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A B S T R A C T

An ultrasensitive sandwich-type electrochemical immunosensor was designed by using gold nanoparticles (Au
NPs) as the substrate material and microporous carbon spheres (CS) loading silver nanoparticles (Ag NPs) spaced
Hemin/reduced graphene oxide (Hemin/rGO) porous composite materials (Ag NPs@CS-Hemin/rGO) as the
detection antibodies (Ab2) label for detecting carcinoembryonic antigen (CEA). The Au NPs with good electrical
conductivity and biocompatibility could accelerate the electron transfer on the electrode interface and enhance
the load capacity of capture antibodies (Ab1). Hemin is peroxidase-like substance which has excellent catalytic
ability for H2O2 reduction but easy to molecular aggregation and oxidative self-destruction. Reduced graphene
oxide (rGO) is a good supporting material for Hemin to mitigate this disadvantage. CS loading Ag NPs (Ag
NPs@CS) as the spacer inserts into Hemin/rGO sheet can overcome the irreversible stacking of rGO, and form
complex porous structure which exposes more active sites of Hemin. Moreover, Ag NPs loaded on CS also has
catalytic ability for H2O2 reduction. Thus the Ag NPs@CS-Hemin/rGO used as the Ab2 label has a large working
surface area and high utilization rate, which heightens the catalytic ability for H2O2 reduction to amplify the
current signal effectually. The current signal and the logarithm of CEA concentration presented a wide linear
response range of 20 fg/mL to 200 ng/mL, and the detection limit of CEA was 6.7 fg/mL. Furthermore, the
designed immunosensor exhibited a good reproducibility, selectivity and stability, which confirms a broad de-
velopment prospect when applying it in early clinical detection.

1. Introduction

Malignant tumor has been high morbidity and mortality disease
which endangers human health seriously. According to the latest date
(February 2018) of world health organization (WHO), nearly one in six
deaths was caused by cancer and the number of new cases will continue
increase in the next two decades. Carcinoembryonic antigen (CEA) is a
reliable broad spectrum tumor marker, which concentration in human
serum is below 5 ng/mL (Majuri et al., 1994), but it rises when the
tumors existence in many organs (e.g. large intestine, mammary gland
and lung) (Gu et al., 2018). The CEA is also recognized as an effective
prognostic indicator for monitoring the stage of cancer in clinical assays
(Alsabti, 1979). So, accurate and quantitative detection of CEA by
highly sensitive and simple method has great application value for early
clinical diagnosis of tumor (Wu et al., 2015).

Until now, various methods of CEA detecting have been proposed
such as enzyme-linked immunosorbent assay (Wischhusen and Padilla,
2017), electrochemiluminescence immunoassay (N.-L. Li et al., 2017),

radioimmunoassay (Chou et al., 2004) and electrochemical im-
munosensor (Rizwan et al., 2018). Electrochemical immunosensor
which based on the specific combination of antigen and corresponding
antibody has gained wide attention due to its significant advantages
involving high sensitivity, low detection limit, fast response, easy to
handle and low manufacturing cost (Felix and Angnes, 2017; Amani
et al., 2018). And sandwich-type electrochemical immunosensor is
outstanding. The signal amplification strategy, which involves substrate
material and the nanomaterial conjugated with detection antibodies
(Ab2), plays an important role in the sandwich-type electrochemical
immunosensor for sensitive detection.

In this work, an ultrasensitive sandwich-type electrochemical im-
munosensor for CEA detection was designed by applying the gold na-
noparticles (Au NPs) as the substrate material and microporous carbon
spheres (CS) loading silver nanoparticles (Ag NPs) spaced Hemin/re-
duced graphene oxide (Hemin/rGO) porous composite materials (Ag
NPs@CS-Hemin/rGO) as Ab2 label. Recently, Au NPs has been used as
substrate material in immunosensor extensively due to its good
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electrical conductivity and excellent biocompatibility (Mani et al.,
2009; Zapp et al., 2014). Au NPs could accelerate the electron transfer
rate and provide a good microenvironment for incubation of capture
antibody (Ab1), thereby the stability of the sensor interface construction
was improved (M. Li et al., 2018).

