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Abstract
The authors describe a sensitive electrochemical immunoassay for the cancer biomarker α-fetoprotein (AFP). It is based on a
combination of an immunoassay with DNA-based signal amplification. Two-dimensional MnO2 nanosheets modified with gold
nanoclusters (AuNC-MnO2) were synthesized through one-pot process and utilized as an electrochemical probe. Bovine serum
albumin served as templating agent to guide the formation and assembly of the modified sheets. The detection antibody against
AFP and a polycytosine DNA sequence (dC20) were immobilized onto the modified nanosheets. The electrochemical assay
follows the usual sandwich protocol. The antibodies on the nanosheets then bind to AFP, while dC20 causes signal amplification.
The reaction of the phosphate backbone of dC20 with molybdate leads to the formation of redox-active molybdophosphate which
generates an electrochemical current, typically measured at 0.20 V (vs. Ag/AgCl). The method allows AFP to be determined in
the 0.01 to 10 ng·mL−1 concentration range, and the detection limit is as low as 5 pg·mL−1. This strategy overcomes the
drawbacks of conventional immunoassays whose sensitivity is often limited because many immunoassays are rather difficult
to amplify. The method has a wide scope in that various other DNA signal amplification methods such as rolling circle
amplification and hybridization chain reactions may also be applied.
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Introduction

Aptamers are an alternative to traditional antibodies as bind-
ing molecules to different analyte targets, but immunoassays
with antibody are still the dominated assay for commercial
applications [1, 2]. However, the drawbacks of immunoassays
are that their signal amplification strategies are rather limited,

so the sensitivity is often not high enough for the detection of
low level of analytes. On the contrary, DNA based signal
strategies are versatile and signal amplification capability are
strong. Previous efforts have explored trying to combine the
specificity of an immunoassay with DNA based signal
amplification strategies, such as immunoassays with PCR
(immuno-PCR) and immunoassays with RCA (immuno-
RCA) [3, 4]. However, these methods are still rather com-
plexed and time consuming.

Protein based biomimetic mineralization method is the uti-
lization of proteins as template for the synthesis of various
nanomaterials under mild reaction conditions [5, 6]. Proteins
that play the key role in biomimetic mineralization are with
diverse functional groups like –COOH, –NH2, –SH, and will
be driven to form versatile assembles according to the pH
values [7]. This feature makes them excellent templates to
guide the formation of diverse nanomaterials. Formerly, our
group demonstrated the synthesis of biocompatible hematite
(α-Fe2O3) and metal sulfide nanoparticles using bovine serum
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albumin (BSA) or even egg white as template [6]. In addition,
BSA has also been proved capable of templating fluorescent
metal clusters, such as gold nanocluster (AuNCs), silver
nanocluster (AgNCs), and copper nanocluster (CuNCs) [8, 9].

In this work, we prepared electrochemical immunoassay
for detection of cancer biomarker trying to combine antibody
based immunoassay with DNA based signal amplification
strategy. AuNCs anchored 2D MnO2 nanosheets
(AuNC-MnO2) were synthesized by the above mentioned
biomimetic mineralization guided method utilizing BSA as
template. The nanosheets were utilized as supporting matrix
for both detection antibody (Ab2) and DNA strand due to the
large specific surface area and good redox activity of MnO2

nanosheets. The AuNCs on the MnO2 nanosheets were
utilized to adsorb antibody and conjugate polycytosine DNA
sequence (dC20). The electrochemical immunoassay was
prepared by the traditional sandwich type protocol and alpha
fetoprotein (AFP) was selected as a model protein biomarker
to test the assay design methodology [10]. After capturing of
the AuNC-MnO2 nanosheets onto electrode based on the spe-
cific binding between antibody and antigen, the reaction of
DNA strand on the nanosheet surface with molybdate formed
redox molybdophosphate and generated electrochemical
current [11–13]. The potential application of the
immunoassay was demonstrated by analyzing AFP in
human serum samples. This assay design method can find
wide applications by further combing various DNA signal
amplification technique.

Experimental section

Reagents and apparatus

Mouse monoclonal anti-AFP antibody and AFP antigen were
purchased from Abcam (Cambridge, UK, http://www.abcam.
cn/). Sodium molybdate dihydrate (Na2MoO4.2H2O) was
bought from Sigma-Aldrich (http://www.sigmaaldrich.com).
Thiol group modified polycytosine (dC20) was synthesized
and purified by Sangon Biotech Co., Ltd. (Shanghai, China,
http://www.sangon.com/). Other reagents were of analytical
grade and used without further purification. All stock
solutions were prepared with double-distilled water.

