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Abstract The authors describe an electrochemical immuno-
assay for α-fetoprotein (α-FP) using a glassy carbon electrode
(GCE) modified with a nanocomposite made from gold
nanoparticles, graphene oxide and multi-walled carbon
nanotubes (AuNPs/GO-MWCNTs) and acting as a signal
amplification matrix. The nanocomposite was synthesized in a
one-pot redox reaction between GO and HAuCl4 without
using an additional reductant. The stepwise assembly of the
immunoelectrode was characterized by means of cyclic volt-
ammetry and electrochemical impedance spectroscopy.
The interaction of antigen and antibody on the surface
of the electrode creates a barrier for electrons and causes
retarded electron transfer, this resulting in decreased signals
in differential pulse voltammetry of hexacyanoferrate which is
added as an electrochemical probe. Using this strategy and by
working at a potential of 0.2 V (vs. SCE), a wide analytical
range (0.01 - 100 ng∙mL‾1) is covered. The correlation coef-
ficient is 0.9929, and the limit of detection is as low as

3 pg∙mL‾1 at a signal-to-noise ratio of 3. This electrochemical
immunoassay combines the specificity of an immunological
detection scheme with the sensitivity of an electrode modified
with AuNPs and GO-MWCNTs.
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Introduction

Accurate and sensitive determination of tumor-related pro-
teins is very important in many modern research fields includ-
ing biochemistry, biomedicine, and diagnostic [1–3]. α-
fetoprotein (α-FP) is an oncofetal glycoprotein with a molec-
ular weight of approximately 70 kDa. It is an important tumor
marker and extensively used as clinical cancer biomarkers [4].
The concentration of α-FP is below 25 ng mL−1 in healthy
human serum but increases dramatically in the liver cancer
patients [5, 6]. Elevated α-FP concentration in serum may
be an early indication of some cancerous diseases including
yolk sac cancer, hepatocellular cancer, liver metastasis from
gastric cancer, nasopharyngeal cancer, and testicular cancer
[7, 8]. Thus, sensitive detection of α-FP is absolutely neces-
sary in clinical assay.

There are several methods to detect α-FP, such as electro-
chemical enzyme immunoassay [9], fluorescence immunoas-
say [10], enzyme-linked immunosorbent assay [11], chemilu-
minescence assay [12], and electrochemical assay [13].
Comparedwith the conventional immunoassaymethods, elec-
trochemical immunosensor offers several advantages of high
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sensitivity and specificity, rapid detection, cost efficiency, low
manpower requirements, and inexpensive instrumentation
[14].

For an electrochemical immunosensor, its performance is
critically dependent on the properties of electrode interface.
AuNPs are one of the most widely-used nanomaterials in the
fabrication of electrochemical immunosensor for their
excellent physicochemical properties including good
conductivity and biocompatibility [15, 16]. They can
provide more active sites for the binding of antibodies and
can accelerate the electron transfer process for signal enhance-
ment. Moreover, the electrocatalytic action of AuNPs facili-
tates low-potential amperometric measurement of the electro-
chemical immunosensor [17]. On the other hand, graphene
oxide (GO), a representative derivate of graphene, has a large
specific surface area with two-dimensional structure. In
particular, the presence of abundant carbonyl and car-
boxyl groups makes GO sheets strongly hydrophilic,
allowing them to readily disperse in water and polar
organic solvents [18]. There are three advantages when
using GO for supporting metal nanoparticles: (i) the rigid two-
dimensional structure of GO can enable most surface of the
attached nanoparticles to be exposed to the environment,
which facilitates nanoparticles show good performance [19];
(ii) metal salts can be reduced by oxygen-functional groups of
GO to form metal nanoparticles, avoiding the usage of any
toxic reducing reagent [20]; (iii) the strongly hydrophilic of
GO can effectively prevent the aggregation of metal nanopar-
ticles. Consequently, GO can be acted as both the reducing
agent and the stabilizer for preparation metal nanoparticles.
Although the method for metal nanoparticles using GO has
so many advantages, the insulating property of GO affects the
catalytic activity of the noble metal-GO nanocomposites.
Recent studies show that the poor conductivity of GO
can be improved after the incorporation of MWCNTs,
which serves as an electrical conducting network, increases
the basal spacing between the GO sheets and facilitates ionic
transportation [21]. Based on the mentioned above, GO-
MWCNTs and AuNPs potentially provides an excellent
opportunity for signal amplification of electrochemical
immunosensors.