The designed immunosensor for quantitative determination of CEA
was also based on the Ab2 label as the excellent signal amplifier. Hemin
is peroxidase-like substance in which the porphyrin ring composed of
four pyrrole rings, and the nitrogen atom on the pyrrole rings co-
ordinated with a ferrous ion ligand (Li et al., 2018a). The electron
conjugated system with π bond and the changes in the valence state of
iron ions made Hemin a good catalytic ability for H2O2 reduction with
its specific redox properties (Liang et al., 2011). Whereas, it is still a
significant challenge for applying the Hemin as the oxidation catalyst
because of its molecular aggregation could form catalytic inactive di-
mers in aqueous solution and oxidative self-destruction in the oxidizing
media, which reduce its catalytic activity (Xue et al., 2012). Therefore,
a supporting material with large surface area is highly demanded to
attain the stability and activity of the Hemin. Reduced graphene oxide
(rGO) has been widely applied to the construction of working electrode
sensing interfaces because of good conductivity, well biocompatibility,
large specific surface area and easy to functionalization and com-
pounding (Singh et al., 2016; Li et al., 2014). The porphyrin ring of
Hemin and the six-membered ring structure of rGO could be combined
by π bonded (Guo et al., 2011), so the rGO could be used as the sup-
porting material for Hemin. The Hemin/rGO synthesized the large
surface area of rGO and the biomimetic catalytic activity of Hemin,
which greatly improved the catalytic performance of H2O2.

However, rGO tends to be irreversibly stacked so that the catalytic
activity sites of Hemin/rGO would decrease badly. CS with a large
diameter could be used as the spacer to support the sheet layers of
Hemin/rGO and provide large surface area. Ag NPs has a good electrical
conductivity and well biological compatibility (Ma et al., 2016) which
can load on CS to improve the catalytic ability for reduction of H2O2 (Li
et al., 2018b). CS loading Ag NPs (Ag NPs@CS) made the Ag NPs@CS
exhibiting both the spacing function of CS and the catalytic ability of Ag
NPs. Ag NPs@CS as the spacer inserted into the Hemin/rGO not only
can form the gap between Hemin/rGO layers to reduce the stacked
phenomenon, but also make the Ag NPs@CS-Hemin/rGO to form
complex porous structure and large specific surface area. The porous
structure exposed more active reaction sites produced by Hemin and Ag
NPs, which increased the utilization of Ag NPs@CS-Hemin/rGO. And
the large specific surface area provided more reactivity sites to improve
the catalytic activity for reduction reaction of H2O2. Consequently, with
the fine cooperation of Ag NPs@CS and Hemin/rGO, the Ag NPs@CS-
Hemin/rGO as the Ab2 label applied to the designed immunosensor has
achieved sensitive detection of CEA with superior reproducibility, sta-
bility and selectivity. The designed immunosensor has a good correla-
tion with commercial ELISA when used in real human serum samples
detection, which indicates a good expectation in clinical application.

2. Experimental

2.1. Reagents and apparatus

CEA and CEA antibody were purchased from Linc-Science Co., Ltd.
(Shanghai, China). Human CEA ELISA Kit was purchased from Hushang
Biochemical Reagents Co., Ltd. (Shanghai, China). Bovine serum al-
bumin (BSA, 96–99%) was purchased from Sigma reagent Co., Ltd. (St.
Louis, MO, USA). Chloroauric acid (HAuCl4·4H2O) were obtained from
Sigma-Aldrich Co., Ltd. (Beijing, China). Resorcinol (C6H6O2) and for-
maldehyde (CH2O) were purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). Silver nitrate (AgNO3) and sodium citrate
(Na3C6H5O7·2H2O) were obtained from Macklin Biochemical Co., Ltd.
(Shanghai, China). Sodium borohydride (NaBH4) was obtained from
Energy chemistry Co., Ltd. (Shanghai, China). Hemin and 2-