Electrochemical measurements were performed on a
CHI-650D electrochemical workstation (Shanghai CH
Instruments Co., China). A conventional three-electrode
system was used with a glassy carbon electrode (GC,
3 mm in diameter) as the working electrode, an Ag/
AgCl electrode as the reference electrode and a platinum
wire as the auxiliary electrode. Transmission electron mi-
croscopy (TEM) was conducted on a Titan G2 60–300
transmission electron microscope (FEI, USA).

Synthesis of AuNC-MnO2 nanosheets

AuNC-MnO2 nanosheets were prepared through a one-pot
procedure . Typical ly, 100 μL of BSA solut ion
(250 mg mL−1) was mixed with 450 μL of water. Then,
200 μL of Mn(NO3)2 solution (50 mM) and 200 μL of
aqueous HAuCl4 solution (25 mM) were added dropwise
into the BSA solution. After that, 50 μL of NaOH solu-
tion (5 M) was added into the mixture. The final concen-
trat ion of BSA, Mn2+, [AuCl4]

− and OH− were
25 mg mL−1, 10 mM, 5 mM and 250 mM. The mixture
was incubated at 37 °C for 12 h with vigorous stirring.
After cooling to room temperature, the mixture was puri-
fied by dialysis (molecular weight cut-off MWCO =
14 kDa) against water for 24 h to remove excess salts
and NaOH. The final solution was stored at 4 °C.

Preparation of the electrochemical immunoassay

Before construction of the electrochemical immunoassay,
AuNC-MnO2 nanosheet based electrochemical probe was
first prepared. Into AuNC-MnO2 solution (1 mM), detection
AFP antibody (Ab2) and dC20 DNA strands were added to
reach an antibody concentration of 10 μg.mL−1 and dC20 con-
centration of 100 μM. The mixture solution was incubated for
8 h and then centrifuged to remove the free antibodies and
DNA strands. The product was then dispersed into solution
and stored before use.

For preparation of the immunoassay, capture AFP an-
tibodies (Ab1) were immobilized onto graphene oxide
(GO) modified electrode surface. First, GO was dispersed
into chitosan solution (0.5 mg.mL−1, dissolved in water)
to reach a concentration of 3 mg.mL−1. Then, 5 μL of the
composite solution was dropped onto electrode surface.
After dried, the resulted electrode was incubated with glu-
taraldehyde (2.5%) solution for 30 min and then with Ab1
solution (1 μg.mL−1) for 1 h. After gentle wash, the elec-
trode was immersed into BSA (1%) solution for 30 min to
block nonspecific binding sites. Subsequently, the modi-
fied electrode was incubated with different concentrations
of AFP standard solution for 1 h. With another round of
wash, the electrode was incubated with the above synthe-
sized AuNC-MnO2 probe for 1 h.

For electrochemical testing, 5 μL of 6 mM Na2MoO4

solution was added onto the electrode surface and incu-
bated for 20 min. Then, the electrode was tested in
0.5 M H2SO4. For cyclic voltammetry (CV) measure-
ments, scan rate of 0.1 V/s was applied. For square
wave voltammetry (SWV) testing, the amplitude applied
was 0.025 V with frequency of 15 Hz. The SWV cur-
rent at a peak potential of 0.18 V was recorded to draw
the calibration plot.
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Results and discussion

The AuNC-MnO2 nanosheet was chosen as supporting matrix
to prepare the electrochemical probe since the AuNC-MnO2

nanosheet can be synthesized via one-pot procedure. The
AuNCs was selected to be modified onto the nanosheet since
AuNCs has good stability. The large surface area of the nano-
sheet can increase the loading of AuNCs, and then the loading
of antibody as well as dC20 DNA strand.

Scheme 1 shows the schematic representation for the syn-
thesis of the AuNC-MnO2 nanosheet based probe and the
electrochemical immunoassay preparation as well as detection
process. The novelty of this work is the combing of the
antibody-antigen based immunoreaction with DNA based sig-
nal amplification strategy. The DNA based signal amplifica-
tion is the reaction of DNA with molybdate to form redox
molybdophosphate and generate electrochemical current
[14–18]. The dC20 DNA strand is chosen as our previous
work has demonstrated the cytosine nucleobases can induce
the highest electrochemical current intensity when reacted
with molybdate [19].

