IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Corallite-like Magnetic Fe;0,@MnO,@Pt Nanocomposites as Multiple
Signal Amplifiers for the Detection of Carcinoembryonic Antigen

Dan Wu, Hongmin Ma, Yong Zhang, Hongying Jia, Tao Yan, and Qin Wei*

Key Laboratory of Chemical Sensing & Analysis in Universities of Shandong, School of Chemistry and Chemical Engineering,

University of Jinan, Jinan 250022, People’s Republic of China

© Supporting Information

ABSTRACT: A nonenzymatic sandwich-type electrochemical
immunosensor using corallite-like magnetic Fe;O,@MnO,@Pt
nanocomposites was developed for the sensitive detection of
carcinoembryonic antigen (CEA). First, aminated graphene (GS-
NH,) sheets were synthesized from graphite oxide using the
Hummers’ method, which was used to immobilize the primary
antibody via the active amino groups on the GS-NH,. Second,
corallite-like Fe;0,@MnO,@Pt nanoparticles (NPs) were synthe-
sized and characterized by transmission electron microscope
(TEM), scanning electron microscope (SEM), and energy
dispersive spectroscopy (EDS). They were used as labels to
conjugate with a secondary antibody. The multiple amplification of
Fe;0,@MnO,@Pt NPs and the promoted electron transfer of GS-
NH, lead to a broad linear range from 0.5 pg/mL to 20 ng/mL and
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a low detection limit with 0.16 pg/mL. In addition, the immunosensor performed with good selectivity and acceptable stability
and reproducibility as well. The results are satisfactory when the proposed method has been applied to analyze human serum
samples. Thus, there would be a promising future in the early diagnosis of cancer to detect CEA and other tumor markers.
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B INTRODUCTION

Tumor markers, generated by the body in response to cancer
growth or by the cancer tissue itself, are proteins.
Carcinoembryonic antigen (CEA) is regarded as a preferred
tumor marker to predict the outlook for patients having
colorectal cancer." The normal range of CEA varies in blood
levels among individuals, but the level of an adult without
smoking is below 2.5 ng/mL and that of a smoker is less than
5.0 ng/mL.” It is necessary to detect CEA with high accuracy
and sensitivity in the field of modern biomedicine develop-
ment.” Currently, various immunoassays have been developed
to detect tumor markers including the enzyme-linked
immunosorbent assay (ELISA),* the radioimmunoassay,” the
electrophoretic immunoassay,” the chemiluminescence immu-
noassay,” and the electrochemical immunoassay.® Among these
methods, the electrochemical immunoassay has attracted more
and more interest because of its high selectivity and low
detection limit and cost.”" Although great efforts have been
made, the highly sensitive and precise detection of CEA using
an electrochemical immunosensor is still an important subject
to explore. Therefore, developing new labels and strategies to
fabricate an electrochemical immunosensor for CEA detection
is of great value.

In recent years, Fe;O, nanoparticles (Fe;O, NPs) have
received considerable attention for their exploitation in biology
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and medicine due to their unique properties, including their
high stability, variable surface properties, and the magnetic
separation method.''™"? Furthermore, similar to natural
peroxidase, Fe;O, is among the limited transition metal oxides
that are good catalysts, which is extraordinarily important for an
electrochemical immunosensor.'*'> Hence, a number of
biomaterial-functionalized magnetic particles have been widely
used in many fields."®""* MnO, is considered to be a promising
electrode material for its high electrocatalytic ability toward
H,0,, and it has a low cost, is environmentally friendly, and is
in natural abundance.'””*' Furthermore, there is little report
regarding the application of MnO, in electrochemical
immunosensor currently. In the present study, MnO, is first
used as labels for the immunosensor. The combination of
MnO, with the Fe;O, NPs successfully improves the current
response of the electrochemical immunosensor because it
provides the resultant compounds with the synergy of an
electric double layer response.

