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ABSTRACT: Nanomaterials themselves as redox probes and
nanocatalysts have many advantages for electrochemical
biosensors. However, most nanomaterials with excellent catalytic
activity cannot be directly used as redox probe to construct
electrochemical biosensor because the redox signal of these
nanomaterials can only be obtained in strong acid or alkali
solution at high positive or negative potential, which greatly
limits their applications in biologic assay. In this study, Cu/Mn
double-doped CeO2 nanocomposite (CuMn-CeO2) was synthe-
sized to use as signal tags and signal amplifiers for the
construction of electrochemical immunosensor for sensitive
assay of procalcitonin (PCT). Herein, CuMn-CeO2 not only
possesses excellent catalytic activity toward H2O2 for signal
amplification, but also can be directly used as redox probe for
electrochemical signal readout achieved in neutral mild buffer solution at low positive potential. Importantly, since doping Cu,
Mn into CeO2 lattice structure can generate extra oxygen vacancies, the redox and catalytic performance of obtained CuMn-
CeO2 was much better than that of pure CeO2, which improves the performance of proposed immunosensor. Furthermore,
CuMn-CeO2 can be implemented as a matrix for immobilizing amounts of secondary antibody anti-PCT by forming ester-like
bridging between carboxylic groups of Ab2 and CeO2 without extra chemical modifications, which greatly simplifies the
preparative steps. The prepared immunosensor exhibited a wide linear range of 0.1 pg mL−1 to 36.0 ng mL−1 with a low
detection limit of 0.03 pg mL−1. This study implements nanomaterial themselves as redox probes and signal amplifiers and paves
a new way for constructing electrochemical immunosensor.

Over the past 10 years, many attempts have been made to
amplify detectable signal for enhancing the sensitivity of

electrochemical biosensor.1−3 As a result, various signal
amplification strategies have been explored such as enzyme
catalysis amplification,4,5 nucleic acid amplification technology,6

and molecular conversion amplification,7 and so on. Alter-
natively, nanomaterials-based signal amplification has been
widely used in the construction of biosensor because of their
large specific surface rate, catalytic property, and good
biocompatibility.8 Initially, nanomaterials for signal amplifica-
tion depends on their large specific surface rate which can
increase loading amount of the biomolecules.9,10 Recently,
nanomaterials with catalytic activity are introduced into the
construction of electrochemical biosensor, in which nanoma-
terial can catalyze corresponding substrate to accelerate
electron transfer for signal amplification.11,12 Moreover,
redox-active nanomaterials are also prepared for constructing
electrochemical biosensors. Compared with other’s biosensors
requiring labeling redox probe, the detectable signals of these

biosensors are directly originated from the nanomaterials.13,14

Very recently, our group synthesized Au-nanoparticles-
functionalized Cu(II)-MOF with catalytic and redox properties
for developing an electrochemical biosensor, in which the
electrochemical signal of this biosensor can be directly
originated from electron transfer from Cu(II)-MOFs to
Cu(I)-MOFs and amplified through catalyzing glucose
oxidation by Cu(II)-MOFs itself with accelerating electron
transfer.15 Nanomaterials with catalytic and redox properties for
the construction of electrochemical biosensors possess obvious
advantages. On one hand, the detectable signal can be directly
originated from the nanomaterials that can avoid introduction
of traditional redox probe, thus, simplifying the preparative
steps of biosensors. On the other hand, the signal can be
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amplified by nanomaterials themselves for their catalytic
properties, improving the sensitivity of biosensors. However,
most nanomaterials with excellent catalytic activity cannot be
directly used as redox probes to construct electrochemical
biosensors because the redox signal of these nanomaterials can
only be obtained in strong acid or alkali solution at high
positive or negative potential, which greatly limits their
applications in biologic assay.
Metal oxides nanostructures have attracted increasing

attention in electrochemical biosensors due to their functional
biocompatibility, unique electrical and catalytic properties.16

Specially, metal oxides possess special surface mixed-valence
properties that make it a promising material to act as a redox
couple for the fabrication of electrochemical biosensors.17