The AuNC-MnO2 nanosheet was synthesized based on
biomimetic mineralization guided method with BSA acted
as the template according to our previous work [20]. In that
work, we utilized the AuNC-MnO2 nanosheet as probe for
fluorometric/magnetic bimodal sensing. To synthesize the
AuNC-MnO2 nanosheet, typically, Mn2+ and [AuCl4]

− were
first mixed with BSA aqueous solution under vigorous
vortexing. BSA plays the key role in biomimetic

mineralization process, which contains abundance of carboxyl
groups and thiol groups. These functional groups can seize the
Mn2+ and [AuCl4]

− to form BSA-Mn and BSA-Au com-
plexes. Then, with the addition of NaOH into the above solu-
tion, the nucleation and growth of 2DMnO2 and AuNCs were
triggered. BSA acted here as both template and reductant in
the whole synthesis process. On one hand, for MnO2 nano-
sheets formation, the Mn ions that seized by BSAwill initially
turn into Mn(OH)2 through hydrolysis reaction, and the inter-
mediate Mn(OH)2 will then be oxidized to MnO2 with the
help of dissolved oxygen. On the other hand, for AuNCs for-
mation, reductive BSA molecules will reduce the [AuCl4]

−

ions that entrapped by BSA to form AuNCs. Further interac-
tions between BSA-MnO2 nanosheets and BSA-AuNCs re-
sulted in AuNC-MnO2 assemblies with the help of BSA. BSA
played another important role as Bglue^ in this progress.

The morphology and structure of the AuNC-MnO2 were
characterized by TEM. As shown in Fig. 1, TEM images show
the AuNC-MnO2 nanocomposite are flat 2D nanosheets with
dimensions about 50–100 nm (Fig. 1a). The AuNC were ob-
served successfully interspersed on the surface of 2D MnO2

nanosheets with a mean size of around 2 nm (Fig. 1 b and c).
After the succseful synthesis of AuNC-MnO2 nanosheets,

to turn the nanosheets into electrochemical probe, Ab2 and
dC20 DNA strands were both immobilized onto the nano-
sheets surface via AuNCs. Ab2 were directly adsorbed onto
AuNCs, while the dC20 DNA strands were conjugated onto
AuNCs through the thiol moiety at the end of the DNA
strands. The electrochemical reaction of the functionalized

Scheme 1 Schematic
representation for the synthesis of
the AuNC-MnO2 nanosheet
based probe and the
electrochemical preparation as
well as detection process

Microchim Acta (2018) 185: 335 Page 3 of 7 335



nanosheets with molybdate was then studied. Two electrodes
were prepared, one with the immobilization of un-
functionalized AuNC-MnO2 nanosheets onto electrode, and
one with the immobilization of functionalized AuNC-MnO2

nanosheets onto electrode. After the reaction of the two elec-
trodes with molybdate, the electrodes were characterized in
0.5 M H2SO4 by cyclic voltammetry. For the electrode mod-
ified with un-functionalized AuNC-MnO2 nanosheets, a pare
of relatively small redox current is observed (Fig. 2, curve a).
The generated electrochemical current can be ascribed to the
reaction of molybdate itself on the electrode surface. On the
contrary, for the functionalized AuNC-MnO2 nanosheets

Fig. 1 TEM images of the MnO2 nanosheets (a) and AuNC-MnO2

nanosheets ((b), low magnification; (c) high magnification)
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Fig. 3 a SWV responses of the immunoassay for blank samples (a) and
for 1 ng.mL−1 of AFP (b). b Responses of the immunoassay to different
concentrations of AFP, from a to h, 0, 0.01, 0.05, 0.1 0.5, 1, 5, 10 ng.mL−1.
The inset is the calibration plot. The current variations at 0.2 V were
recorded to establish the calibration plot. Error bar = SD (n = 3)
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Fig. 2 Cyclic voltammetry responses of the electrodes immobilized with
un-functionalized AuNC-MnO2 nanosheets (a) and with Ab2 as well as
dC20 DNA strands functionalized AuNC-MnO2 nanosheets
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modified electrode, a pare of rather strong current peaks is
observed at around of 0.22 and 0. 37 V (Fig. 2, curve b).
The strong electrochemical current generated is due to the
reaction of dC20 DNA on the nanosheets with molybdate,
specifically, the reaction phosphate backbone of dC20 DNA
with molybdate that formed molybdophosphate. The electron
transfer within the formed redox molybdophosphate lead to
the two pairs of redox peaks. These data proved the possibility
of the functionalized AuNC-MnO2 nanosheets as electro-
chemical probe.