aminopyridine (C5H6N2) were purchased from Macklin Biochemical
Co., Ltd. (Shanghai, China). Potassium ferricyanide (K3[Fe(CN)6]) and
potassium ferrocyanide (K4[Fe(CN)6]) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China). Phosphate buffered saline
(PBS, 1/15mol/L) was prepared by compounding the solution of dis-
odium hydrogen phosphate (Na2HPO4) and potassium phosphate
monobasic (KH2PO4). The level of other chemicals and solvents was of
analytical grade, and used without further purification. Ultrapure water
(18.25MΩ cm, 24 °C) was made by Ulupure UPT-II-15T laboratory
ultra-pure water system (Sichuan Ulupure super pure technology co.
LTD) and used in all the experimental processes.

All electrochemical measurements were performed on CHI760E
electrochemical workstation (Shanghai Chenhua Instruments Co.,
China) using a conventional three-electrode system which consisted of a
glassy carbon electrode (GCE, 4mm in diameter) as the working elec-
trode, a saturated calomel electrode (SCE) as the reference electrode
and a platinum wire electrode as the counter electrode. Transmission
electron microscope (TEM) images were obtained from Tecnai G2 F20
S-TWIN transmission electron microscope (Field Electron and Ion Co.,
United States). Scanning electron microscope (SEM) images were ob-
tained using Quanta FEG250 field emission environmental SEM with
energy-dispersive spectrometer (EDS) analysis (Field Electron and Ion
Co., United States). Nitrogen (N2) adsorption-desorption data was ob-
tained by using an ASAP 2020 apparatus (Micromeritics Instrument
Co., United States).

2.2. Preparation of Au NPs

The preparation of Au NPs was according to a typical method
(Frens, 1973). First, 1.0 mL of 1.0 wt% HAuCl4·4H2O was added into
99.0 mL of ultrapure water, and refluxed at 100 °C to boiling. Then
2.5 mL of 1.0 wt% sodium citrate was added into the solution, kept
stirring for 15min. A wine red solution containing Au NPs was ob-
tained.

2.3. Preparation of Ag NPs@CS

The preparation of Ag NPs colloid was as follows. First, 1.0 mL of
AgNO3 (50.0mmol/L) solution and 1.0mL of 5.0 wt% sodium citrate
solution was added to 48.0 mL ultrapure water under magnetic stirring.
Then, cautiously add, dropwise, NaBH4 solution (0.01 wt%) to above
solution, and keep magnetic stirring for 10min.

The preparation of CS was according to our previous research
(Zhang et al., 2018) with a little modifying. Briefly, 20.0mg of CS was
added to 30.0 mL of Ag NPs colloid, and then oscillated the mixture at
room temperature for 8 h. After centrifugation, the obtained Ag
NPs@CS was re-dispersed in 2.0mL of ultrapure water and stored at
4 °C for further use.

2.4. Preparation of graphene oxide

Graphene oxide (GO) was prepared by an improved Hummer's
method (Hummers Jr and Offeman, 1958). First, 2.0 g graphite flakes
were added slowly to 100.0 mL of concentrated sulfuric acid under 0 °C
ice bath with magnetic stirring. Then, 1.0 g KNO3 and 12.0 g KMnO4

were added slowly to the mixture, and continue 0 °C ice bath with
magnetic stirring for 90min. Next, the mixture was transferred to oil
bath, reacted 120min at 50 °C with magnetic stirring, then heat up to
55 °C, and kept stirring for 180min. After that, 300.0 mL of ultrapure
water was added to the mixture dropwise. Then, 18.0 mL of 30.0 wt%
H2O2 was added, kept magnetic stirring for 5min. After 12 h standing at
room temperature, golden yellow precipitate of the mixture was pur-
ified by 7 days dialysis. Finally, 1.0 g precipitate was added to 300.0mL
ultrapure water, after sonicating continuously for 30min and cen-
trifuging at 4500 rpm for 5min, the supernate was dried by freeze-
drying method.
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2.5. Preparation of Ab2 label