Alternatively, the efficient electrocatalytic ability toward the
reduction of H,0, is necessary to construct electrochemical
immunosensor for the sensitive detection of CEA. The Pt NPs
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Figure 1. Schematic representation of the preparation process of the immunosensor.

have been extensively used as a catalytic reagent in various
chemical reactions, and they not only have exhibited excellent
performance in the adsorption and dissociation of H,O, but
also have unic%ue catalytic, high specific surface, and electronic
properties.”””>> Additionally, the signal amplification strategy
based on the Fe;O,@Pt NPs has been applied in the
immunosensor by the Yuan group.'> However, the preparation
of Fe;0, with well-dispersed thin-layer MnO, sheets and Pt
NPs used in the electrochemical immunosensor for better
electrochemical performance has not been reported. Therefore,
it is crucial to develop a Fe;0,@MnO,@Pt NP-based
electrochemical immunosensor for the detection of tumor
markers. The as-prepared Fe;O,@MnO,@Pt NPs possess
several advantages. First, Fe;O, NPs facilitate magnetic
separation and could prevent the loss of the nanoparticles in
the period of the washing process. Second, the thin-layer MnO,
sheets that catalyze H,O, possess a large surface area and can
closely interact with the Fe;O, NPs and Pt NPs. Third, the
Fe;0,@MnO,@Pt NPs have not only the inherited advantages
from the Fe;O, MnO, and Pt NPs but also improved
properties due to their synergetic effect, which enhances the
reduction ability of NPs toward H,0,.

Thus, we utilized the unique properties of Fe;O,@MnO,@
Pt NPs and aminated graphene (GS-NH,) sheets to fabricate
an electrochemical immunosensor. Because of the synergetic
effect between Pt NPs, Fe;O, NPs, and MnO, NPs, they could
effectively amplify the catalytic reduction toward H,O,.
Additionally, the GS-NH, has good biocompatibility, active
amino groups, relatively good solubility, and good electro-
conductibility.”**” By using CEA as the model analyte, the
immunosensor exhibited a wide linear range and good
selectivity and sensitivity, which indicated that the immuno-
sensor exhibits potential application for the detection of cancer
biomarkers.

B EXPERIMENTAL SECTION

Reagents and Materials. The CEA, the CEA primary antibody
(Ab,), and the CEA secondary antibody (Ab,) were purchased from
Beijing Dingguo Changsheng Biotechnology Co. Ltd. (China). Bovine
serum albumin (BSA, 96—99%) was obtained from Sigma-Aldrich (St.
Louis, MO, USA). H,PtCly was purchased from Alfa Aesar.
K;[Fe(CN);], FeCl;.6H,0, KMnO,, ethylene glycol (EG), NaAc, 2-
ethylenediamine (ETH), and graphene were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Phosphate

buffered solutions (PBS) were obtained by mixing 0.067 mol/L
KH,PO, with 0.067 mol/L Na,HPO, stock solution. Ultrapure water
was used throughout the experiments.

Apparatus. The scanning electron microscope (SEM) images were
gotten by the field emission SEM (ZEISS, Germany). The
transmission electron microscope (TEM) images were investigated
with JEM-2100 microscope (JEOL, Tokyo, Japan). Electrochemical
measurements were operated by employing a CHI760D electro-
chemical workstation (Chenhua Instrument Shanghai Co. Ltd,
China). A traditional three-electrode system was used including a
platinum wire electrode as the auxiliary electrode, a saturated calomel
electrode (SCE) as the reference electrode, and a glassy carbon
electrode (GCE, 4 mm in diameter) as the working electrode.

Synthesis of GS-NH,. Graphite oxide (GO) was synthesized using
an improved method, ** and GS-NH, was prepared using a reported
method.”” Typically, a 9:1 mixture of concentrated H,SO,/H;PO,
(360:40 mL) was added to a flask that contained a mixture of graphite
(3.0 g 1 wt %) and KMnO, (18.0 g, 6 wt %). Then, the reaction was
heated to S0 °C and was stirred for 12 h to oxidize the graphite flakes.
Next, the reaction was cooled to room temperature and poured slowly
onto ice (approximately 400 mL) with 30% H,0, (3 mL).
Subsequently, the filtrate was centrifuged (9000 rpm for 20 min).
The remaining solid was washed with 200 mL of ultrapure water, 200
mL of 30% HCI, and 200 mL of ethanol 3 times. The material
remaining after the preceding wash process was thoroughly washed
with 200 mL of ether, and then the obtained solid was dried under
vacuum at 35 °C overnight.

The obtained 100 mg of GO solid was added to 40 mL of ethylene
glycol during ultrasonication for >0.5 h. Then, after the addition of 1
mL of NH;-H,O to the preceding mixture, the mixture was transferred
to a Teflon-lined autoclave for the solvothermal reaction at 180 °C
overnight. Next, the precipitate was filtered, washed thoroughly with
doubly distilled water, and dried at 60 °C for 24 h.