However, to date, using a metal oxide as a redox probe is rarely
reported in electrochemical biosensors because the redox signal
of most metal oxides must be detected in strong acid or alkali
solution which limits their applications. Cerium oxide (CeO2),
one of the rare earth metal oxides, simultaneously exists Ce3+

and Ce4+ oxidation states on the lattice surface.18−22 This
unique structure endows CeO2 with unique catalytic properties
and it can be improved by introducing dopants. For example,
studies of Ti-, Zr-, and Hf-doped CeO2 reported by Nolan et al.
have shown that the doped surfaces have better catalytic
reactivity to CO adsorption than the undoped ones.23 Zhang
group prepared NiO-impregnated CeO2 nanorods as a low-
temperature catalyst for the NH3-SCR of NO.24 In the above
cases, the catalytic activitives of CeO2 are improved because the
oxygen vacancy formation energy can be decreased after
introducing dopants, resulting in the generation of extra oxygen
vacancies.25 The dual oxidation state Ce3+/Ce4+ on the surface
of CeO2 also endows it with a redox property. In our previous
work, we found that the redox signal of CeO2 can be detected
in neutral mild buffer solutions at about 0.45 V; however, the
signal is too weak to be used as probes for biosensors.26

Therefore, it is important to search a method that can enhance
the redox signal of CeO2 for constructing highly sensitive
biosensors.
In present work, by doping Cu/Mn into CeO2 lattice

structure, double-doped CeO2 nanocomposites (CuMn-CeO2)
were prepared to propose an amplified electrochemical
immunosensor for sensitive detection of procalcitonin (PCT).
Since Cu and Mn simultaneously were doped into CeO2 lattice
structure, the extra oxygen vacancies were generated, endowing

CuMn-CeO2 with a superior redox performance and a better
catalytic activity. As a result, CuMn-CeO2 presented several
advantages in the construction of electrochemical immuno-
sensor. First, the electrochemical signal directly originated from
the CuMn-CeO2 in neutral mild buffer solutions at low positive
potential, avoiding introduction of extra traditional redox
probes. Second, the electrochemical signal was greatly amplified
in the presence of H2O2 because of the high catalytic activity of
CuMn-CeO2 toward H2O2. Third, CuMn-CeO2 with a large
special surface area and a good biocompatibility was
implemented as the matrix for immobilizing amounts of
antibody (Ab2) through chemical absorption between carbox-
ylic groups of Ab2 and CeO2 by ester-like bridging.27 This
method demonstrates that CuMn-CeO2 themselves can be
simultaneously implemented as redox probes, signal amplifiers
and matrixes in the construction of immunosensors, which
greatly simplifies the preparative steps (Scheme 1).

■ EXPERIMENTAL SECTION
Materials and Apparatus. PCT antigens achieved from

huamn, monoclonal primary antibody anti-PCT (Ab1) and
monoclonal tracer secondary antibody anti-PCT (Ab2) were
achieved from Ye Xiang Bio. Co. Ltd. (Hangzhou, China). The
cerium nitrate hexahydrate (Ce(NO3)3·6H2O, copper chloride
(CuCl2·2H2O), manganese chloride (MnCl2), polyvinylpyrro-
lidone (PVP), and ethylene glycol (EG) were obtained from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Bovine serum albumins (BSA) and gold chloride (HAuCl4·
4H2O) were purchased from Sigma-Aldrich Chem. Co. (St.
Louis, MO, U.S.A.). Human real serum samples obtained from
the Da Ping Hospital (Chongqing, China).
Morphologies of the prepared nanocomposite were charac-

terized by the scanning electron microscope (SEM, S-4800,
Hitachi, Japan), X-ray photoelectron spectroscopy (XPS)
measurements were carried out using a VG Scientific
ESCALAB 250 spectrometer (Thermoelectricity Instruments,
U.S.A.) and Raman measurements were conducted with a
Renishaw 2400 laser Raman microscope equipped with a 532
nm (Renishaw, U.K.). Electrochemical measurements were
conducted by a conventional three-compartment electro-
chemical cell and CHI 660D electrochemical workstation
(Shanghai Chenhua instrument, China).