We described a simple and clean protocol for anchoring
AuNPs on GO-MWCNTs (AuNPs/GO-MWCNTs) by simply
mixing GO-MWCNTs with aqueous solutions of HAuCl4.
GO acted as both reducing agent and stabilizer, avoiding the
use of additional reducing agent and toxic reagents. Further,
this nanostructured material has been employed in the devel-
opment of an electrochemical immunosensor for detection of
α-FP, a liver cancer biomarker. The large specific surface area,
excellent electron transport capability and strong adsorption
capacity of AuNPs/GO-MWCNTs can greatly enhance the
electrical signal and improve the immobilizing amount of an-
tibody on the electrode surface. The sensitive detection of α-

FP was achieved based on the peak current change of
[Fe(CN)6]

3-/4- before and after the antigen-antibody reaction.
The performance and factors influencing the immunosensor’s
performance were investigated in detail. The obtained
immunosensor exhibited a good response for the detection
of α-FP and showed great potential for application in real
sample analysis.

Experimental

Chemicals

α-FP and anti-α-FP antibody were purchased from Bosai
Biotechnology co., ltd. (Zhengzhou, China. www.
chinabiocell.com). Human serum samples were purchased
from a local hospital. Bovine serum albumin (BSA) was ob-
tained from Sigma-Aldrich (www.sigmaaldrich.com).
Graphene oxide (GO) was obtained from Nanjing Xianfeng
nanoCo. (Nanjing, China, www.xfnano.com). HAuCl4·3H2O
was purchased from Sinopharm Chem. Re. Co. Ltd.
(Shanghai, China, www.sinoreagent.com). MWCNTs
(purity>95 %) were purchased from Shenzhen Nanotech
Port Co. Ltd. All other reagents were of analytical grade and
were used without further purification. Phosphate buffer (0.
1 M, pH 7.4) was used as an electrolyte for all electrochemistry
measurement. Double distilled water was used throughout the
experiments.

Apparatus

The cyclic voltammetric and electrochemical impedance spec-
troscopy measurements were carried out on a CHI660D elec-
trochemical workstation (Shanghai, China). A standard three-
electrode cell contained a platinum wire auxiliary electrode, a
saturated calomel reference electrode (SCE) and the modified
glassy carbon electrode (GCE) (Ф=3 mm) as working elec-
trode were employed for electrochemical studies. All potential
values given below refer to SCE. Scanning electron micros-
copy (SEM) analysis was performed using a Hitachi S-3000N
scanning electron microscope.

Preparation of AuNPs/GO-MWCNTs nanocomposites

Two milligrams MWCNTs and 4 mg GO were dispersed in
8 mL double distilled water by ultrasonic agitation for 1 h.
Subsequently, 1 mL HAuCl4 aqueous solution (5 mM) was
added into the above stable GO-MWCNTs aqueous, and the
mixture was stirred for 12 h at 80 °C. Then the resulting
nanocomposites of AuNPs/GO-MWCNTs were collected by
centrifugation at 2719 g for 20 min and washed with double
distilled water for three times. Finally, the precipitationwas re-
dispersed in 4 mL water and stored in 4 °C for further use.

