
Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

PtCu nanoprobe-initiated cascade reaction modulated iodide-responsive
sensing interface for improved electrochemical immunosensor of neuron-
specific enolase

Chi Zhang, Zhanfang Ma∗

Department of Chemistry, Capital Normal University, Beijing, 100048, China

A R T I C L E I N F O

Keywords:
Improved electrochemical immunosensor
Cascade reaction
PtCu nanoparticles
Iodide-responsive sensing interface
Neuron-specific enolase

A B S T R A C T

The method of transferring the immunoreaction from electrode surface to tube can greatly improve the analy-
tical performance of electrochemical immunosensor. In this work, based on PtCu nanoprobe-mediated and io-
dide-catalyzed cascade reaction, an improved electrochemical immunosensor was elaborately designed for
neuron-specific enolase (NSE) detection. PtCu nanoparticles combined with NSE antibody (Ab2) were used as
immunoprobes to trigger cascade reaction. With high catalytic activity towards the oxidation of iodide, PtCu
nanoprobes catalyzed iodide to iodine in the presence of H2O2, leading to the decrease of iodide. Subsequently,
as a bridge between the tube and iodide-responsive sensing interface, the residual iodide in tube was employed
to catalyze the transition from thiol substances (RSH) to disulfide substances (RSSR) on electrode surface. On the
basis of this property, thiol-modified DNA (DNA-SH) and 6-mercaptohexanol (MCH) reacted with H2O2 and the
residual iodide to form disulfide substances and detach from the electrode surface, causing the decrease of
interface resistance in different degrees. Then square wave voltammetry (SWV) was applied for current signal of
electrochemical sensing interface to achieve the quantitative detection of NSE. Under optimal conditions, this
improved biosensor demonstrated excellent selectivity, stability and reproducibility with wide linear range from
0.0001 to 100 ngmL−1 and ultralow detection limit of 52.14 fg mL−1 for NSE, thus holding great promise for
sensitive determination of tumor markers.

1. Introduction

Cancer is the main cause of death worldwide (Wang and Ma, 2019;
Yang et al., 2017). As people's bad living habits and increasingly severe
environmental pollution, lung cancer with the highest mortality rate
has become the most threatening cancer to human's health (Zhou et al.,
2019). Among all cases of lung cancer, small cell lung cancer (SCLC) is
one of the major subtypes, accounting for about 20% in various types of
lung cancer (Yang et al., 2019). Currently, a series of approaches have
been applied to the determination of SCLC, such as magnetic resonance
imaging (MRI), positron emission tomography (PET), chest radiograph
(CRG), computed tomography (CT) and biopsy. However, these
methods not only require professional operators, large-scale instru-
ments and the detectable diameter of tumor (≥10mm), but also take
the risk of physical or chemical damage (Eisenhauer et al., 2009; Wang,
2017), which can restrict the early diagnosis of SCLC. In comparison
with these methods, the quantitative detection of tumor markers has
the advantages of less invasive procedures and high sensitivity (Yin and

Ma, 2019; Zheng and Ma, 2019), which is of great importance for oc-
currence and progression of cancer (Ren et al. 2017, 2018). As the most
reliable and sensitive biomarker of SCLC, neuron-specific enolase (NSE)
is a specific predictor for early diagnosis and subsequent treatment of
SCLC (Carney et al., 1982; Han et al., 2012). At present, lots of methods
have been developed for determination of NSE, for example, surface-
enhanced Raman scattering immunoassay (Gao et al., 2017), photo-
electrochemical immunoassay (Li et al., 2017) and electrochemical
immunoassay (Wang et al., 2018; Yin et al., 2018). Among these ap-
proaches, electrochemical immunoassay plays an irreplaceable role
owing to its simple operation, ease of miniaturization and high sensi-
tivity (Hou et al., 2014; Wei et al., 2017).

Electrochemical immunoassay mainly involves the immobilization
of antibodies, antigen-antibody specific recognition and the combina-
tion of blocking reagent. For sandwich-type electrochemical im-
munosensor, immunoprobes are introduced to the sensing interface.
Though electrochemical immunoassay has made great progress in the
detection of tumor markers, there are still several inherent drawbacks
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that limit the analytical performance to some extent. First, because of
the high impedance of antigen, antibody, blocking agent and im-
munoprobes, an insulating layer is generated on electrode (Zhang et al.,
2018a; Liang et al., 2019), which hinders the interfacial electron
transfer and decreases the signal response (Fan et al., 2014). Second,
during the construction of biosensor, the incubation of complex fluids
may cause non-specific adsorption of proteins on modified electrode
(Riedel et al., 2013), resulting in non-specific response and degradation
of analytical performance. In addition, electrochemical sensing inter-
face may be easily contaminated owing to the complicated modification
steps and multistep incubation process (Ko et al., 2014). Hence, given
the problems above, it is urgent to seek more effective methods to solve
these problems of electrochemical sensing interface.