Ag NPs@CS-Hemin/rGO was prepared by a one-step hydrothermal
process. First, 5.0 mg of Hemin and 5.0 g of 2-aminopyridine were
added to 50.0 mL of GO (1.0mg/mL), a dark brown homogeneous so-
lution was obtained after sonicating continuously for 45min. Then,
10.0 mL of Ag NPs@CS (10.0 mg/mL) was added to the solution under
magnetic stirring, and kept magnetic stirring for 10min. Next, the
mixture was transferred to a Teflon lined autoclave for solvothermal
reaction at 130 °C for 3 h. The black precipitate was obtained by con-
secutive washing/centrifugation cycles five times with ultrapure water
and ethanol. The obtained precipitate (Ag NPs@CS-Hemin/rGO) was
dried by freeze-drying method.

After that, 1.0 mL of Ag NPs@CS-Hemin/rGO (3.0mg/mL) was
mixed with 1.0mL of Ab2 solution (20.0 μg/mL) and oscillated at 4 °C
for 12 h. Then, the mixture was centrifuged and rinsed with PBS
(pH=7.0) to remove the unbound Ab2. The obtained Ag NPs@CS-
Hemin/rGO-Ab2 (Ab2 label) was re-dispersed in 2.0mL of PBS
(pH=7.0) and stored at 4 °C for further usage.

2.6. Fabrication for working electrode of the immunosensor

Fig. 1 illustrates the fabrication process for working electrode of the
immunosensor. Before modifying the surface of electrodes, the GCE was
polished by alumina polishing powders with particle size of 1.0, 0.3,
and 0.05 µm in sequence, followed by sonication in ethanol and rinsed
by ultrapure water. Then, the surface of GCE was covered with 7.0 μL of
Au NPs colloid and dry at room temperature. Next, the integrate Au
NPs/GCE was covered with 6.0 μL Ab1 (10.0 μg/mL) and dried at 4 °C.
After rinsing with PBS (pH=7.0), 3.0 μL of BSA solution (1.0 wt%) was
dropped onto the surface of modified electrode to block the remaining
active sites, eliminate non-specific adsorption of proteins. After 1 h
incubation, the surface of modified electrode was rinsed with PBS
(pH=7.0) and covered by 6.0 μL of CEA solution with a series of con-
centrations at 4 °C for 1 h to ensure the specific binding between CEA
and Ab1. Each concentration of CEA was modified on a correspond
electrode respectively. Finally, 6.0 μL of Ab2 label (1.5 mg/mL) was
added to the surface of modified electrode, and stored at 4 °C for
45min. The prepared working electrodes were rinsed with PBS

Fig. 1. The procedure of sandwich-type immunosensor working electrode.
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(pH=7.0) to remove the unbound Ab2 label and stored at 4 °C for
further measurement.

2.7. Detection of CEA

Amperometric i-t curve was used to measure the electrochemical
characteristics of the prepared working electrodes, and −0.4 V was
selected as detection potential for amperometric measurements.
Amperometric i-t curve was performed in 10.0 mL of PBS (pH=7.0),
inject 10.0 μL of H2O2 (5.0 mol/L) into the PBS under mild stirring
when the background current was stabilized and record the change of
current signal.