2028 Y.-S. Gao et al.

http://www.chinabiocell.com/
http://www.chinabiocell.com/
http://www.sigmaaldrich.com/
http://www.xfnano.com/
http://www.sinoreagent.com/


Fabrication of the immunosensor

The glassy carbon electrode (GCE) was mechanically
polished with chamois leather containing 0.05 μm alumina
slurry, and then it was ultrasonically cleaned with doubly dis-
tilled water, absolute ethanol and doubly distilled water each
for 5 min, respectively. 6 μL of the AuNPs/GO-MWCNTs
suspension was transferred on the surface of GCE and then
dried in air. Then, 5 μL of anti-α-FP solution (200 ng mL−1)
was added onto the electrode surface and incubated for 2 h.
After washing, 5 μL of 1 wt% bovine serum albumin (BSA)
solution was added and incubated for 30 min to eliminate
nonspecific binding sites. Subsequently, the electrode was
washed and incubated with a varying concentration of α-FP
for 40 min at room temperature, and then the electrode was
washed extensively to remove unbounded α-FP molecules.
The prepared electrode was ready for measurement after
washing and the fabricated procedure of the immunosensor
was shown in Scheme 1.

Experimental measurements

Electrochemical experiments were carried out in 5 mL phos-
phate buffer (pH 7.4) containing 5 mM [Fe(CN)6]

3-/4- at room
temperature. Cyclic voltammetry experiments were recorded
at a potential range from - 0.2 to 0.6 V (vs. SCE) with scan rate
of 50 mV s−1. Differential pulse voltammetry (DPV) was re-
corded at a potential from - 0.2 to 0.6 V (vs. SCE) with a pulse
period of 0.2 s and amplitude of 50 mV. Electrochemical im-
pedance spectroscopy (EIS) was recorded within a frequency
range from 0.1 Hz to 100 kHz, and amplitude of 5 mV.

Results and discussion

Choice of materials

Nowadays, electrochemical biosensors based on metal NPs,
including PtNPs, AuNPs, AgNPs, PdNPs and CuNPs, are
extensively considered due to their fast and precise response,
high sensitivity, simple pretreatment procedures and
miniaturizable instrumentation. Among them, AuNPs have
drawn much attention in electrochemical field because of its
excellent characteristics, such as stable chemical proper-
ty, favorable biocompatibility, good conductivity, high
catalytic activity and good anti-poisoning property
[16]. Moreover, owing to their special chemical proper-
ties, AuNPs allow a variety of functional groups, in-
cluding –SH and –NH2, to bind to their surface cova-
lently, which is favorable for the stable immobilization
of biomolecules. On the other hand, GO has been of increas-
ing interest for applications in variety fields due to its unique
characteristics, such as excellent dispersibility, good biocom-
patibility and facile surface functionality. Furthermore, GO
can successfully reduce the noble metal precursors to metallic
NP, forming NP-containing composites, during which GO
directly acts as the reductant [20]. However, the insulating
property of GO affects the catalytic activity of NP-
containing composites. In order to improve its electrical con-
ductivity, we tried to couple the GO with MWCNT through
the π–π stacking. And the GO-MWCNTs nanocomposite
served as the reducing agent and stabilizer for AuNPs simul-
taneously. Then the AuNPs/GO-MWCNTs nanocomposite
was used to construct an electrochemical immunosensor for

Scheme 1 Schematic illustration of the fabrication procedure of the immunosensor
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α-FP, which can improve the electronic transmission rate as
well as increase the surface area to capture a large amount of
primary antibodies.

Characterization

The SEM images of GO-MWCNTs and AuNPs/GO-
MWCNTs were shown in Fig. 1a and b, respectively. As
shown in Fig. 1a, GO with sheet structure was covered by
intertwined MWCNTs, resulting in the formation of the per-
colating network. As to AuNPs/GO-MWCNTs, the SEM
analysis (Fig. 1b) indicated a large number of AuNPs with a
size of about 200 nmwere well-dispersed on the surface of the
GO-MWCNTs, which can be attributed to the hydroxyl, ep-
oxide, and carboxylic groups uniformly existing on the GO. A
possible mechanism for the formation of the AuNPs/GO-
MWCNTs nanocomposites can be attributed to the redox re-
action between GO and AuCl4

− [22]. As the structure gave a
high specific surface area, it was able to provide a large sur-
face area for antibody attachment.

