate radicals to react with AuNCs cationic radicals, realizing
about 3-folds stronger NIR ECL response than that of individual AuNCs. In addition, the AuNCs templated by L-methionine (L-
Met) exhibited NIR ECL emission around 830 nm, which could decrease the photochemical damage to even realize a
nondestructive detection with improved susceptibility and circumambient adaptability. Subsequently, a well site-oriented fixation
strategy utilizing HWRGWVC heptapeptide as the specific antibody immobilizer was introduced to further preserve the bioactivity
of antibody on the HDS-CuCo2O4@Cu2O and AuNCs surface along with enhancing the incubation performance markedly. In view
of the progressive sensing mechanism, a NIR immunosensor was obtained for the ultrasensitive analysis of CYFRA21−1, which
achieved a broad linear ranging from 2 fg/mL to 50 ng/mL and a low limit of detection (LOD) of 0.67 fg/mL (S/N = 3).

Electrochemiluminescence (ECL) involves the electro-
chemically triggered energy-relaxation phenomenon in

which the luminophore can utilize electron-transfer to achieve
excited states for emitting light.1−4 ECL has been extensively
identified to be a persuasive analytical technique with merits of
intrinsically low background, high sensitivity, broad detection
range, and admirable controllability.5,6 Recently, Au nano-
clusters (AuNCs) as one of the most burgeoning electro-
chemiluminophores have obtained remarkable attention owing
to their distinctive chemical, electrical, and optical character-
istics.7−11 In particular, L-methionine (L-Met) stabilized
AuNCs with admirable biocompatibility not only act as a
near-infrared (NIR) signal label with improved susceptibility
and circumambient adaptability,12 but also function as a linker
for the decoration of immunizing molecules via sufficient
functional groups supplied by L-Met.13,14 However, AuNCs
usually undergo poor ECL efficiency due to the depressed
charges transfer efficiency in the electrogenerated procedure
and plentiful nonradiative transition of excited species in the
energy relaxed process.15−17 More recently, the biocompatible
AuNCs with property of aggregation induced emission (AIE)

have been exploited to promote the ECL efficiency via
inhibiting the nonradiative transition.18,19 However, the
insufficient charge-transfer mechanism during electrochemical
redox of AuNCs has not been systematically solved and still
results in the inferior NIR ECL efficiency, which becomes
primary factor that affects the widespread application and
sensitive bioassay. Then, it is anticipated to implement
considerable endeavors to explore appropriately supplementary
methods for enhancing the charge transfer and facilitating the
NIR ECL efficiency of AuNCs.
Fortunately, the enhanced ECL emission through coreactant

acceleration have been achieved by promoting the electron
transfer to form more electroactive radicals for generating
photons.20,21 Amazingly, some nanomaterials have consider-
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ably enhanced the ECL emission of AuNCs through the
coreaction accelerated route. For instance, Yuan’s group
utilized TiO2 nanosheets (NSs) to disintegrate coreactant
H2O2 and promoted the ECL response of Au25NCs
successfully.22 Meanwhile, they also employed Pd@CuO to
promote the ECL performance of AuNCs with tris(3-
aminoethyl)amine (TAEA) as the coreactant via immobilizing
them into one nanostructure.5 Moreover, the exploration about
Cu2O and Cu2S as the coreaction accelerator have been
achieved by our groups, which was owing to the perfect redox
reversibility of Cu+/Cu2+.23,24 However, investigation on
heterostructures as the coreactant triisopropanolamine
(TPIA) accelerator for improving the NIR ECL efficiency of
AuNCs is still in its infancy. Inspired by this, n-type CuCo2O4
hollow spheres (HS-CuCo2O4) with merits of large specific
surface area and efficient charge separation efficiency in the
interior cavity were selected as favorable substrate to support
the representative p-type semiconductor of Cu2O to fabricate
the hollow double-shell CuCo2O4@Cu2O (HDS-CuCo2O4@
Cu2O) heterostructures.25 The formed heterojunctions sup-
plied shorter charge transfer distance and possessed better
interfacial charge transfer efficiency with more effective
separation efficiency, which displayed excellent capacity for
promoting the generation of electroactive radicals of coreactant
to amplify ECL signal.26