Preparation of CuMn-CeO2 Nanocomposites. CuMn-
CeO2 nanocomposites were prepared according to previous

Scheme 1. Schematic Illustration of the Electrochemical Immunosensor and a Proposed Mechanism of the Signal Amplification
Strategy
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method with a little modification.28 First, 200 mg of PVP and
500 mg of Ce(NO3)3·6H2O were added into 28 mL of EG, and
stirred for 30 min at room temperature. Second, 1 mL of 20 mg
mL−1 CuCl2·2H2O and 1 mL of 20 mg mL−1 MnCl2 solution
were introduced into the above obtained solution, and then
transferred into a Teflon-lined autoclave of 50 mL capacity and
heated for 8 h at 180 °C. After cooling to room temperature,
the prepared products were collected and washed with doubly
distilled water and absolute alcohol several times. Finally, the
products were dried at 60 °C and then calcined at 450 °C at 1
°C min−1 for 1 h.
Preparation of Ab2 Bioconjugates. First, 100 μL of Ab2

solution (2.2 mg mL−1) was added into 2 mL of CuMn-CeO2
and gently stirred for 12 h at 4 °C. Then 80 μL of BSA solution
was introduced into above solution and continually stirred for 2
h at 4 °C, making Ab2 and BSA-coated CuMn-CeO2 (BSA/
Ab2/CuMn-CeO2) with formation of Ab2 bioconjugates
collected by centrifugation at 4 °C. After that, the prepared
Ab2 bioconjugate was dispersed in PBS (pH 7.0) and stored at
4 °C for further use.
Immunosensor Fabrication Process. A mirror GCE was

obtained by carefully polishing GCE with 0.05 and 0.3 μm
Al2O3 powder on a fine abrasive paper sequentially and then
ultrasoniced in doubly distilled water for 20 s and repeated the
procedure twice. The pretreated GCE was immersed into 1%
(w/w) HAuCl4·4H2O solution to obtain AuNP film by using
electrochemical deposition under −0.2 V for 30 s. Sub-
sequently, the formed AuNP modified GCE (Au/GCE) was
incubated with 15 μL Ab1 (24 μg mL−1) at 4 °C for 12 h.
Successively, the resulting modified GCE was blocked with 1
mg mL−1 BSA at room temperature for 1 h. On the basis of the
sandwich format, the modified GCE was incubated with PCT
samples with different concentrations for 40 min at 37 °C,
followed by incubating with 15 μL of Ab2 bioconjugate solution
for immune reaction at 37 °C for 30 min. Subsequently, the
prepared immunosensor was washed with PBS (pH 7.0) to
remove unbound Ab2 bioconjugates. The electrochemical signal
was carried out in PBS (pH 7.0) with 25.0 mM H2O2, which
gave the quantitative criteria for electrochemical detection of
PCT.
Electrochemical Measurements. Electrochemical experi-

ments were carried out by a standard three-electrode system.

DPV measurements were performed in 2 mL of 0.1 M PBS
(pH 7.0) at room temperature with 25.0 mM H2O2, and the
parameters applied were 50 mV/s sweeping rate, 20 mV pulse
amplitude, 50 ms pulse width, 2 s pulse period, and a voltage
range from 0.2 to 0.6 V. CV measurements were performed in
5.0 mM [Fe(CN)6]

3−/4− with a scanning potential from −0.2 to
0.6 V at a scan rate of 50 mV/s.

■ RESULTS AND DISCUSSION

Characteristics of the CuMn-CeO2. The morphologies of
CuMn-CeO2 nanocomposites were characterized by SEM. As
shown in Figure 1A, the CuMn-CeO2 showed uniform-size
nanospheres and a rough surface of the nanosphere can be
observed from a close-up view SEM image, indicating that
many small nanoparticles exists on the surface (Figure 1B).
Moreover, elemental mapping analysis using energy dispersive
spectroscopy (EDS) conducted on a single CuMn-CeO2
confirms the occurrence of homogeneous distributions of Ce,
Cu, Mn, and O (Figure 1D-G).
Raman spectroscopies can provide more information on the

surface of nanocomposites. The Raman spectra of CeO2 and
CuMn-CeO2 excited at 532 nm with 10% laser power and the
image is showed in Figure 2. For the CeO2 sample, a main
Raman band around 462 cm−1 can be observed, which is related
to the triply degenerate F2g Raman active mode of the CeO2
fluorite structure (curve a).29 For the CuMn-CeO2 sample, the

Figure 1. SEM images with different magnifications of the CuMn-CeO2 (A, B). EDS-mapping images of an individual nanosphere (C): O (green,
D), Ce (blue, E), Mn (yellow, F) and Cu (red, G).