Preparation of the Fe30, NPs. Using the traditional synthesis of
Fe;0, NPs,*® FeCl;-6H,0 (2.7 g) was dissolved in EG (54 mL) to
form a clear solution, followed by the addition of NaAc (8.1 g) and
ETH (27 mL). The mixture was stirred for 30 min and then sealed in a
Teflon-lined stainless steel autoclave. The autoclave was heated to 200
°C, kept for 8 h, and then cooled to room temperature. The black
products were washed by means of magnetic separation.

Preparation of the Thin-Layer MnO, Nanosheet-Coated
Fe;0, NPs (Fe;0,@Mn0O, NPs). According to the method provided
by Zhang et al,”! 20 mL of Fe;O, solution (10 mM) was added to a
250 mL flask containing 100 mL of 0.1 M 2-(N-morpholino)-
ethanesulfonic acid (MES) buffer (pH 6.0). Then, 60 mL of KMnO,
aqueous solution (10 mM) was added to the flask, and the mixture was
sonicated for 40 min until the formation of a brownish black
precipitate. After that, the precipitate was isolated using a permanent
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Figure 2. SEM images of the prepared GS-NH, (A) and Fe;O, NPs (B); SEM images of the Fe;0,@MnO, NPs (C) and Fe;0,@MnO,@Pt NPs
(D); EDS images of the Fe;0,@MnO, NPs (E) and Fe;0,@MnO,@Pt NPs (F).

magnet and washed three times with deionized water. Finally, Fe;O,@
MnO, NPs were obtained after being dried at 50 °C for 12 h.

Subsequently, the Fe;O,@MnO, NPs (1.00 g) were refluxed for 4 h
in 80 mL of anhydrous toluene with 1.00 mL of 3-amino-
propyltrimethoxysilane to yield the amino-functionalized Fe;O,@
MnO, NPs.

Preparation of the Fe;0,@MnO,@Pt NPs. The preparation of
the Fe;0,@MnO,@Pt NPs included the in situ reduction of an
improved method."® Typically, the as-synthesized Fe;0,@MnO, NPs
(1 mg) were added to a chloroplatinic acid solution (0.01 M, 10 mL)
during ultrasonication for 1 h. The mixture was kept in the shaking
bath at 25 °C for 12 h so that the chloroplatinic acid absorbed onto
the Fe;0,@MnO, NPs sufficiently. Subsequently, the mixture was
separated by magnetic separation, the supernatant was decanted away,
and the solid was obtained. Then, the solid was transferred to the flask
with SO mL of doubly distilled water and sodium borohydride (10 mL,
1%). The reactants in the flask were heated for a while, and the solid
was obtained by magnetic separation technology again. Finally, the
corallite-like Fe;O,@MnO,@Pt NPs were dried at 50 °C in vacuum
for 24 h.

Preparation of Fe;0,@Mn0,@Pt-Ab,. The synthesized Fe;0,@
MnO,@Pt NPs (1 mg) were dispersed in 1 mL of CTAB (0.018 g)
while being stirred for 30 min. Next, PBS at a pH of 7.4 and Ab, were
added to the preceding mixture, and they were reacted at 4 °C for 12 h
during stirring, followed by magnetic separation. The Ab, could be
immobilized onto the Fe;O,@MnO,@Pt NPs, and the amino groups
in the CEA could connect strongly with the Pt NPs.>* The obtained
Fe;0,@MnO,@Pt-Ab, were washed with PBS at a pH of 7.4 and then
re-dispersed in the PBS and stored at 4 °C before use.

Fabrication of the Immunosensor. Figure 1 shows the
fabrication of the sandwich electrochemical immunosensor. The
GCE was polished with the use of alumina powder and cleaned
thoroughly. First of all, GS-NH, was add onto the pretreated GCE and
dried. Then, Ab, was connected to the GS-NH, by glutaraldehyde as
the cross-linker of the amino groups. After drying, the electrode was
incubated in BSA solution (1%, w/w) for 1 h for eliminating the
nonspecific binding effect. Afterward, the CEA solution was dropped
onto the surface of the electrode, and 1 h later, the Fe;O,@MnO,@Pt-
Ab, was adsorbed onto the CEA surface. The immunosensor was

incubated for another 1 h, and then it was washed three times to
remove any unbound Ab,. After washing, the prepared electrode was
stored at 4 °C prior to use.

Detection of the CEA. For the amperometric measurement of the
immunosensor, pH 7.4 PBS was used and —0.4 V was selected as the
detection potential. After the background current remained stable
under stirring, 5 mM H,0, was injected into the PBS and then the
current change was monitored.