In this work, an electrochemical immunosensor was improved by
transferring the immunoreaction from electrode surface to tube. In
addition, considering the high catalytic activity of PtCu nanoparticles
(Li et al., 2018), multifunctionalized PtCu nanoparticles conjugated
with NSE antibody (Ab2) as nanoprobes can initiate cascade catalysis.
Combining the PtCu nanoprobe-triggered cascade reaction with iodide-
responsive sensing interface was employed to improve the performance
of conventional electrochemical immunosensor for NSE detection. In
this approach, PtCu nanoprobes catalyzed the oxidation of iodide to
iodine, causing the consumption of iodide. After immunoreaction, the
residual iodide in tube further catalyzed thiol-modified DNA (DNA-SH)
and 6-mercaptohexanol (MCH) on the electrode surface to form dis-
ulfide substances. Then, DNA and MCH with poor conductivity (Wang
et al., 2017; Zhao et al., 2019) was detached from the electrode surface
after washing with phosphate buffer solution (PBS, pH=7.4), leading
to the decrease of interface resistance in different degrees to attain the
sensitive detection of NSE. Compared with conventional electro-
chemical immunosensor, the improved one possessed lower interface
resistance due to the transfer of immunoreaction from electrode surface
to tube so that the current differences caused by target were improved
effectively. In addition, the PtCu nanoprobe-initiated cascade reaction
can effectively enhance the sensitivity of immunosensor because of the
catalytic activity of PtCu nanoparticles and iodide. Furthermore, com-
plicated modification steps and multistep incubation process on elec-
trode surface were reduced significantly, which lowered the non-spe-
cific adsorption and lessened the contamination of sensing interface.
Thus, the proposed immunosensor efficiently overcame the inherent
drawbacks of electrochemical sensing interface and showed prominent
analytical performance for NSE detection, offering the great potential
applications in clinical diagnosis for sensitive detection of tumor mar-
kers.

2. Experimental

2.1. Materials and reagents

Neuron-specific enolase (NSE), carcinoembryonic antigen (CEA),
prostate specific antigen (PSA), carbohydrate antigen 24-2 (CA24-2),
carbohydrate antigen 19-9 (CA19-9) and NSE antibodies (Ab1, Ab2)
were provided by Shanghai LincBio Science Co., Ltd (Shanghai, China).
The sequence of thiol-modified DNA (DNA-SH) was listed in Table S1.
Tris(2-carboxyethyl) phosphine hydrochloride (TCEP), (N-hydro-
xysuccinimide) (NHS), (1-ethyl-3-[3-dimethylaminopropyl] carbodii-
mide hydrochloride) (EDC), 6-mercaptohexanol (MCH) and hex-
aammineruthenium(III) chloride (RuHex) were provided by Sigma-
aldrich (Beijing, China). Carboxyl group modified magnetic microbeads
(MBs, 5mgmL−1) were obtained from Tianjin BaseLine ChromTech
Research Centre (Tianjin, China). Cetyltrimethylammonium chloride
(CTAC), oleylamine (OAm), Pt(acac)2, CuCl2∙H2O and diglycolamine
(DGA) were supplied from Aladdin Chemical Reagent Company
(Shanghai, China). Hydrogen peroxide (H2O2) was bought from Alfa
Aesar (Tianjin, China). Sodium iodide was provided by Tianjin Fuchen
Chemical Reagent Co., Ltd (Tianjin, China). HAuCl4·3H2O was obtained

from Alfa Aesar (Tianjin, China). Ultrapure water (re-
sistivity= 18.25MΩ cm) was used to prepare the aqueous solution.

2.2. Apparatus

The morphologies of samples were recorded by high-resolution
transmission electron microscopy (HRTEM, JEM-2100F) and scanning
electron microscope (SEM, HITACHI S-4800). The elements and com-
ponents were analyzed by using X-ray photoelectron spectroscopy (XPS,
ESCALAB 250) and energy disperse spectroscopy (EDS, HITACHI S-
4800 and JEM-2100F). The catalytic activity was investigated by using
UV-2550 UV–vis spectrophotometer (Shimadzu, Japan).