Figure 2. Raman spectra for CeO2 nanospheres before (red line) and
after (black line) doping with Cu/Mn.
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band ascribed to the F2g mode of CeO2 shifts to lower
frequency at about 456 cm−1 and the width of peak increases.
The above phenomena implies that defects in the lattice
structure of the CeO2 after doping with Cu/Mn have occurred,
as it was previously reported that lattice defects in CeO2 leads
to a shifted peak position to lower frequency.30 In addition,
obvious bands are observed at 292, 603, 363, and 583 cm−1,

which is related to the formation of oxygen vacancies when
doping of Cu2+/Mn2+ on the lattice site Ce4+ ion. The above
phenomena confirms that CuMn-CeO2 exists extra oxygen
vacancies.
XPS is a powerful technique that can provide more

information on elemental analysis of CuMn-CeO2. As seen
from Figure 3, The Ce 3d triple (882.18, 900.38, and 920.78

Figure 3. XPS spectra for the CuMn-CeO2: Ce 3d (A), O 1s (B), Mn 2p (C), Cu 2p (D).

Figure 4. Ce 3d XPS spectra of the pure CeO2 (A) and CuMn-CeO2 (B); O 1s XPS spectra of the pure CeO2 (C) and CuMn-CeO2 (D).
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eV, Figure 3A) and the O 1s (529.08 eV; Figure 3 B) confirms
the presence of CeO2. The peak at 652.18 and 934.18 eV can
be assigned to Mn 2p (Figure 3C) and Cu 2p (Figure 3D),
respectively, which confirms that Cu/Mn are successfully
doped into CeO2.
To further obtain information on the chemical state

distributions on the surface of the CeO2 before and after
doping with Cu/Mn. The two oxidation states content ratios of
pure CeO2 (Figure 4A) and CuMn-CeO2 (Figure 4B) were
investigated. The Ce XPS spectra is labeled for the Ce4+ and
Ce3+ chemical species, which were fitted by Gaussian
distributions with different peak positions and areas.31,32

Binding energies of Ce4+ are founded at 900.5, 906.7, 916.6,
882.3, 888.8, and 897.6 eV. Similarly peaks are marked at 898.5,
903.1, 881.8, and 885.1 eV represented Ce3+. Compared with
pure CeO2, the Ce3+/Ce4+ content ratio on the surface of
CuMn-CeO2 was increased from 0.52 to 0.78. Therefore,
doping Cu, Mn into the CeO2 can make the Ce3+/Ce4+ content
ratio increase, and thus, it has been demonstrated that an
increase of the Ce3+ species on the surface of CuMn-CeO2,
improving the redox potential and the catalytic activities of
CuMn-CeO2.
As mention above, doping Cu/Mn into CeO2 lattice

structure will lead to extra oxygen vacancies. To confirm this

issue, the peak deconvolutions of the O 1s XPS spectraof the
surfaces of the CeO2 and CuMn-CeO2, including the surface-
adsorbed oxygen (O ) and the lattice oxygen (O ) are
investigated. Herein, O represents surface-adsorbed belonging
to the defect oxide or hydroxyl-like group, corresponding to a
higher binding energy. The binding energy of O is about 531.5
eV and the binding energy of O is about 529.2 eV.33−35 The
surface oxygen vacancy change can be represented by using the
O /O ratio. As shown in Figure 4C,D, the O /O ratio of the
pure CeO2 and the CuMn-CeO2 is 0.26 and 0.96, respectively,
which indicates that the CuMn-CeO2 can generate more active
O species.

Characteristics of the Fabrication Steps of Modified
GCE. CV measurements were constructed in 5.0 mM of
[Fe(CN)6]

3−/4− to fabricate the electrode surface at each step.
The experimental results were shown in Figure 5A. Compared
with the bare GCE (curve a), the peak current value of AuNP
modified GCE (Au/GCE, curve b) remarkably increases
because AuNP layer can increase the charge transfer rate and
enhance the electrode effective area. After the Ab1 was
immobilized on Au/GCE surface, a decrease peak current is
observed due to protein hinder electron transfer from solution
to electrode surface (curve c). After incubating with BSA, peak
current further decrease (curve d). When PCT antigen was

Figure 5. CV (A) and EIS (B) of different modified electrodes in PBS buffer containing 5.0 mM [Fe(CN)6]
3−/4−: (a) bare GCE; (b) Au/GCE; (c)

Ab1/Au/GCE; (d) BSA/Ab1/Au/GCE; (e) PCT/BSA/Ab1/Au/GCE.