3. Results and discussion

3.1. Characterization of Au NPs, Ag NPs@CS, Hemin/rGO and Ag
NPs@CS-Hemin/rGO

Fig. 2A presents the TEM image of Au NPs which formed uniform
globular morphology with the average size of 13 nm. Fig. 2B shows the
SEM image of Ag NPs@CS. The prepared CS formed uniform spherical
morphology with Ag NPs loaded, and the average diameter was about
500 nm. Fig. S1 shows the EDS image of Ag NPs@CS which proved the
elemental composition was Ag and C and the Ag NPs were loaded on
the CS uniformly. Fig. 2C shows the SEM image of Hemin/rGO, which
displayed rough surface but stacking of layers. Fig. 2D shows the TEM
image of Hemin/rGO, a thin layer of Hemin/rGO was observed clearly.
Besides, Fig. S2A, B and C show the C, N and Fe elemental mapping of
Hemin/rGO respectively and Fig. S2D displays the comprehensive
mapping of C, N and Fe elements, N and Fe elements are distributed
uniformly which indicated Hemin was introduced into the rGO suc-
cessfully and dispersed homogeneously. Fig. 2E and F give the SEM
image and TEM image of Ag NPs@CS-Hemin/rGO respectively. As
shown in Fig. 2E, Ag NPs@CS was wrapped in layers of Hemin/rGO.
The TEM image of Ag NPs@CS-Hemin/rGO illustrates Ag NPs@CS in-
serted into different thin layers of Hemin/rGO further. The spaced
structure was formed successfully with many folds, which manifesting
the phenomenon of stacking was obviously reduced. Furthermore, Fig.
S3A, B, C and D show the elemental mapping of C, N, Ag and Fe ele-
ments respectively and Fig. S3E describes the comprehensive mapping

of Ag NPs@CS-Hemin/rGO. N, Fe and Ag elements are distributed
uniformly which demonstrated Hemin and Ag NPs@CS were dispersed
homogeneously and the Ag NPs@CS-Hemin/rGO was manufactured
successfully. Fig. S4A and Fig. S4B display the N2 adsorption-desorption
isotherm of Hemin/rGO and Ag NPs@CS-Hemin/rGO. The average pore
size and the BET surface area of Hemin/rGO were 5.34 nm and
174.92m2/g. The average pore size and the BET surface area of Ag
NPs@CS-Hemin/rGO were 13.58 nm and 383.24m2/g. Ag NPs@CS as
the spacer inserted into Hemin/rGO made the Ag NPs@CS-Hemin/rGO
formed complex porous structure and large surface area, so the Ag
NPs@CS-Hemin/rGO had a larger average pore size and the BET sur-
face area than Hemin/rGO (details were shown in supplementary ma-
terial). The N2 adsorption-desorption isotherm attested that the Ag
NPs@CS-Hemin/rGO with spaced structure was manufactured suc-
cessfully. Briefly, Au NPs, Ag NPs@CS, Hemin/rGO and Ag NPs@CS-
Hemin/rGO were successfully synthesized.

3.2. Electrochemical characterization

3.2.1. Electrochemical characterization of Hemin/rGO and Ag NPs@CS-
Hemin/rGO

Cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) test were carried out to investigate the electrochemical
characterization of Hemin/rGO and Ag NPs@CS-Hemin/rGO. The CV
test was performed by scanning the potential from −0.2–0.6 V with the
direction of positive scan. As shown in Fig. 3A, the redox peak current
of Hemin/rGO (curve b) was enhanced compared with the bare elec-
trode (curve a). When the Ag NPs@CS-Hemin/rGO (curve c) was used
to modify the electrode, it presented a most obvious redox peak current
compared with Hemin/rGO and bare GCE. The CV comparison in-
dicated the Ag NPs@CS-Hemin/rGO had a better electrocatalytic ac-
tivity than Hemin/rGO, which could be attributed to the formation of
spaced structure which exposed abundant catalytical active sites with
inserting the Ag NPs@CS into Hemin/rGO.

Consistently, the electrochemical characterization of Hemin/rGO
and Ag NPs@CS-Hemin/rGO was also evaluated by EIS. At high fre-
quencies, a semicircle portion is observed and the diameter of semi-
circle corresponds to the surface electron-transfer resistance (Ret). From
Fig. 3B, when modify the electrode with Hemin/rGO (curve b), the
semicircle diameter was shortened compared with the bare GCE (curve

Fig. 2. (A) TEM image of Au NPs (inset: high-resolution TEM image of Au NPs); (B) SEM image of Ag NPs@CS; (C) SEM image of Hemin/rGO; (D) TEM image of
Hemin/rGO; (E) SEM image of Ag NPs@CS-Hemin/rGO; (F) TEM image of Ag NPs@CS-Hemin/rGO.
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a) at high frequencies, which indicated the Ret decreased and the
Hemin/rGO could accelerate the electron transfer. Furthermore, the Ag
NPs@CS-Hemin/rGO (curve c) modified electrode had a shorter semi-
circle diameter than curve b which demonstrated the Ret was further
decreased. Ag NPs@CS as the spacer inserted into Hemin/rGO lent the
Ag NPs@CS-Hemin/rGO obtained a faster charge transfer process and a
better electrical conductivity than Hemin/rGO.