All electrochemical measurements were operated on CHI600e
electrochemical workstation (Chenhua Instruments Co., Shanghai,
China). A three-electrode system was consist of a saturated Ag/AgCl
electrode or calomel electrode as reference electrode, a platinum wire
and a modified glassy carbon electrode (GCE, Φ=4mm) as counter
electrode and working electrode, respectively.

2.3. Synthesis of Ab1-functionalized magnetic beads

Firstly, 1 mL carboxyl group (-COOH) modified magnetic beads
(MBs) were washed with water carefully. Then, the mixed solution of
NHS (0.1M) and EDC (0.4M) was added into MBs to activate -COOH
for 0.5 h at 37 °C. After washing three times with water, 1 mL NSE an-
tibody (Ab1, 200 μgmL−1) was added to incubate for 3 h, forming the
complex of Ab1-MBs. In order to avoid non-specific absorption, Ab1-
MBs were incubated with bovine serum albumin (BSA, 1%) for 0.5 h.
Finally, the product was washed carefully and re-dispersed as solution
with 1mL water.

2.4. Preparation of Ab2-functionalized PtCu nanoprobes

PtCu nanoparticles were prepared in accordance with the published
literature (Niu et al., 2019). 0.28 g CTAC was dissolved into 35mL
oleylamine (OAm) and the mixture became a homogeneous solution
after ultrasound 30min. After that, 0.012 g CuCl2∙2H2O, 0.028 g Pt
(acac)2 and 87.6 μL diglycolamine (DGA) were mixed together into the
above solution. After ultrasound another 20min, the mixture turned a
uniform blue-green. Then, it can be transferred into 40mL Teflon-lined
stainless autoclave and maintain 180 °C for 10 h. After natural cooling,
the product was centrifuged (6000 rpm, 5min) and washed with the
mixture of cyclohexane and ethanol, then re-dispersed as solution for
later use. Next, 100 μL NSE antibody (Ab2, 1 mgmL−1) was mixed with
1mL PtCu nanoparticles (1 mgmL−1) and incubated overnight. 1% BSA
was used for preventing non-specific binding sites. Finally, Ab2-func-
tionalized PtCu nanoprobes were collected by centrifugation, dispersed
as solution and kept 4 °C in a refrigerator.

2.5. Fabrication of electrochemical sensing interface

A GCE was polished with Al2O3 powder (0.05 μm) carefully. Then,
after washing with water and ethanol by sonication, Au nanoparticles
were electrodeposited on glassy carbon electrode in 5mM HAuCl4 so-
lution at −0.2 V for 60 s (Zhao and Ma, 2017). Pretreated with TCEP
(100 μM) for 1 h, DNA-SH (20 μL, 1 μM) was incubated on modified
electrode overnight at 37 °C. After that, MCH (20 μL, 1mM) was in-
cubated on electrode for another 1 h at ambient temperature. Then, the
electrode (MCH/DNA-SH/Au/GCE) was rinsed with PBS (pH=7.4)
carefully so as to obtain DNA-SH and MCH modified electrode as the
iodide-responsive sensing interface.

2.6. Immunoreaction in the tube

Firstly, 30 μL Ab1-MBs was transferred into a tube. After magnetic
separation, a series of NSE standard solutions were added to incubate
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with Ab1-MBs for 40min at 37 °C. Then, the product was washed
thoroughly by magnetic separation. After that, 30 μL as-prepared Ab2-
PtCu immunoprobes were incubated with NSE/Ab1-MBs for 50min at
37 °C. And the sandwich-type bioconjugate (Ab2-PtCu/NSE/Ab1-MBs)
was obtained by magnetic separation after washing with water.
Subsequently, sodium iodide (400 μM) and H2O2 (400 μM) were added
into tube and the mixture reacted for 1 h at 37 °C.

2.7. Electrochemical detection of NSE

The mixture containing H2O2 (100 μM) and the residual solution
after immunoreaction was incubated on the surface of electrode (MCH/
DNA-SH/Au/GCE) to react for 50min at 37 °C. After thoroughly rinsing
with PBS (pH=7.4), the current signals of square wave voltammetry
were determined in 0.01M PBS (pH=7.4) containing 5mM [Fe
(CN)6]3-/4- at −0.2−0.8 V (vs. Ag/AgCl).