Benefiting from aforementioned discussion, we have first
prepared an ECL immunosensor with AuNCs as the
luminophore and HDS-CuCo2O4@Cu2O heterostructures as
the coreactant accelerator for the sensitive detection of
CYFRA21−1. CYFRA21−1, the soluble segment of cytoker-
atin 19, presents in cytoplasm of tumor cells and becomes the
most sensitive biomarker for the diagnosis and prognostic of

nonsmall cell lung cancer (NSCLC).27 The level of CYFRA
21−1 is associated with the process of disease. According to
the immunosensor, amine-functionalized HDS-CuCo2O4@
Cu2O was regarded as the electroactive substrate to modify
the capture antibody (Ab1) for fabricating sensing platform,
and L-Met was selected as the surface stabilizer to synthesize
AuNCs for connecting Ab2 with the ECL emission at NIR 830
nm. The NIR ECL emission could obviously decrease the
photochemical damage to test samples and even achieved a
nondestructive detection with low background. In addition, to
preserve the biological activity of antibodies, HWRGWVC
(HWR), a heptapeptide with the advantages of specifically
recognizing the Fc portion in the antibody by a site-oriented
strategy and enhancing incubating performance, was intro-
duced to the surface of HDS-CuCo2O4@Cu2O and AuNCs via
the amine reaction.26,28 Based on the above superiorities, the
proposed NIR ECL immunosensor displayed an admirable
linearity ranging from 2 fg/mL to 50 ng/mL with the low limit
of detection (LOD) of 0.67 fg/mL.

■ EXPERIMENTAL SECTION
Fabrication of Proposed NIR ECL Immunosensor. The

chemicals and materials, apparatus, and preparation of HDS-
CuCo2O4@Cu2O-HWR and AuNCs-HWR-Ab2 bioconjugates
are displayed in the Supporting Information (SI). The
fabricated process of the NIR ECL immunosensor was
illustrated in Scheme 1. Bare glassy carbon electrode (GCE)
was burnished by Al2O3 slurries, washed with ultrapure water,
and dried under N2 atmosphere for the subsequent
modification. First, HDS-CuCo2O4@Cu2O-HWR (10 μL, 2
mg/mL) was decorated on GCE surface and rinsed with
phosphate buffered saline (PBS, 0.1 mol/L, pH 7.4). Second,

Scheme 1. Preparation of (A) AuNCs-HWR-Ab2 Bioconjugates and (B) HDS-CuCo2O4@Cu2O-HWR; (C) Fabrication
Procedure of the NIR Immunosensor
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the as-prepared Ab1 solution (10 μL, 10 μg/mL) was coated
on the HDS-CuCo2O4@Cu2O-HWR surface and the in-
cubated process was achieved at 4 °C for 60 min. After sealing
the nonspecific active sites with bovine serum albumin (BSA)
(3 μL, 0.1 wt %), 10 μL of various contents of CYFRA21−1
were dropped on the electrode surface for incubating 60 min at
37 °C. Lastly, AuNCs-HWR-Ab2 (10 μL) bioconjugate as the
signal label was connected with CYFRA21−1 to accomplish
the immunosensor modification.
Electrochemical and ECL Measurements. Cyclic

voltammetry (CV) and ECL were applied for the analysis,
respectively. The relevant ECL performance was achieved in
10 mL of PBS (0.1 mol/L, pH 7.4) containing 0.1 mol/L TPIA
as the coreactant with parameters as follows: photomultiplier
tube voltage (800 V), scanning voltage (0−1.2 V), and
scanning rate (0.15 V/s).