B RESULTS AND DISCUSSION

Characterization of the GS-NH,, Fe;O, NPs, the
Fe;0,@Mn0O, NPs, and the Fe;0,@MnO,@Pt NPs. The
Fe;0,@MnO,@Pt NPs were used to label anti-CEA because of
their high catalytic properties toward the reduction of H,O,.
GS-NH, with large surface area was used to increase the
loading of Ab, and to enhance the sensitivity of the proposed
immunosensor. Figure 2A shows the morphology of GS-NH,.
From the SEM image of GS-NH,, we observed that the GS-
NH, was flake-like, rippled, of an irregular size, and transparent.

The SEM images of the Fe;O, NPs, the Fe;O,@MnO, NPs,
and the Fe;0,@MnO,@Pt NPs are displayed in Figure 2B—D.
The Fe;O, NPs have a relatively uniform diameter of ~40 nm
(Figure 2B). Figure 2C shows the surface of the Fe;O, NPs
that were covered with amorphous MnO, nanosheets, and the
average diameter of the Fe;O,@MnO, NPs was approximately
50 nm. Then, the EDS of the Fe;0,@MnO, NPs (Figure 2E)
further showed that the MnO, nanosheets are well-adsorbed on
the Fe;O, NPs, and the high specific surface area of Fe;O,@
MnO, NPs endowed sufficient loading of the Pt NPs. The SEM
image of the Fe;O,@MnO,@Pt NPs is shown in Figure 2D,
and the Pt NPs (bright dots) were adsorbed on the surface of
the Fe;O,@MnO, NPs that obtained corallite-like Fe;O,@
MnO,@Pt NPs. Additionally, the EDS of the Fe;O,@MnO,@
Pt NPs (Figure 2F) further displayed that the Pt NPs were
well-adsorbed on the Fe;O,@MnO, NP surface.
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Figure 3. TEM images of the prepared Fe;O, NPs (A), Fe;0,@MnO, NPs (B), and Fe;0,@MnO,@Pt NPs (C).

The images of Figure 3 exhibit the TEM of Fe;O, NPs,
Fe;0,@Mn0O, NPs, and Fe;O,@MnO,@Pt NPs, and they
could correspond with SEM images and EDS, indicating that
Fe;0,@MnO,@Pt NPs have been successfully synthesized.

Characterization of the Immunosensor Using Fe;0,@
MnO,@Pt NPs as Labels. For a sandwich-type immunosen-
sor, the sensitivity is primarily determined by the labels used.
Herein, the obtained electrochemical signals from the
immunosensor are based on the fine electrocatalytic activity
of Fe;0,@MnO,@Pt NPs for the reduction of H,0,. To
obtain their respective electrocatalytic ability, the catalytic
performances of Fe;O,-Ab,, Fe;0,@MnO,-Ab,, Fe;O,@Pt-
Ab,, and Fe;0,@MnO,@Pt-Ab, for H,O, reduction were
investigated. The electrochemical responses of the immuno-
sensor prepared using different labels for detecting S ng/mL
CEA for H,0, reduction are shown in Figure 4. By using

Current (nA)
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Figure 4. Amperometric responses of the immunosensors for the
detection of 5 ng/mL of CEA with different labels toward the addition
of S mM H,0, in pH 7.4 PBS: (a) Fe;O0,-Ab,, (b) Fe;0,@MnO,-Ab,,
(c) Fe;0,@Pt-Ab,, and (d) Fe;0,@MnO,@Pt-Ab,.

Fe;O,-Ab, as the label, the immunosensor had a current
response (curve a) for the catalytic ability of Fe;O,. For the
immunosensor using Fe;0,@MnO,-Ab, as the label, there is a
large current response (curve b), which indicated that MnO,
could catalyze H,O, well, and the synthesis of Fe;O,@MnO,
was sufficient. When Fe;O,@Pt-Ab, was used as the label in the
immunosensor, a larger current response (curve c) occurred,
indicating that Pt NPs could catalyze H,O, sufficiently. When
using Fe;O,@MnO,@Pt-Ab, as the labels, the immunosensor
displayed the largest current response (curve d). These results
show that the immunosensor that used Fe;O,@MnO,@Pt-Ab,
as the labels exhibited good catalytic performance toward H,O,

due to the multiple signal amplification of the Pt NPs, the
MnO, NPs, and the Fe;O, NPs.