Figure 1c shows the Raman spectra of MWCNTs (a), GO
(b) and AuNPs/GO-MWCNTs (c). As shown, all of them
displayed two main peaks: the D band and the G band. The

D band could be employed to measure the defects of the sam-
ple, while the G band could be used to study sp2 carbon net-
works of the sample. For AuNPs/GO-MWCNTs, the G band
located at 1593 cm−1 lower than GO (1606 cm−1), suggested
that a larger size of the in-plane sp2 domains were obtained by
hybriding GO and MWCNTs, which further confirmed the
truth of π–π stacking interaction between GO and MWCN
Ts [23]. In addition, the intensity of D and G bands for hybrid
films increased dramatically in comparison to the GO and
MWCNTs, which might be due to the fact the high content
of AuNPs in hybrids caused the increase of charge-transfer
complexes [24].

Fourier transform infrared spectroscopy of MWCNTs (a),
GO (b) and AuNPs/GO-MWCNTs (c) are shown in Fig. 1d.
As shown, the pristine MWCNTs did not show any obvious
absorption peaks (curve a) over the investigated wavelength
range excepted the C = C skeletal vibrations. In the GO spec-
troscopy (curve b), a broad peak at 3400 cm−1 and a small dip
at 3200 cm−1 were observed, which can be ascribed to the
intercalated water molecules and O-H stretching vibrations
of carboxylic acid group, respectively. The peak at
1625 cm−1 corresponded to the C = C skeletal vibrations of
unoxidized graphitic domains. Moreover, the C-O vibrations

Fig. 1 a SEM image of GO-MWCNTs, b SEM image of AuNPs/GO-MWCNTs, cRaman spectra of theMWCNTs (a), GO (b), AuNPs/GO-MWCNTs
(c), d Fourier transform infrared spectroscopy of MWCNTs a, GO (b), AuNPs/GO-MWCNTs (c)
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corresponding to epoxy or alkoxy groups were observed at
1050 cm−1 and the C = O vibrations of the carboxylic acid
and carbonyl groups appear at 1736 cm−1 [25]. When the
GO formed hybrid with MWCNTs and AuNPs, the character-
istic peaks of GO still appeared in the FT-IR spectroscopy
(curve c).

Electrochemical characterization of the immunosensor

Cyclic voltammetry (CV) is an effective method for probing
the process of electrode modification. Figure 2a showed the
CVs of stepwise modified processes of the electrode in the
presence of a 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture
as redox probe in 0.1 M phosphate buffer (pH 7.4) containing
0.1 M KCl. As shown in Fig. 2a, after the pretreated GCE
(curve a) was modified with a GO-MWCNTs film (curve b),
the peak current density increased. When AuNPs were loaded
onto the modified electrode, it can be found that the current
density of AuNPs/GO-MWCNTs/GCE (curve c) was further
enhanced than that of GO-MWCNTs/GCE (curve b), which
was attributed to the excellent electronic transmission ability
of AuNPs [26]. When anti-α-FP was immobilized on the
electrode surface, a decrease of peak current density was ob-
served (curve d) because the antibody biomacromolecules

acting as a nonconductor can obstruct the electron transfer
towards electrode surface. After blocked with BSA (curve e)
and incubated with α-FP antigen (curve f), the CV responses
were declined in succession for the hindrance of BSA and
antigen-antibody immunocomplex.