■ RESULTS AND DISCUSSION

Characterizations of HS-CuCo2O4, HDS-CuCo2O4@
Cu2O and Luminous AuNCs Nanostructure. The detailed
crystallographic construction of the nanostructures were
demonstrated by X-ray diffraction (XRD). All the peaks in
the XRD pattern of HS-CuCo2O4 were accorded with the
standard pattern of JCPDS No. 71−0816 (Figure 1A, curve a).
The characteristic peaks of Cu2O nanoparticles were at 2θ
degree of 29.6°, 36.5°, 42.3°, 61.4°, and 73.6°, which could
match with (1 1 0), (1 1 1), (2 0 0), (2 2 0), and (1 1 0) of

cubic Cu2O (JCPDS No. 05−0667). Then, after the
acquisition of HDS-CuCo2O4@Cu2O nanostructure (Figure
1A curve b), except the relevant HS-CuCo2O4 peaks, the
diffraction peaks of Cu2O were also exhibited, which indicated
the formation of HDS-CuCo2O4@Cu2O. The Figure 1B
exhibited the scanning electron microscope (SEM) image of
HS-CuCo2O4, the as-prepared HS-CuCo2O4 possessed an
obvious sphere-like nanostructure with the rough surface and
average diameter around 500 nm. Subsequently, the hollow
nanostructure of CuCo2O4 was proved by high resolution
transmission electron microscopy (HRTEM) image of Figure
1C, and the average thickness of CuCo2O4 shell was
approximate 50 nm. After the covering of Cu2O, the
CuCo2O4@Cu2O demonstrated the enhanced average size of
600 nm (Figure 1D), and also exhibited the thickness of 50 nm
for CuCo2O4 and 40 nm for Cu2O, respectively, which further
verified its hollow double-shell nanostructure. Furthermore,
the HRTEM (Figure 1D) analysis of hollow CuCo2O4 and
layer Cu2O revealed the suitable contact facets between them,
which could be contributed to the formation of HDS-
CuCo2O4@Cu2O heterojuctions.
Notably, with the purpose of investigating the morphology

and size of as-prepared luminous AuNCs, the HRTEM image
(Figure 1E) and size-distribution histogram pattern (Support-
ing Information (SI) Figure S1) were exhibited. It can be seen
that AuNCs exhibited uniform particle diameter of 2.8 ± 0.5
nm with monodisperse distribution. According to Figure 1F,

Figure 1. (A) XRD patterns for HS-CuCo2O4 (a) and HDS-CuCo2O4@Cu2O (b), (B) SEM image of HS-CuCo2O4, HRTEM images of (C) HS-
CuCo2O4, (D) HDS-CuCo2O4@Cu2O and (E) AuNCs, (F) UV−vis absorption (a), PL (b) and ECL spectra (c) of AuNCs, (G) XPS survey
spectra of HDS-CuCo2O4@Cu2O (a) and HS-CuCo2O4 (b), and the high resolution spectra of Co 2p (H) and Cu 2p (I) for HDS-CuCo2O4@
Cu2O (a) and HS-CuCo2O4 (b).
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AuNCs displayed a remarkable reduce in the absorbance
spectrum with the enhanced wavelength inside the ultraviolet
region and it displayed a broad shoulder with a tail inside the
visible range (Figure 1F, curve a). Meanwhile, they were
without the surface plasmon resonance peak of Au nano-
particles (AuNPs) around 520 nm, indicating the small
dimension of as-prepared AuNCs. Photoluminescence (PL)
spectrum of AuNCs displayed a broad peak along with
maximum wavelength at 610 nm (Figure 1F, curve b). In
addition, the maximum NIR ECL emission wavelength (Figure
1F, curve c) of AuNCs was around 830 nm, which was red-
shifted for 220 nm in regard to its PL spectrum. The 220 nm
red-shift might be owing to the different exciation manners
among the ECL and PL in AuNCs, whereas the PL was
obtained via the exciation and emission inside the core, and the
ECL was attributed to the surface state.29,30