Figure 6. DPV responses of the proposed immunosensor incubated with 18.0 ng/mL PCT using Ab2/BSA/CeO2 (A), Ab2/BSA/Cu-CeO2 (B),
Ab2/BSA/Mn-CeO2 (C), Ab2/BSA/CuMn-CeO2 (D) as tracers in absence of H2O2 (curve a) and in the presence of 25.0 mM H2O2 (curve b).
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incubated, peak current also decrease, indicating that PCT
antigens successfully bind to Ab1 immobilized electrode surface
(curve e). EIS measurements were also implemented to further
provide information about the preparation of the immuno-
sensor. The results were presented in Figure 5B. The curve a is
the EIS response of bare GCE. Then, a decrease in the charge-
transfer resistance (Rct) value can be observed after electro-
deposition of AuNPs on GCE (curve b) because the
conductivity of AuNPs accelerate the electron transfer of the
redox probe to the electrode. When the Ab1 are immobilized
onto Au/GCE surface, the Rct value increase (curve c). BSA
was used to block specific sites and lead to a further increase of
Rct (curve d). After incubated with PCT antigen, Rct also
increases, indicating that PCT antigens successfully bind to Ab1
immobilized electrode surface. On the basis of above result, it
could be seen that the information provided by the Rct value
change was agreed with that of the CV current changes,
indicating that the immunosensor was successfully constructed.
Investigation of the Catalytic Performance of CuMn-

CeO2 for Signal Amplification. To demonstrate the high
catalytic activity of CuMn-CeO2 toward H2O2 oxidation for
electrochemical signal amplification, three additional nano-
composites including CeO2, Cu-CeO2 and Mn-CeO2 were
investigated. The same batch immunosensors incubated with
PCT (18.0 ng mL−1) and then reacted with Ab2/BSA/CeO2,
Ab2/BSA/Cu-CeO2, Ab2/BSA/Mn-CeO2, and Ab2/BSA/

CuMn-CeO2 bioconjugates, respectively. The DPV experi-
ments were conducted to record the result before (curve a) and
after (curve b) addition H2O2 into test solution. Figure 6A
shows that the DPV response of the immunosensor modified
with Ab2/BSA/CeO2 bioconjugates in PBS buffer containing
H2O2 (curve b) is higher than that of in absence of H2O2
(curve a), which indicated that pure CeO2 can catalyze H2O2
oxidation for accelerating electro transfer from Ce3+ to Ce4+.
However, the above current responses are lower than that of
the immunosensor with Ab2/BSA/Cu-CeO2 (Figure 6B) and
Ab2/BSA/Mn-CeO2 bioconjugates (Figure 6C). These results
should be ascribed to that the doping CeO2 with Cu or Mn
improves the catalytic performance of CeO2. Moreover, the
immunosensor with Ab2/BSA/CuMn-CeO2 bioconjugates
(Figure 6D) exhibits the highest peak current compared with
the immunosensor with the above three kinds of bioconjugates.
This suggests that the catalytic performance of CeO2 doped
with bimetal elements was much better than that of CeO2
doped with single metal element. The experimental results
demonstrate that the signal amplification strategy based on
CuMn-CeO2 can be implemented to improve the sensitivity of
the proposed immounsensor.

Performance of the Immunosensor. The sensitivity of
the fabricated electrochemical immunosensor was investigated
using PCT with various concentrations. As shown in Figure 7,
the DPV peak current increases when the concentration of

Figure 7. DPV responses of the proposed immunosensors after incubation with various concentrations of PCT (A). Calibration curve of the
intensity current of the immunosensor with Ab2/BSA/CuMn-CeO2 (B).