Characterization of the Inmunosensor. Electrochemical
impedance spectra (EIS) were used to monitor the electro-
chemical property of the immunosensor during the fabrication
process.”” There is a semicircle and a linear portion in the
impedance spectra. The linear portion is associated with the
diffusion process, and the semicircle diameter corresponds to
the electron-transfer resistance. Considering the stepwise
assembly and coating involved in the immunosensor, the
fabrication process was elucidated for a comparative study. The
impedance spectra in the presence of 5.0 mmol/L [Fe-
(CN)g]>~/* solution containing 0.1 mol/L KCI were recorded
in the frequency range from 0.1 to 10° Hz at 0.167 V (vs Ag/
AgCl). The amplitude of the alternating voltage was S mV. It
can be seen from the EIS (Figure SA), the bare GCE (curve a)
displays a very small semicircle domain. After the modification
of the GS-NH,, onto the electrode (curve b), the curve is almost
linear. The result shows that GS-NH,, as an excellent
electrically conducting material, makes the electron-transfer
process easier. After the electrode was coated by glutaralde-
hyde, reinforcement of the semicircle portions was obtained
(curves c). After adding Ab, onto the electrode, the resistance
was increased (curve d), which indicated the successful
immobilization of Ab; onto the electrode. Then, a larger
semicircle was found, indicating that the high resistance of the
electrode interface was hindered by BSA (curve e). After that,
the resistance increased again (curve f), clarifying the successful
capture of CEA. When the Fe;0,@MnO,@Pt-Ab, NPs were
further incubated on the electrode, the resistance reached the
maximum (curve g), which indicated that the assembly process
of the electrode was successful.

The equivalent circuit, containing the charge-transfer
resistance (R,), the resistance of solution (R,), the double
layer capacitance (Cy), and the Warburg impedance (Zy), is
displayed in Figure SA (shown by inset). And the
corresponding values fitted by using ZSimpwin software are
listed in Table S1. During the electrode modification processes,
the changes in R, were more significant than other impedance
components. Therefore, R, is selected suitably as a signal for
sensing the interfacial properties of the modified GCE.

The modified electrodes were further characterized by cyclic
voltammetry (CV). CVs of the different modified electrodes
were scanned for 2 cycles from —0.2 to 0.6 V in 5.0 mmol/L
K;[Fe(CN)g] solution containing 0.1 mol/L KCL. The scan rate
was 100 mV/s. The peak potentials and peak currents remained
very stable after the second cycle. Thus, the second cycle was
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used to draw the cyclic voltammogram, and the results are
shown in Figure SB. A pair of well-defined reduction/oxidation
peaks were observed at the bare GCE (curve a). After the
modification of GS-NH, (curve b), the peak current was much
higher than that of GCE. Then, the peak current decreased
gradually with the addition of glutaraldehyde (curve c), Ab,
(curve d), BSA (curve e), CEA (curve f), and Fe;0,@MnO,@
Pt-Ab, (curve g). The preceding results are consistent with the
changes observed in the charge-transfer resistance by EIS.

Optimization of the Experimental Conditions. To get
the sensitive CEA detection, the experimental conditions
required optimization. PBS that contained S mM H,0,
covering the pH range from 5.2 to 9.0 was used to study the
effect of pH on the current response at 5 ng/mL of CEA. As
shown in Figure 6A, the current increased from pH 5.2 to 7.4,
and then it decreased. Therefore, pH 7.4 PBS was used
throughout this study.

18790

The amount of GS-NH, is another key parameter that affects
the loading amount of Ab, and the electrochemical behaviors of
the GS-NH,. When GS-NH, concentration increased from 0.2
to 2 ng/mL (shown in Figure 6B), the current response of the
immunosensor increased at first and then decreased. So 1.2 ng/
mL GS-NH, was selected as the suitable concentration.