Then, AFP, as a model analyte target was chosen to test the
immunoassay design methodology utilizing the AuNC-MnO2

nanosheet as electrochemical probe. The immunoassay was
prepared based on sandwich structure. Graphene oxide (GO)
was used as supporting matrix for Ab1. After the following
capturing of AFP and the functionalized AuNC-MnO2 nano-
sheets onto electrode through immuno-reaction, the nanosheet
can generate electrochemical current. Initially, to demonstrate
t he pos s i b i l i t y o f t he fo r AFP de t ec t i on , two
immunoelectrodes were prepared, one for the detection of
blank sample and one for the detection of 1 ng.mL−1 of
AFP. The two immunos were characterized in 0.5 H2SO4 by
square wave voltammetry (SWV). From Fig. 3a, we can see
that of the immunoelectrode prepared for blank sample, only
small background current peaks are observed. However, of the
immunoelectrode for the detection of 1 ng.mL−1 of AFP, the
electrode generates strong current peaks. These results proved

the possibility of the immunoassay to discriminate samples
with and without target AFP.

To determine the linear range of the immuno towards AFP,
a series of immunoelectrodes were prepared for the detection
of different concentrations of AFP. Figure 3b shows the re-
sponses of the immunoelectrodes. It can be seen the peak
current at 0.2 V is increased with the increase of AFP
concentrations. A linear range between current response
and logarithm of HER2 concentration in the range from
0.01 ng.mL−1 to 10 ng.mL−1 is obtained (inset of Fig. 3b)
with limit of detection calculated to be 5 pg.mL−1 (based
on S/N of 3).

The analytical performance of the immunoassay is com-
pared with previous reported electrochemical immunoassays
for AFP detection. From Table 1, it can be seen that the per-
formance of the immunoassay is comparable or even better
than literature reports.

Besides the linear range and limit of detection, good selec-
tivity of the immunoassay is also of great importance for pre-
cise detection of analyte target in real serum samples. To test
the selectivity of the immunoassay, several potential interfer-
ences that may coexist with AFP in human serum samples,
including human IgG, human epidermal growth factor recep-
tor 2 (HER2), p53, carcinoembryonic antigen (CEA) and
CA125 were studied. As shown in Fig. 4, the responses of
the immunoassay to 10 ng.mL−1 of the above interference
are close to response of the immunoassay to blank sample,
demonstrating good selectivity.

Table 1 An overview of literature reports of electrochemical immuno for determination of AFP

Signal probe Linear range Detection limit Reference

Cadmium alginate nanobeads 0.01 to 100 ng.mL−1 10 pg.mL−1 [21]

Thionin/reduced graphene oxide/gold nanoparticles 0.1–100.0 μg.mL−1 50 ng.mL−1 [22]

Au–Pd nanocrystals 0.05–30 ng.mL−1 5 pg.mL−1 [23]

Azure A 0.01 to 25 ng.mL−1 3.3 pg.mL−1 [24]

dC20 DNA strand 0.01 ng.mL−1 to 10 ng.mL−1 5 pg.mL−1 This work
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The precision of the immunoassay were evaluated by test-
ing each concentration of AFP five times independently.
Experimental data indicates that for testing 0.1 and 1 ng.
mL−1 of HER2, the relative standard deviation of the immu-
noassay results are 1.1 and 1.6%, respectively, indicating the
immunoassay results are reliable.

Finally, to demonstrate potential clinical application of the
immunoassay, AFP levels in human serum samples were test-
ed. Serum samples were initially diluted by phosphate buffer
to minimize matrix effect and then measured by the assay. The
samples were also tested by commercial ELISA kit and the
two results were compared. As shown in Fig. 5, AFP levels in
the samples analyzed by the two methods agreed well, and a
straight plot is obtained with a correlation coefficient of 0.993.
This demonstrates that the testing results of the immunoassay
are similar to that of the commercial ELISA kit, further
supporting potential application of the immunoassay in clini-
cal areas.

Conclusions

In summary, we reported electrochemical immunoassay for
cancer biomarker detection through combing the
antibody-antigen immunoreaction with DNA based signal
generation strategy. This method paves new way for electro-
chemical immunoassays by integrating the high specificity of
antibody based immunoassay and the versatility as well as
high signal amplification capability of DNA based signal am-
plification strategy. The immunoassay can be applied to the
detection of other analytes using different antibodies. The sen-
sitivity of the assay can be further improved, for example,
various DNA based signal amplification strategies, such as
rolling circle amplification (RCA) and hybridization chain
reaction (HCR) can be applied to the immunoassay design to
further enhance the sensitivity of the immunoassay.
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