The chemical compositions and elemental valence states of
HS-CuCo2O4 and HDS-CuCo2O4@Cu2O were assessed by X-
ray photoelectron spectroscopy (XPS) as displayd in Figure
1G−I. The survey spectra in Figure 1G demonstrated the
existence of Co, Cu, and O. Meanwhile, the high resolution
spectra of Co 2p, Cu 2p for HS-CuCo2O4 and HDS-
CuCo2O4@Cu2O were exhibited in Figure 1H,I. Upon the
high resolution spectrum of Co 2p (Figure 1H), the two
distinct peaks centered at 779.6 and 794.6 eV were assigned to
Co2+, while another two peaks located at 781.0 and 796.0 eV
belonged to Co3+, demonstrating the coexistence for Co2+ and
Co3+ in the HS-CuCo2O4 and HDS-CuCo2O4@Cu2O.31

Interestingly, in the Cu 2p region (Figure 1I), the peaks
appeared at 934.7 and 954.7 eV along with the typical satellite
peaks belonging to the Cu 2p3/2 and Cu 2p1/2 for Cu

2+ in HS-
CuCo2O4.

32 After covering the HS-CuCo2O4 by Cu2O layer,
the Cu 2p spectrum was divided into four obvious peaks
located at 932.8, 934.7, 952.7, and 954.7 eV, belonging to Cu+

(2p3/2), Cu2+ (2p3/2), Cu+ (2p1/2), and Cu2+ (2p1/2),
respectively.33 Besides, the relevant O 1s spectrum was divided

into two peaks around 530.0 and 531.6 eV (SI Figure 2S),
which could be attributed to metal (Cu, Co) with oxygen
bonds (i.e., M−O) and −OH structure.34

Enhancement of ECL Performance by HDS-CuCo2O4@
Cu2O Heterostructures. The significant role of HDS-
CuCo2O4@Cu2O heterostructures in the AuNCs-TPIA system
was investigated. As exhibited in Figure 2A,B, the explorations
about synchronous ECL and CV under diffferent conditions
were illustrated. No ECL response was acquired from the GCE
(Figure 2A, curve a). After the modification onto GCE with
Cu2O (2 mg/mL), HS-CuCo2O4 (2 mg/mL) and HDS-
CuCo2O4@Cu2O (2 mg/mL) in PBS (pH 7.4) including 0.1
mol/L TPIA (Figure 2A, curves b−d), no ECL emissions were
displayed. When the AuNCs (100 μg/mL), AuNCs with Cu2O
(AuNCs+Cu2O) and HS-CuCo2O4 (AuNCs+HS-CuCo2O4)
with the same concentration were dropped on the GCE,
obvious ECL signals with intensities of 3609 au, 4222 au, and
4896 au could be obtained in PBS (pH 7.4) including 0.1 mol/
L TPIA (Figure 2A, curves e−g), which verified that the ECL
emission of AuNCs was increased by Cu2O and HS-CuCo2O4.
However, after modifying the GCE by the AuNCs with HDS-
CuCo2O4@Cu2O (AuNCs+HDS-CuCo2O4@Cu2O) under
uniform condition (Figure 2A, curve h), it exhibited a
significant ECL response (10787 au) and the enhanced
response by HDS-CuCo2O4@Cu2O was obviously higher
than the individual Cu2O and HS-CuCo2O4. Moreover, the
ECL emission potentials became more and more positive
(Figure 2A, curves e−h), and the AuNCs with HDS-
CuCo2O4@Cu2O displayed the lowest triggered potential of
1.05 V. Furthermore, corresponding CV measurements were
exhibited in Figure 2B. The GCE/AuNCs+HDS-CuCo2O4@
Cu2O showed the strongest current and the lowest onset
potential, which demonstrated that HDS-CuCo2O4@Cu2O
played a crucial role of promoting the electron transfer.