3. Results and discussion

3.1. Principle of the biosensor

The principle and stepwise modification process of the im-
munosensor were depicted in Scheme 1. The immune process and
electrochemical detection were respectively implemented in tube and
on electrode surface. First of all, gold nanoparticles as the substrate
were electrodeposited on electrode, which can be used to immobilize
DNA-SH, MCH and improve the interfacial conductivity (Zhang et al.,
2019; Zhou et al., 2017). Then, the sandwich-type immune process was
carried out in a tube. When the target NSE was present, it can be
captured by Ab1-MBs firstly. After that, Ab2-PtCu immunoprobes were
combined with NSE/Ab1-MBs to form the sandwiched im-
munocomplexes (Ab2-PtCu/NSE/Ab1-MBs) via antigen-antibody spe-
cific recognition. With the addition of H2O2 and iodide, the nanoprobes
as catalyst accelerated the oxidation of iodide to iodine and consumed
the amount of iodide in the tube. Subsequently, in the presence of H2O2,
the iodide of residual solution after immunoreaction further catalyzed
the oxidation of thiol substances (RSH) to yield disulfide substances
(RSSH), resulting in DNA-SH and MCH on the electrode surface to form
disulfide substances and detach from the electrode surface after
washing with PBS (pH=7.4). By virtue of the poor conductivity of
DNA and MCH, the decline of DNA-SH and MCH can increase electron
transfer between sensing interface and [Fe(CN)6]3-/4- by lowering the
interface resistance. In addition, it was worth noting that MCH can be
considered as the enhancer of -SH amount. And the current differences

(ΔI= Ib− Ia, where Ia and Ib are the current peak of sensing interface
before and after the -SH oxidation reaction) without (Fig. S1A,
ΔI1= 14.49 μA) and with (Fig. S1B, ΔI2= 19.81 μA) MCH were shown
in Fig. S1, indicating that the introduction of MCH increased the current
difference of sensing interface. By means of PtCu nanoprobe-initiated
cascade reaction and iodide-responsive sensing interface, different
concentrations of target analyte were corresponding to different in-
crease of current signals so as to achieve the sensitive detection of NSE.

3.2. Characterization of PtCu nanoparticles

The morphology of as-prepared PtCu nanoparticles was character-
ized by HRTEM. As indicated in Fig. 1A, the average size of PtCu na-
noparticles was around 40 nm. To further illuminate by HRTEM, Fig. 1B
displayed many visible lattice fringes. The lattice fringes were marked
in Fig. 1a-b and calculated to be 0.221 nm, which was between the
distance of (1 1 1) planes of pure fcc Cu (0.209 nm) and Pt (0.226 nm)
(Du et al., 2018), indicating the successful preparation of PtCu alloy
(Guo et al., 2017). In addition, to characterize the element composition,
the energy dispersive spectroscopy (EDS) spectrum of PtCu nano-
particles was shown in Fig. 1C. The weight ratio and atomic ratio of Cu/
Pt were about 33.02/66.08 and 60.22/39.78, respectively.

X-ray photoelectron spectroscopy (XPS) illustrated the element
composition and chemical state of PtCu nanoparticles in Fig. S2. The
high-resolution XPS spectrum of Cu 2p was displayed in Fig. 2A, which
showed the characteristic peaks at 951.68 eV and 931.88 eV in ac-
cordance with Cu 2p1/2 and Cu 2p3/2 of Cu0 (Cu+). Also, the char-
acteristic peaks at 954.15 eV and 934.28 eV were ascribed to Cu 2p1/2
and Cu 2p3/2 of Cu2+ because of the partial oxidation of Cu atoms in the
atmosphere (Fu et al., 2016; Gong et al., 2014). Furthermore, two peaks
were also observed at 941.01 eV and 943.27 eV in accordance with the
satellite peaks of CuO (Li et al., 2019). In addition, as described in
Fig. 2B, two strong characteristic peaks at 74.33 eV and 70.98 eV was
shown in the high-resolution XPS spectrum of Pt 4f, which were at-
tributed to Pt 4f5/2 and Pt 4f7/2 of Pt0. Also, two relatively weak peaks
at 76.51 eV and 72.03 eV were associated to Pt 4f5/2 and Pt 4f7/2 of Pt2+

from Pt(OH)2 or PtO (Zhang et al., 2018b), indicating Pt0 was the
predominant chemical state of Pt element on the catalyst surface
(Huang et al., 2018; Niu et al., 2019). Seen from these results of XPS, we
verified the reduction of Cu2+ and Pt2+ and the successful synthesis of
PtCu nanoparticles.