Electrochemical impedance spectroscopy (EIS) experi-
ments were further performed to probe the features for differ-
ent layer of electrode modification [27]. The stepwise con-
struction process of the immunosensor was characterized by
EIS, and there are significant differences in the impedance
spectra for different modified layers of the electrode. As
shown in Fig. 2b, the EIS of the bare GCE displayed a small
semicircle at high frequencies and linear part at low frequen-
cies (curve a), suggesting very low Ret to redox probe
[Fe(CN)6]

3-/4-. After the bare electrode was modified with
GO-MWCNTs composite film, the resistance for the redox
probe decreased due to the electric conducting material of
MWCNTs. Moreover, when the composites of AuNPs/GO-
MWCNTs were confined on the bare GCE, the resistance
for the redox probe further decreased (curve c), implying that
AuNPs were excellent electric conducting materials and ac-
celerated the electron transfer. Subsequently, when the anti-α-
FP was loaded on the surface of AuNPs, the EIS showed a
large increase in diameter (curve d), suggesting that the anti-
body formed an additional barrier and further prevented the
redox probe to the electrode surface. The result was consistent
with the fact that the hydrophobic layer of protein insults the
conductive support and hinders the interfacial electron trans-
fer. After BSA was used to block non-specific sites, Ret in-
creased in the same way (curve e), which may attribute to the
same reason with loading the antibody. Ret further increases
(curve f) after the resulting immunosensor was incubat-
ed in 100 ng mL−1 of α-FP which indicates the forma-
tion of hydrophobic immunocomplex layer embarrassing
the electron transfer.

Fig. 2 Cyclic voltammograms (a) and electrochemical impedance
spectroscopy (b) of the different electrodes: bare GCE (a), GO-
MWCNTs/GCE (b), AuNPs/GO-MWCNTs/GCE (c), anti-α-FP/
AuNPs/GO-MWCNTs/GCE (d), BSA/anti-α-FP/AuNPs/GO-
MWCNTs/GCE (e) and α-FP /BSA/anti-α-FP/AuNPs/GO-MWCNTs/
GCE ( f )

Fig. 3 Cyclic voltammograms of the immunosensor in pH 7.4 phosphate
buffer containing 0.1 M KCl and 5.0 mM Fe(CN)6

3-/4- at the different
scan rate of (from inner to outer): 10, 20, 40, 60, 80, 100, 120, 140, 160,
180 and 200 mV s−1. The inset shows the linear relationship between the
peak currents and the square root of scan rate

Sensitive electrochemical determination of α-fetoprotein 2031



Useful information involving electrochemical mechanism
usually can be acquired from the relationship between peak
current and scan rate. So, typical CV curves of the resulting
immunosensor in 0.1 M phosphate buffer at different scan
rates were shown in Fig. 3. It can be seen that a pair of roughly
symmetric anodic and cathodic peaks appeared with almost
equal peak currents in the scan rate range from 10 to
200 mV s−1. It can be seen that in the inset graph in Fig. 3,
the reduction and oxidation peak currents raised linearly with
the linear egression equations as ipc=6.1909 v1/2+10.5354
(R2=0.9960) and ipa=− 5.9496 v1/2 - 12.0282 (R2=0.9951),
respectively, suggesting that the reaction was quasi-reversible
diffusion-controlled process.

The effective surface area and the electron transfer rate of
different modified electrodes have been investigated. As can be
seen from Fig. S4A (Electronic Supplementary Material), the
effective surface area was underpinned by chronocoulometry
experiments using 1 mM K3[Fe(CN)6] as model complex,
based on Anson equation: Q(t)=2nFAcD1/2 t1/2/π1/2, where Q
is the absolute value of the reduction charge, n is the number of
electrons for the reaction, F is the Faraday constant, A is the
apparent electrode area, D is diffusion coefficient of the
oxidized form, hexacyanoferrate (III), c is concentration
of substrate and t is the time. Based on the slopes of the linear
relationship between Q and t1/2, the effective surface areas of
the GO-MWCNTs/GCE (a) and AuNPs/GO-MWCNTs/GCE

(b) were calculated as 0.31 and 0.53 cm2, respectively. The
result indicated that the AuNPs/GO-MWCNTs electrode
showed larger effective surface area.