Possible ECL Mechanism for Signal Amplification. On
account of above experimental consequences, the probable

Figure 2. (A) ECL-potential profiles and (B) CV curves for AuNCs/TPIA, and (C) mechanistic illustrations of AuNCs without coreactant (a),
AuNCs/TPIA system (b), and AuNCs/TPIA system with HDS-CuCo2O4@Cu2O as coreaction accelerator (c).
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ECL mechanism of the proposed NIR ECL immunosensor was
displayed in Figure 2C. Owing to the absence of coreactant (SI
Figure S3), no effective ECL response of AuNCs could be
obtained (a). When TPIA was utilized as the coreactant,
TPIA•+ was generated around the surface of GCE, which
resulted in a good ECL emission (b). Notably, as HDS-
CuCo2O4@Cu2O participated into the ECL generative
procedure (c), the formation of TPIA•+ was obviously
enhanced, which obtained outstanding ECL signal enlarge-
ment. Then, a probable mechanism of the NIR ECL
immunosensor was exhibited as follows (eqs 1-5). In addition,
the enhanced ECL mechanism for AuNCs and HDS-
CuCo2O4@Cu2O was probably through the heterojunctions
between Cu2O and HS-CuCo2O4 as displayed in SI Figure S4.
Cu2O and HS-CuCo2O4 were considered as p-type and n-type
semiconductors, respectively.
Among the heterojunctions of tight solid−solid interfacial

contact between them, the generated e−/h+ pairs in the
heterojunctions interface supplied shorter charge transfer
distance, better interfacial charge transfer efficiency and more
effective separation efficiency.25 Thus, the hole of HDS-
CuCo2O4@Cu2O obtained electron from TPIA to promote
the formation of TPIA•+, which led to more TPIA• in unit time
via the deprotonation procedure.35 As shown in SI Figure S5,
the electron paramagnetic resonance (EPR) spectra also
demonstrated that the heterojunctions could efficiently
promote the generation of TPIA•+. Besides, the HS-
CuCo2O4 and Cu2O could accelerate the formation of
TPIA•+ by the catalytic performance with the convertible
valence of Cu+/Cu2+ and Co2+/Co3+.12 While the AuNCs
underwent a oxidative reaction to form positively charged Au
radical (Au+•), TPIA• offered one electron for transferring it to
Au+• along with forming Au* (eq 4) to emit ECL,18,36

meanwhile, more TPIA• generated by HDS-CuCo2O4@Cu2O
woud enhance the ECL response. That is, the synergetic effect
between TPIA oxidation and h+ generation from the HDS-
CuCo2O4@Cu2O heterostructures accelerates the production
of TPIA•+, which endows the HDS-CuCo2O4@Cu2O
heterostructures present a great promotion for TPIA oxidation.
The enhanced NIR ECL emission was below.

■ ENHANCED NIR ECL EMISSION

AuNCs e Au NCs− →− +• (1)

moreTPIA h (HDS CuCo O @Cu O)TPIA ( )2 4 2+ → −+ •+

(2)

TPTA TPIA H→ +•+ • + (3)

Au NCs TPIA AuNCs+ → *+• • (4)

hvAuNCs AuNCs (830nm)* → + (5)

Enhanced Electroactive Surface Area of HDS-
CuCo2O4@Cu2O Heterostructures. The electrochemical
characteristic of HS-CuCo2O4 would be obviously increased
by the coating layer of Cu2O, which could be substantiated
through the enhancement of electroactive surface range. In
order to implement the exploration, GCEs were decorated by
HS-CuCo2O4 and HDS-CuCo2O4@Cu2O heterostructures,
respectively. All CV curves were obtained by applying the
conventional Fe(CN)6

3−/4− as the redox couple. The linear
equations are Y = 456.1 × v1/2 + 73.7 and Y = 667.9 × v1/2 +
53.4, respectively. On the basis of Randles−Sevcik equa-
tion37,38

I AD n v c(2.69 10 )p
5 1/2 3/2 1/2= ×

Figure 3. CV curves and linear relations of electrodes modified with (A) HS-CuCo2O4 and (B) HDS-CuCo2O4@Cu2O in 5.0 mmol/L
Fe(CN)6