UV–vis spectrum was presented to prove the catalytic property of
PtCu nanoparticles in Fig. S3. Compared with iodide + H2O2 (curve a),
the group of iodide + H2O2 + PtCu (curve b) showed weaker ab-
sorption peak at 225 nm and stronger absorption peak at 282 nm,
which respectively corresponded to the characteristic absorption peak
of iodide and iodine, indicating the catalytic property of PtCu nano-
particles towards the oxidation of iodide to iodine.

3.3. Characterization of electrochemical sensing interface

The stepwise modification process of sensing interface was char-
acterized by cyclic voltammetry (CV) measurement (Fig. 3A). Owing to
good conductivity, the Au nanoparticles modified electrode (curve b)
showed higher current response when comparing with bare electrode
(curve a). Furthermore, the SEM image and EDS analysis of Au nano-
particles modified electrode were respectively shown in Fig. S4A and
Fig. S4B. After the incubation of DNA-SH (curve c), the current signal
decreased obviously due to poor conductivity of DNA and electrostatic
repulsion between electronegative DNA and redox species [Fe(CN)6]4-/
3-. Subsequently, MCH caused a further decrease in current signal
(curve d). After the reaction of DNA-SH and MCH with iodide and H2O2

(curve e), the current signal increased owing to the decline of DNA-SH
and MCH amount and the increase of electron transfer between the
sensing interface and [Fe(CN)6]3-/4-.

Electrochemical impedance spectroscopy (EIS) measurement

Scheme 1. Schematic diagram of sandwich-type immune process and electro-
chemical detection for NSE.
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(Fig. 3B) was also utilized to monitor the modification procedure of
sensing interface. In Nyquist plot, the semicircle diameter was in ac-
cordance with the charge transfer resistance. Seen from Fig. 3B, com-
pared to bare GCE (curve a), the Au nanoparticles modified GCE (curve
b) exhibited a smaller semicircle, indicating Au nanoparticles enhanced
the conductivity of sensing interface. Then, the interface resistance
increased successively after the modification of DNA-SH (curve c) and
MCH (curve d). After the reaction with iodide and H2O2 (curve e), DNA
and MCH with poor conductivity was detached from the electrode
surface by washing with PBS (pH=7.4), which caused apparent de-
crease of interfacial resistance. These results of CV and EIS measure-
ment were consistent, suggesting successful construction of electro-
chemical sensing interface.

3.4. Verification the changes of DNA amount on electrodes

The changes in the amount of DNA on the sensing interface were
quantified by chronocoulometry (CC) method (Liu et al., 2015; Steel
et al., 1998). Herein, the amount of DNA was quantitatively determined
by utilizing the electrostatic attraction between RuHex and nucleotide
phosphate backbone of DNA. The related principle, process and

equations were detailedly expatiated in the published literature (Steel
et al., 1998). Specifically, the typical chronocoulometric response for
RuHex was provided in Fig. S5. Before the -SH oxidation reaction, the
amount of DNA-SH was calculated to be 3.16× 1011 molecules (Fig.
S5A). While, after the -SH oxidation reaction, the amount of DNA-SH
was calculated to be 5.84×1010 molecules (Fig. S5B), indicating the
significant decrease of DNA-SH on the electrode surface. In addition,
the obvious signal differences can be observed by CV (Fig. 4A), SWV
(Fig. 4B) and EIS measurements (Fig. 4C) after the oxidation of -SH,
which further demonstrated the decrease in the amount of DNA-SH and
the feasibility of this strategy.

3.5. Optimization of experimental parameters

The experimental conditions including the concentration of DNA-
SH, the incubation time of Ab2-PtCu nanoprobes and the reaction time
of -SH oxidation were investigated to attain the optimal analytical
performance. Because DNA-SH acted as the main reactant in the -SH
oxidation reaction, the concentration of DNA-SH influenced the ana-
lytical performance of biosensor significantly. As presented in Fig. S6A,
current values lowered with DNA-SH concentration from 100 nM to