Table 1. Comparisons of Proposed Method with Other Reported Nanomaterials-Based Electrochemical Immunosensors

nanomaterials methods linear ranges detection limit reference

PtNPs chronocoulometry 1 pg mL−1 to 100 ng mL−1 1 pg mL−1 36
Fe3O4@MnO2@Pt chronocoulometry 0.5 pg mL−1 to 20 ng mL−1 0.16 pg mL−1 37
MOF DPV 1.0 ng mL−1 to 400 ng mL−1 0.2 ng mL−1 38
RGO-ph-AuNP SWV 0.1 pg mL−1 to 0.15 ng mL−1 0.1 pg mL−1 39
CuMn-CeO2 DPV 0.1 pg mL−1 to 36.0 ng mL−1 0.03 pg mL−1 this work

Figure 8. (A) DPV current response of five electrochemical immunosensors (blue pillar) and obtained after 25 days (red pillar). (B) Specificity of
the electrochemical immunosensor investigated by DPV measurement in 2 mL of 0.1 M PBS (pH 7.0) at room temperature with 25.0 mM H2O2.
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target PCT is raised from 0.1 pg mL−1 to 36.0 ng mL−1, which
indicates that the immobilization of Ab2 bioconjungates on the
electrode is highly dependent on the concentration of target
PCT. In addition, the directly measured detection limit toward
target PCT is 0.03 pg mL−1, providing superior or comparable
detection sensitivity compared with those reported electro-
chemical biosensors based on nanomaterials as catalysts (Table
1). The results demonstrated that the proposed biosensor is
efficient for sensitive electrochemical detection of target PCT.
To evaluate the specificity of the proposed immunosensor for

target PCT assay, three interference proteins including
thrombin (TB), hemoglobin (IGg) and streptavidin (SA)
were assessed. The modified electrodes incubated the three
interference proteins and the target PCT were conducted by
DPV under the same experimental conditions. To test the
immunosensor specificity, an excessive interference protein
concentration of 200 ng mL−1 was used. As shown in Figure
8A, DPV signals from experiments involving IGg, TB, and SA
are similar to the blank control. In contrast, the DPV signal
from the detection PCT (5.0 ng mL−1) is about 10-fold higher
than the signals of those interferences. Meanwhile, when the
immunosensor incubated with the mixture solution of 5 ng
mL−1 PCT and the three interferences (200 ng mL−1), the
DPV responses are almost no obvious change in comparison
with the case of only PCT. These experimental results indicate
the high specificity of our immunosensor for target PCT
recognition and subsequent electrochemical detection.
The long-term stability experiment was also performed to

evaluate the stability of the proposed immunosensor. Briefly,
five of immunosensors with 18.0 ng mL−1 PCT were stored at 4
°C and detected every 5 days under the same experimental
conditions. After 25 days, the current retained 93.2%, 93.5%,
91.7%, 91.1%, and 90.9% of their initial current values (Figure
8B), indicating that the immunosensors have a good stability.
Clinical Serum Samples Analysis. The immunosensor

performances in more complex biological environment were
investigated by spike and recovery experiments. Briefly, the
healthy human serum sample was used to dilute a serious of
concentrations of standard PCT samples. Then, the immuno-
sensor incubated with the above samples were investigated to
assess the influence of the serum samples for PCT assay. Table
2 shows the experimental result, it can be seen that the recovery

is varying from 93.0% to 107% and RSDs is ranging from 7.29%
to 9.96%. These results clearly suggest that our proposed
immunosensor can be applied for PCT detection in complex
biological samples.

■ CONCLUSION
In this work, a simple signal-amplified electrochemical
immunosensor was proposed by using CuMn-CeO2 as redox
probes, signal amplifiers and matrixes for sensitive detection of
PCT. CuMn-CeO2 was successfully synthesized via doping Cu/

Mn into CeO2 lattice structure. It is found that double doped-
CeO2 exhibits more excellent catalytic activity than that of pure
CeO2. More importantly, CuMn-CeO2 themselves can directly
be used as redox probes and signal amplifiers, which not only
avoids introduction of extra redox probes, but also improves the
sensitivity of immunosensor. It is noted that this investigation
provides a new redox probe and a novel nanocatalyst for
constructing electrochemical biosensors. In addition, this
strategy may provide a simple and sensitive method for the
construction of electrochemical biosensor for monitoring
biomolecules that may be related to diseases.
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