3−/4− with the scan rate range of 25−250 mV/s, (C) EIS and (D) CV profiles of stepwise-modified electrodes in 0.1 mol/L PBS
containing 5 mmol/L Fe(CN)6

3−/4−: (a) GCE, (b) HDS-CuCo2O4@Cu2O-HWR/GCE, (c) Ab1/HDS-CuCo2O4@Cu2O-HWR/GCE, (d) BSA/
Ab1/HDS-CuCo2O4@Cu2O-HWR/GCE, (e) CYFRA21−1/BSA/Ab1/HDS-CuCo2O4@Cu2O-HWR/GCE, (f) AuNCs-HWR-Ab2/CYFRA21−
1/BSA/Ab1/HDS-CuCo2O4@Cu2O-HWR/GCE.
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It could be marked that Ip represents the peak reductive
current of K3Fe(CN)6, A represents the electroactive range
(cm2) of electrodes decorated by various nanomaterials, n
represents the quantity of conveyed electrons among the redox
(n = 1), c means the content of corresponding K3Fe(CN)6 (c =
5 mmol/L), D means the diffused coefficient of Fe(CN)6

3−/4−

(D = 6.70 × 10−6 cm2/s at 25 °C), then the v means the CV
sweeping rate (V/s). On account of Randles−Sevcik equation,
A results of HS-CuCo2O4 decorated GCE (Figure 3A) and
HDS-CuCo2O4@Cu2O (Figure 3B) decorated GCE were 18.5
and 26.2 mm2, which demonstrated that HDS-CuCo2O4@
Cu2O heterostructures with the electroactive range and
electron transfer rate were more conductive for catalysis.
Feasibility of NIR ECL Immunosensing. The electro-

chemical impedance spectroscopy (EIS) and CV were applied
to estimate the assembled process of the NIR immunosensor
as displayed in Figure 3C,D.
The EIS of GCE displayed a little semicircle (Figure 3C,

curve a), which was because of free electron transfer. After
dropping HDS-CuCo2O4@Cu2O-HWR onto surface of GCE,
the semicircle enhanced owing to hindrance of electron
transfer (Figure 3C, curve b). Subsequently, with continuous
decoration of Ab1, BSA and CYFRA21−1 onto GCE, the
resistance increased step by step (Figure 3C, curves c−e). Next
then, the resistance further enhanced by the eventual
modification of AuNCs-HWR-Ab2 bioconjugates (Figure 3C,
curve f), demonstrating the excellent construction of the
immunosensor. Furthermore, CV was also an effective and
facile electrochemical strategy for monitoring the installed
process of the NIR ECL immunosensor (Figure 3D). The
smaller and smaller peak current with promoted peak potential
separation could been shown after the continuous modification
of GCE, which indicated the obstruction for electron transfer
and the successful decoration of prepared immunosensor.

Performance of the NIR ECL Immunosensing for
CYFRA21−1 Detection. After optimizing the experimental
conditions (SI Figure S6), the property of the proposed NIR
immunosensor was studied by incubating various contents of
CYFRA21−1. As exhibited in Figure 4A, the ECL response
promoted successively when the contents of CYFRA21−1
enhanced from 2 fg/mL to 50 ng/mL. Besides, the obtained
ECL signals showed a perfect linear relation with the logarithm
of CYFRA21−1 content as exhibited in Figure 4B. The
corresponding linear regression equation was I = 6413.40 +
792.98 lg c (R2 = 0.994). The obtained LOD was 0.67 fg/mL
(S/N = 3), which possessed higher sensitivity than those of
previous reports (SI Table S1). As a consequence, the obtained
immunosensor achieved an ultrasensitive detection for
CYFRA21−1.