The increase in the electron transfer rate was underpinned
by experiments of cyclic voltammetry at different modified
electrodes of GO-MWCNTs/GCE (a) and AuNPs/GO-
MWCNTs/GCE (b) using 5.0 mM [Fe(CN)6]

4-/3- as model
complex (Fig. S4B). It can be seen that a couple of well de-
fined redox peaks were observed at GO-MWCNTs/GCE (a)
with the peak to peak separation (ΔEp) of 123 mV, which
corresponded to the quasi-reversible redox behavior of ferri-
cyanide ion. While, on AuNPs/GO-MWCNTs/GCE (b), the
ΔEp value decreased to 109 mV, indicating that sufficiently
high conductivity of AuNPs enhanced electron transfer.

Optimization of method

The following parameters were optimized: (a) the concentra-
tion of HAuCl4 in the dispersion of GO; (b) sample pH value;
(c) temperature; (d) incubation time. Respective data and
Figures are given in the Electronic Supplementary Material.
The following experimental conditions were found to give
best results: (a) the HAuCl4 concentration of 5 mM; (b) a
sample pH value of 7.4; (c) a temperature of 25 °C; (d) an
incubation time of 40 min.

Fig. 4 Differential pulse
voltammetry of the immunosensor
after being incubatedwith different
concentrations of α-FP (a–g: 0.00,
0.01, 0.1, 1.0, 10, 50 and
100 ng mL−1) (a). The calibration
curve based on the change of the
DPV peak currents versus the
logarithm of the concentrations (b)

Table 1 Comparison with other
reported methods for the
determination of α-FP

Immunosensors Linear range (ng·mL−1) Detection limit (ng·mL−1) References

HAGa/PANI/GS 0.6–80 0.08 [29]

Chit-AuNPs/GCE 0.5–60 0.05 [30]

AuNPs/TiO2-Gr-Chit/GCE 0.1–300 0.03 [31]

Thionine/GS/GCE 0.05–2 0.0058 [32]

DAC/ILb 0.1–60 0.07 [33]

MWCNTs/SiO2 0.1–30 0.018 [34]

Pd/GCE 0.01–75 0.004 [35]

AuNPs/GO-MWCNTs/GCE 0.01–100 0.003 This method

aHAG hierarchically aloe-like gold microstructures
bDAC/IL dialdehyde cellulose/ionic liquid
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Analytical performance of immunosensor

To assess the sensitivity and dynamic working range of the
electrochemical immunosensor, a differential pulse voltamm-
etry (DPV)measurement was applied to detectα-FP standards
in pH 7.4 phosphate buffer containing 5.0 mM Fe(CN)6

3-/4-

solution. As can be seen in Fig. 4a, when the α-FP concentra-
tion increased, the DPV current signal decreased accordingly.
The reason can be attributed to the formation of increasing
number of antibody-antigen immunoconjugates, resulting en-
hanced hindering of electron transfer reaction of the redox
probe on the immunosensor surface [28]. It can be seen that
the DPV response of the immunosensor decreased with the
increment ofα-FP concentrations, and exhibited a good linear
relationship with the logarithm of α-FP concentration from
0.01 to 100 ng mL−1 (Fig. 4b). The linear regression equation
was adjusted to ΔI (μA)=16.0239+6.2879×log C [α-FP]
(ng mL−1, R2=0.9929). The relative standard deviations
(RSD) for the measurement of each data point were less than
5.0 %. The limit of detection (LOD) was 0.003 ng mL−1 at a
signal-to-noise ratio of 3.

The analytical performance of the immunoassay has been
compared with those of other α-FP immunoassays reported
(Table 1). The comparative data suggested superiority of the
present sensor over some earlier reported methods, especially
the detection limit. The wide linear range and low detection
limit of the immunosensor might be attributed to two factors:
(i) the large specific surface area of AuNPs/GO-MWCNTs,
which can increase the sensing surface areas, accordingly more
anti-α-FP can be absorbed on the electrode surface, and can
enhance the access chance of the antigen and antibody; (ii) the
good electron transfer capability of AuNPs/GO-MWCNTs,
which greatly enhanced the electrochemical signal.