In order to further investigate the electrochemical characterization
of Hemin/rGO and Ag NPs@CS-Hemin/rGO, the CV of the Hemin/rGO
and Ag NPs@CS-Hemin/rGO modified electrodes was performed at
different rates (0.01–0.1 V/s) in 0.1mol/L KCl solution containing
5.0 mmol/L K3[Fe(CN)6]. As shown in Fig. S5, the reaction of K3[Fe
(CN)6] occurred on the electrode surface was a diffusion-controlled
process (Chen et al., 2016). And the Randles-Sevcik equation (Zhang
et al., 2016) was used to compare the effective working area of Ag
NPs@CS-Hemin/rGO and Hemin/rGO modified electrodes: AAgNPs@CS-

Hemin/rGO/AHemin/rGO =1.264 (calculated by cathodic peak current) and
1.338 (calculated by anodic peak current). The comparative result
manifests that the effective working area of Ag NPs@CS-Hemin/rGO is
larger than Hemin/rGO. Therefore, it can be concluded that the Ag
NPs@CS inserted into the Hemin/rGO made the Ag NPs@CS-Hemin/
rGO formed the spaced structure and greatly increased the effective
working area (details were shown in supplementary material).

3.2.2. Electrochemical characterization of the immunosensor fabrication
CV was used to record each process of fabrication and to confirm the

designed immunosensor was fabricated successfully. In this work, CV

was performed by the potential of scanning from −0.2–0.6 V with the
direction of positive scan as the arrow showed in Fig. 3C and the scan
rate was chosen as 0.1 V/s. As shown in Fig. 3C, the process of CV was
quasi-reversible process at the modified electrode. After modifying the
surface of electrode with Au NPs (GCE/Au NPs, curve b), the redox peak
current increased distinctly compare with bare GCE (curve a), because
the Au NPs with excellent conductivity could accelerate electron
transfer and reduce interface resistance. But when the Ab1 (GCE/Au
NPs/Ab1, curve c), BSA (GCE/Au NPs/Ab1/BSA, curve d), CEA (GCE/
Au NPs/Ab1/BSA/CEA, curve e) and Ab2 label (GCE/Au NPs/Ab1/BSA/
CEA/Ab2 label, curve f) were coated on the surface of electrode in se-
quence, the redox peak current decreased orderly because the bioactive
substances greatly inhibited the efficiency of electron transfer. There-
fore, the fabrication of immunosensor was completely successful.

3.3. Comparison of different signal amplification strategies

The electrocatalytic activity of various materials dominates the
sensitivity of the fabricated electrochemical immunosensor. In order to
investigate the signal amplification mechanism, different materials
were modified on the surface of GCE and tested by amperometric i-t
curve. As shown in Fig. 4, Au NPs (curve b) had a small but stable
response current, indicates that Au NPs could uniformly adhere to the
electrode surface and facilitate electron transfer between GCE and
electrolyte, so it could be used as substrate material. A weak signal was
detected when CS (curve a) was modified onto the electrode. Compared
with the weak signal of CS, the response current of Ag NPs (curve d)
increased obviously because Ag NPs has a good catalytic effect on re-
duction of H2O2 and electrical conductivity. When Ag NPs loaded on
CS, the Ag NPs@CS (curve c) had the same property of Ag NPs, so the
current response of Ag NPs had little difference with Ag NPs@CS.
Compared with Ag NPs@CS (curve c) and Hemin/rGO (curve e), Ag
NPs@CS-Hemin/rGO (curve f) generated the largest response current
value. Owing to the formation of spacer and the synergistic effect of Ag
NPs@CS and Hemin/rGO, the Ag NPs@CS-Hemin/rGO had an excellent
catalytic ability towards the reduction of H2O2. Hence, the Ag NPs@CS-
Hemin/rGO as the Ab2 label improves the sensitivity of the designed
immunosensor visibly.