Selectivity, Stability, and Reproducibility of the NIR
Biosensor. Selectivity, stability, and reproducibility were
significant elements for assessing the characteristics of the
NIR immunosensor. As displayed in Figure 4C, the selectivity
was implemented, carcinoembryonic antigen (CEA), alpha
fetoprotein (AFP), prostate specific antigen (PSA), amyloid-β
protein (Aβ), glucose (Glu), BSA, procalcitonin (PCT) were
applied as the interferences, the ECL intensities of the above
interferences (50 ng/mL) were nearly similar to the blank
sample. In addition, the ECL response of CYFRA21−1 (1 ng/
mL) was almost the same to the mixture (1 ng/mL of
CYFRA21−1 and 50 ng/mL of interferences), which displayed
a perfect selectivity of the obtained immunosensor. Meanwhile,
our immunosensor exhibited excellent operational stability
with the relative standard deviation (RSD) of 1.64% (100 fg/
mL) and 1.28% (1 ng/mL) for CYFRA21−1 detection under
10 cycles of sustaining sweeping from 0 to +1.2 V (Figure 4D).
Neverthless, the positioned stability was also tested by placing
the obtained immunosensor for 1−6 days. As exhibited in
Figure 4E, the experiment verified that the ECL intensities

Figure 4. (A) ECL intensity-time curves, (B) corresponding calibration curve of the immunosensor for different concentrations of CYFRA21−1 (2
fg/mL to 50 ng/mL) in 0.1 mol/L PBS (pH 7.4) with 0.1 mol/L TPIA, (C) selectivity of the prepared immunosensor to different targets, (D)
operational stability of the prepared immunosensor under continuous potential scanning for 10 circles, (E) positioned stability of the obtained
immunosensor and (F) reproducibility of the immunosensor with the detection of seven different electrodes. Inset of 4B: the relationship between
the ECL intensity and concentration of CYFRA21−1.
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were not disturbed (RSD = 2.62%), which indicated the
excellent stability. Then, the reproducibility was investigated
by testing 100 fg/mL and 1 ng/mL of CYFRA21−1. As
displayed in Figure 4F, there were no distinct differences in the
seven electrodes along with low RSD of 2.05% (100 fg/mL)
and 1.79% (1 ng/mL), demonstrating the perfect reproduci-
bility of the designed immunosensor.
Analysis of the Real Samples. With the purpose of

confirming the clinical application, the constructed immuno-
sensor was used to examine the concentration of CYFRA21−1
and vertify the accuracy through the standard addition method.
As displayed in Table 1, the RSD was low than 5% and the

recovery ranged from 98 to 101%. In addition, the enzyme-
linked immunosorbent assay (ELISA) method was also utilized
to test the clinical serum samples. The obtained results were
reasonable and displayed good consistence between the two
methods as shown in SI Table S2.

■ CONCLUSIONS
In summary, HDS-CuCo2O4@Cu2O heterostructures, an
efficient coreactant accelerator developed for promoting the
NIR ECL response of Au NCs-TPIA system were first
fabricated and utilized in a strongly anticipated immunosensor
for CYFRA21−1 detection. Comparing with individual HS-
CuCo2O4 and Cu2O NPs, the HDS-CuCo2O4@Cu2O
heterostructures as the electroactive substrate significantly
promoted the electrochemical and ECL performance.
Furthermore, polypeptide HWR efficiently ameliorated the
incubating properties, improving the practical characteristic of
the immunosensor greatly. Then, the fabricated immunosensor
realized ultrasensitive CYFRA21−1 detection in the range of 2
fg/mL-50 ng/mL with the LOD of 0.67 fg/mL. In the modern
bioanalysis, this method could provide new insights of using
heterojunctions for accelerating the formation of coreactant
intermediate to improve the sensitivity of the immunosensor.
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Table 1. Recovery Results Obtained from the Prepared ECL
Immunosensor

original
concentration
(ng/mL)

added
concentration
(ng/mL)

found (ng/
mL)

average
(ng/
mL)

RSD
(n = 5,
%)

recovery
(%)

1.00 1.79, 1.82,
1.76, 1,77,
1.75

1.78 1.6 98.8

0.800 5.00 5.92, 5.89,
5.96, 5.76,
5.73

5.85 1.7 101

10.0 10.9, 10.4,
10.7, 10.6,
10.3

10.6 2.2 98.0
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