Performance of the Immunosensors. Because the high
sensitivity of the immunosensor using Fe;O,@MnO,@Pt as
the label has been verified, a great deal of Ab, was fixed onto
the Fe;O,@MnO,@Pt. Hence, in the presence of CEA on the
electrode, Fe;O,@MnO,@Pt-Ab, labels could be easily
captured onto the electrode surface through antibody—antigen
interaction, and the amount of label captured is proportional to
the CEA concentration. Therefore, the immunosensor could be
used for the quantification of CEA. As displayed in Figure 7A,B,
the current response increased with the increasing of CEA
concentration from 0.5 pg/mL to 20 ng/mL, and the equation
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Table 1. Comparisons of Proposed Method with Other Reported Electrochemical Immunosensors for CEA

electrode materials linear range detection limit reference
hyperbranched polyester 0.01-80 ng/mL 2.36 pg/mL 34
Au/PDCNTs/(PSS/PDCNTs), 0.1-2.0 ng/mL 0.06 ng/mL 35

2.0—160 ng/mL

Nafion-cysteine/Au NPs 0.01-100 ng/mL 3.3 pg/mL 36
AuNPs/Thi-CNTs 0.02—80 ng/mL 0.008 ng/mL 37
Thi@NPG/AuNPs 10 pg/mL to 100 ng/mL 3 pg/mL 38
OPD/CS/nano-Au 0.008—200 ng/mL S pg/mL 39
GS-NH, 0.5 pg/mL to 20 ng/mL 0.16 pg/mL this work

of the calibration curve for the immunosensor was Y/uA =
8.180(X/(ng/mL)) + 12.25. The detection limit was 0.16 pg/
mL. Compared with the analytical characteristics of other CEA
immunosensors including the detection limit and linear range
(Table 1), the proposed method is better or comparable to the
results reported. The reason may be ascribed to three factors:
(1) owing to the high surface area of GS-NH,, the loading of
Ab, could significantly be increased, and (2) the high catalytic
activity of Fe;0,@MnO,@Pt NPs toward H,O, and (3) the
good magnetism of Fe;O, made the separation and washing
processes easy.

Reproducibility, Selectivity, and Stability of the
Immunosensor. To access the reproducibility of the
immunosensor, five electrodes were prepared to detect 5 ng/
mL of CEA. After measuring the five electrodes, the relative
standard deviation (RSD) was 2.7%, which means good
reproducibility for the proposed immunosensor.

The selectivity was also tested. A CEA (S ng/mL) solution
that contained 1000 ng/mL of interfering substances including
CA-125, AFP, vitamin C, glucose, and BSA was prepared and
measured by the preceding method, respectively. The current
variation caused by the interfering substances was 2.3%, and the
selectivity was proved to be acceptable.

The stability of the immunosensor was studied periodically.
When the immunosensor was prepared and not in use, it was
stored at 4 °C. The current of the immunosensor was
decreased to 92% and 86% of its initial response after 1 week
and 3 weeks, respectively.

Real Sample Analysis. The preceding immunosensor was
used to determine the recoveries of different concentrations of
CEA in human serum by standard addition methods in order to
access the feasibility for possible applications. As shown in
Table 2, the recoveries were 98.7%, 106%, and 94.9%. The
results indicate that the proposed immunosensor supplies a
promising approach for clinical research and diagnostic
applications.

Table 2. Results for the Detection of CEA in Serum by the
Prepared Immunosensor

content of CEA in addition detection
the serum sample content content av value
(ng/mL) (ng/mL) (ng/mL)  (ng/mL) recovery (%)
1.50 3.76, 3.78, 3.82 98.7
3.83, 3.87,
3.86
235 3.50 593, 5.82, 5.99 106
6.00, 6.06,
6.13
6.50 8.58, 8.64, 8.73 94.9
8.71, 8.86,
8.88
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Meanwhile, ELISA method was used as a reference method
to validate the proposed method. By using ELISA method and
the proposed methods, the CEA concentration in human serum
sample was determined 5 times, respectively. The results are
shown in Table S2. The relative error between the two
methods was 3.1%. Based on the F-test, the F calculated is less
than the theoretical value, indicating that the precisions were
not obviously different from those obtained by ELISA method.
According to the t-test, the mean values were also not
remarkably different from those obtained by ELISA method,
indicating that there is no system error in this method. These
data proved a good agreement between the two methods and
presented sufficient precision and high accuracy.

B CONCLUSIONS

A sandwich electrochemical immunosensor was easily devel-
oped by using GS-NH, to immobilize Ab, and utilize Fe;O,@
MnO,@Pt NPs as the labels for the CEA detection. To
construct the high-performance electrochemical immunosen-
sor, Fe;0,@MnO,@Pt NPs were used as the labels, and the
labels enhanced the reduction ability of NPs toward H,O,.
Hence, the obtained immunosensor exhibited good reprodu-
cibility, high selectivity, and acceptable stability. This new and
simple sandwich-type immunosensor is a valuable method in
the field of clinical detection.
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