Selectivity, reproducibility and stability
of the immunosensor

In order to assess the selectivity of the immunosensor, interfer-
ences study was performed using carcinoembryonic antigen
(CEA), human immunoglobulin G (IgG), ascorbic acid and
glucose. The peak current after the immunosensor incubated

in 10 ng mL−1 of α-FP without or with 100 ng mL−1 of CEA,
IgG and 1 mg mL−1 ascorbic acid and glucose were studied
(Fig. 5a). Compared with the current response obtained in the
presence of only α-FP, the peak current variations from the
interferents were less than 5 %. The result indicated that the
interference from nonspecific adsorption can be neglected and
the selectivity of the immunosensor was thus acceptable.

The reproducibility of the immunosensor was evaluated
from the response to 10 ng mL−1 α-FP at five different elec-
trodes. DPV was used to record the electrochemical signal in
5 mM [Fe(CN)6]

3-/4- in 10 mM phosphate buffer solution
(pH 7.4). The RSD of the measurements for the five electrodes
was 4.06 %, suggesting that the reproducibility of the
immunosensor was quite good.

The stability of the immunosensor was studied after
storage at 4 °C for a 15-day period. The immunosensor
was then used to detect 10 ng mL−1 of α-FP. Figure 5b shows
the change in current response of immunosensors at various
storage times. During the repeated measurement, the activity
of immunosensors can maintained at 87.2 % within 15 days,
demonstrating a good stability of the immunosensor.

Regeneration of the sensor

The regeneration of the immunosensor was examined by de-
tecting 100 ng mL−1 α-FP with a same immunosensor. After
the immunosensor was used to detect α-FP, the electrode was
immersed in a bath of base solution containing 0.2 M NaOH
and 0.5 M NaCl for 30 min to break the antibody–antigen
linkage. The consecutive measurements were repeated six
times, and a RSD of 4.8 % obtained. The results demonstrated
that the immunosensor could be regenerated and used again.

Fig. 5 a Comparison of the
response of the immunosensor to
10 ng mL−1 α-FP (1), 10 ng mL−1

α-FP+100 ng mL−1 CEA (2),
10 ng mL−1 α-FP+100 ng mL−1

IgG (3), 10 ng mL−1 α-FP+
1 mg mL−1 ascorbic acid (4) and
10 ng mL−1 α-FP+1 mg mL−1

glucose (4). b The stability of the
immunosensor at various storage
periods

Table 2 Experimental results of different methods obtained in
serum samples

Serum samples 1 2 3 4 5

Immunosensor (ng mL−1, n=3) 13.2 27.6 46.5 8.41 0.94

ELISA (ng mL−1, n=3) 12.6 28.2 45.9 8.53 1.01

Relative deviation (%) 2.32 −1.42 1.31 −1.41 −6.93
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Real sample analysis

In order to test the analytical reliability and possible applica-
tion of the designed immunosensor, five human serum sam-
ples were assayed using the developed immunosensor.
Experimental results were compared with the reference values
obtained by the standard ELISA and exhibited in Table 2. The
results indicated that there were no significant difference be-
tween the two methods, and the RSD was found to be in the
range of - 6.93 to 2.32 %, suggesting the immunosensor can
be effectively applied to the determination of α-FP in human
serum.

Conclusions

In summary, a glassy carbon electrode modified with a
nanocomposite of AuNPs/GO-MWCNTs was prepared
by a one-pot redox reaction between GO and HAuCl4
without using an additional reductant. Then, a simple
electrochemical immunosensor for the detection of α-
FP based on AuNPs/GO-MWCNTs composite film was
developed. The immunosensor showed excellent selectivity,
stability and reproducibility with the detection limit of
0.003 ng mL−1, and showed good accuracy for the α-FP
determination in serum samples. The simple fabrication
procedure and the high sensitivity demonstrated by the
immunosensor may provide many potential applications
for the detection of α-FP in clinical diagnostics.
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