Fig. 1. HRTEM images of as-prepared PtCu
nanoparticles (A) and an individual part of
PtCu nanoparticle (B). (a–b) HRTEM images
taken from the red marked regions in B. EDS
spectrum of PtCu nanoparticles (C). Inset in
C shows the weight ratio and atomic ratio of
Cu/Pt. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 2. The high-resolution XPS spectra of Cu 2p (A) and Pt 4f (B).
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1 μM and remained almost stable after 1 μM, which were caused by the
high resistance of DNA and electrostatic repulsion of DNA and [Fe
(CN)6]4-/3-. Thus, to maximize the amount of reactant for -SH oxidation
reaction, 1 μM was selected as the optimal DNA-SH concentration. Also,
the incubation time of Ab2-PtCu nanoprobes was investigated in Fig.
S6B. The current values decreased gradually with incubation time from
20 to 50min until it remained constant, suggesting that 50min as the
optimal incubation time was chosen for nanoprobes. Furthermore, the
reaction time of -SH oxidation also affected the performance of the
immunosensor. Seen from Fig. S6C, the current values increased with
reaction time from 20 to 40min then reached a plateau. We therefore
selected 40min as the optimum reaction time of -SH oxidation.

3.6. Analytical performance for NSE detection

The SWV measurement was applied to measure a series of NSE
standard solutions under optimal conditions. The current values de-
creased gradually with the increase of NSE concentration from 0.0001
to 100 ngmL−1 in Fig. 5A. Then as is shown in Fig. 5B, current values of
SWV and logarithm values of NSE concentration presented a good
linear relationship. The corresponding linear equation was I= 5.85
lgC−57.87 (R2= 0.9989), which can calculate the detection limit of
52.14 fg mL−1 for NSE. Compared with analytical performance for NSE
detection in previous references (Table S2), this immunosenor showed
wider detection range and lower detection limit.

3.7. Selectivity, repeatability and stability

To investigate the selectivity of this biosensor, NSE (0.1 ngmL−1)
with different interferences such as IgG (10 ngmL−1), PSA
(10 ngmL−1), CEA (10 ngmL−1), CA199 (10 U mL−1) and CA242 (10
U mL−1) was detected by the designed immunosensor. As indicated in
Fig. S7, the current values were almost identical between NSE con-
taining different distractions and that of only NSE, suggesting the su-
perior specificity for NSE. Five independent electrodes under the same

conditions were employed to analyze the repeatability of the biosensor
(Fig. S8A). And relative standard deviation (RSD) of five electrodes was
2.37%, which indicated the acceptable reproducibility. In addition, the
stability was also evaluated by storing modified electrodes in a re-
frigerator for four weeks at 4 °C (Fig. S8B). After four weeks, the current
still kept 94.8% of initial current value and the RSD was below 5%,
revealing the high stability of this biosensor.

3.8. Human serum samples analysis

To demonstrate the reliability of this immunosensor, contrast ex-
periments were determined by the biosensor and chemiluminescence
immunoassay (CMIA) in human serum samples. As presented in Table
S3, the RSD was in the range of 0.40%–1.21% and relative error was in
the range of −3.11%–6.29%, which illustrated the acceptable relia-
bility of immunosensor in clinical application.

4. Conclusion

In summary, an improved electrochemical biosensor was proposed
on the basis of PtCu nanoprobe-initiated cascade reaction and iodide-
responsive sensing interface for NSE detection. Noteworthy, the
strategy was implemented by transferring the immunoreaction from
electrode surface to tube so that the interface resistance was lowered
significantly and the current differences caused by target were im-
proved notably. Furthermore, making use of the catalytic activities of
PtCu nanoparticles and iodide, PtCu nanoprobe-initiated cascade re-
action greatly enhanced the sensitivity of immunosensor. And it was
important that this method effectively simplified the operation steps on
electrode surface to reduce the non-specific adsorption and the con-
tamination of sensing interface, thereby improving the analysis per-
formance of electrochemical biosensor. Given the advantages of this
sensing interface, wide detection range and ultralow detection limit can
be obtained by the designed biosensor with good selectivity, stability
and repeatability. Therefore, this improved electrochemical

Fig. 3. CV (A) and EIS (B) of different modified electrodes in 5mM [Fe(CN)6]3-/4- containing 0.1M KCl: GCE (a), Au/GCE (b), DNA-SH/Au/GCE (c), MCH/DNA-SH/
Au/GCE (d) and after the reaction of DNA-SH with iodide and H2O2 (e). Inset in B shows the magnified view of EIS of GCE and Au/GCE.

Fig. 4. CV (A), SWV (B) and EIS (C) measurements before (a) and after (b) the oxidation reaction of -SH.
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immunosenosor provided a promising means of other biomarkers de-
termination. Moreover, if the nanoprobes could possess higher catalytic
activity, the analytical performance of the sensing interface can be
further improved and the proposed immunosensor can offer a more
sensitive approach to diagnose cancer in clinical applications.
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