3.4. Analytical performance of immunosensor

In order to obtain the best experimental conditions for detecting
CEA, the pH of PBS, the volume of Au NPs colloid, the concentration of
Ab2 label and the incubation time of Ab2 label were optimized, and the
optimum value was 7.0, 7.0 μL, 1.5 mg/mL and 45min respectively
(details were shown in supplementary material). The designed elec-
trochemical immunosensor was used to detect CEA by amperometric i-t
curve under optimal conditions. Fig. 5A shows the current responses of

Fig. 3. (A) CV of GCE (a), Hemin/rGO modified GCE (b) and Ag NPs@CS-Hemin/rGO modified GCE (c) at the rate of 0.1 V/s; (B) EIS of GCE (a), Hemin/rGO
modified GCE (b) and Ag NPs@CS-Hemin/rGO modified GCE (c) in the frequency range from 0.1 Hz to 100 kHz at a bias potential of 0.25 V; (C) CV of bare GCE (a),
GCE/Au NPs (b), GCE/Au NPs/Ab1 (c), GCE/Au NPs/Ab1/BSA (d), GCE/Au NPs/Ab1/BSA/CEA (e) and GCE/Au NPs/Ab1/BSA/CEA/Ab2 label (f) at the rate of 0.1 V/
s. The test solution is 0.1 mol/L KCl contains 2.5 mmol/L [Fe(CN)6]3-/4-.

Fig. 4. The current responses of CS (a), Au NPs (b), Ag NPs (c), Ag NPs@CS (d),
Hemin/rGO (e) and Ag NPs@CS-Hemin/rGO (f) which measured by ampero-
metric i-t curve at the potential of −0.4 V in 10.0 mL of PBS (pH=7.0) contains
5.0 mmol/L of H2O2.
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different concentrations of CEA. With the increase of CEA concentra-
tion, the current response was increased. As shown in Fig. 5B, the ca-
libration plot showed a good relationship between the current differ-
ence (ΔI) and the logarithm value of the CEA concentration within a
range from 20 fg/mL to 200 ng/mL and the detection limit of CEA was
6.7 fg/mL at a signal-to-noise ratio of 3. The points in Fig. 5B were
calculated by the equation: ΔI = I0 - It, which I0 was the stabilized
background current and It was the current after inject the H2O2. The
regression equation was ΔI =-15.513lgC − 80.633 (R2 = 0.9986),
where ΔI (μA) is the response current of the immunosensor and C (ng/
mL) is the concentration of CEA. The result indicated the proposed
immunosensor had a wide detection range and a low detection limit in
the detection of CEA. In addition, the analytical performance of the
designed immunosensor for CEA detection was compared with other
immunosensors reported in the literatures, which was summarized in
Table S1. As shown in Table S1, the designed immunosensor displayed
a greater advance including higher sensitivity and wider linear range
for the detection of CEA than previously reported. The advance of the
designed immunosensor could be attributed to excellent performance of
the designed signal amplification system. As the substrate, Au NPs
could accelerate electron transfer and provide a suitable micro-
environment for Ab1 immobilized. The prepared Ag NPs@CS-Hemin/
rGO has excellent catalytic ability for H2O2 which owing to the large
working surface area and the synergistic effect of Hemin/rGO and Ag
NPs@CS.

3.5. Reproducibility, stability and specificity of the immunosensor

The reproducibility is a significant indicator to evaluate the preci-
sion of the designed electrochemical immunosensor. A series of working
electrodes were fabricated and divided into five groups (5 electrodes
each group) to detect 1 pg/mL, 10 pg/mL, 100 pg/mL, 1 ng/mL, 10 ng/
mL of CEA respectively. The immunosensors were detected by am-
perometric i-t curve under the optimal conditions. Fig. 6A shows the
average peak current of these five groups of electrodes, and the relative
standard deviation (RSD) was 3.32%, 3.21%, 2.82%, 3.09%, 2.56%
respectively, which indicates that the designed electrochemical im-
munosensor has remarkable reproducibility.

The stability of the immunosensor was tested by detecting its cur-
rent response periodically. Five working electrodes were fabricated to
detect the CEA (1 ng/mL) under the optimal conditions, and were
stored at 4 °C for further test. As shown in Fig. 6B, the current response
of the immunosensor only changed 4.08% after 15 days and 9.97% after
24 days, and 84.94% of initial response remained even after storage for
30 days. The decrease of the peak current response may be caused by
the aggregation or gradually inactivation of CEA and CEA antibody.

The result of the detection indicates the designed immunosensor has
acceptable stability.

To investigate the specificity of the designed immunosensor, inter-
ference study was performed by using alpha fetoprotein (AFP), hepatitis
B surface antigen (HBs), prostate specific antigen (PSA) and human
immunoglobulin (IgG). One ng/mL CEA with and without 10 ng/mL
interfering substances solution was measured by the designed im-
munosensor. Fig. 6C gives the result of the study, compared with the
current response caused by pure CEA, the variation in current caused by
the interfering substances was less than 5%, indicates the proposed
electrochemical immunosensor has fine selectivity and specificity.

3.6. Real sample analysis

To further investigate the feasibility and potential clinical applica-
tion of the designed immunosensor, the detection performance of CEA
in human serum sample was explored by standard addition methods in
real sample (M. Li et al., 2017). The sample which analyzed by the
designed immunosensor was spiked with 5 ng/mL, 10 ng/mL, 20 ng/mL
of CEA solution and well recovery was obtained as shown in Table S2.
The RSD of detecting results was from 1.01% to 2.43% and the recovery
was from 99.48% to 100.56%, demonstrates the designed im-
munosensor has good sensitivity and accuracy. Table S3 shows the
comparison between the results of the designed immunosensor and the
commercialized available ELISA. As shown in Table S3, the relative
deviation between the two methods was range from −1.81–2.21%. The
result shows a good comparability between these two analytical
methods, and provides further evidence that the designed im-
munosensor can be applied to the determination of CEA in clinical
detection.

4. Conclusion

In summary, an ultrasensitive sandwich-type electrochemical im-
munosensor for CEA detection was constructed in this work. Au NPs
was utilized as the substrate material to immobilize Ab1 and accelerate
the electron transfer on the electrode interface. The Ag NPs@CS-
Hemin/rGO as the Ab2 label could effectually amplify the current signal
for its large working surface area and excellent catalytic ability toward
the reduction of H2O2. Hence, the designed immunosensor exhibited a
wide range linear response and a low detection limit. Credibly, the
designed immunosensor also displayed a good reproducibility, high
selectivity and acceptable stability. The sensitive and selective response
of the immunosensor to CEA in real human serum samples was vali-
dated by the conventional ELISA, and this result provided a promising
opportunity for real diagnosis. Hopefully, such an electrochemical

Fig. 5. (A) Amperometric i-t curve of the immunosensor to different concentrations of CEA at the potential of −0.4 V in 10.0mL of PBS (pH=7.0) contains
5.0 mmol/L of H2O2, from a to k: 20 fg/mL, 50 fg/mL, 100 fg/mL, 500 fg/mL, 1 pg/mL, 10 pg/mL, 100 pg/mL, 1 ng/mL, 10 ng/mL, 100 ng/mL, 200 ng/mL; (B)
Calibration curve of the immunosensor to different concentrations of CEA, error bar=SD.
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immunosensor with simple preparation, quick response and sensitive
detection can be easily extended to the application for accurate clinical
diseases diagnosis.
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