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Abstract
The abnormal concentrations of human immunoglobulin G (hIgG) refers to many kinds of diseases. Analytical methods with 
the characteristics of rapid response, easy operation and high sensitivity should be designed to accurately determinate the 
hIgG levels in human serum. In this work, a label-free electrochemical immunosensor based on WSe2/rGO was developed to 
sensitively detect human immunoglobulin G. First, the flower-like transition metal dichalcogenides (TMDCs) Tungsten Dis-
elenide (WSe2) with large effective specific surface area and porous structure was synthesized by hydrothermal synthesis. As 
a bio-matrix, the flower-like WSe2 efficiently increased the active sites for loading antibodies. Meanwhile, reduced graphene 
oxide (rGO) obtained by tannic acid reduction was used to improve the current response of the sensing interface. WSe2 was 
combined with rGO and the electrochemical active surface area (ECSA) of the sensing interface was enlarged to 2.1 times 
that of GCE. Finally, the combination of flower-like WSe2 and rGO broadened the detection range and reduced the detection 
limit of the sensing platform. The immunosensor exhibited a high sensitivity with a wide linear range of 0.01–1000 ng/mL 
and low detection limit of 4.72 pg/mL. The real sample analysis of hIgG were conducted under optimal conditions, and the 
spiked recovery rates were between 95.5 and 104.1%. Moreover, satisfactory results were obtained by testing the stability, 
specificity and reproducibility of the immunosensor. Therefore, it can be concluded that the as-proposed immunosensor has 
the application potential of clinical analyze of hIgG in human serum.
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Introduction

Human immunoglobulin G (hIgG) is one of 5 isotypes of 
immunoglobulin (IgM, IgG, IgE, IgA and IgD). It plays a 
vital role in immune response by activating complements 
[1] and neutralizing various toxins [2]. The hIgG is the main 
component of antibodies in human serum and represents 
about 75% of all immunoglobulins [3], which is widely 

distributed in serum and non-mucosal tissues [4]. The con-
centration range of it is 7–16 mg/mL in healthy adult serum 
[5]. Abnormal hIgG levels are often associated with a variety 
of diseases such as cancers [6], liver diseases [7], systemic 
lupus erythematosus [8] and inflammatory bowel diseases 
[9]. Thus, the level of hIgG has been used as an index for 
diagnosis and predicting the prognosis of diseases. For 
example, the COVID-19 disease has threatened global pub-
lic health in recent years. It was reported that high specific 
hIgG level was positively correlated with the severity of the 
disease at early stage [10]. Therefore, it is necessary for us to 
develop efficient methods to accurately measure the amount 
of hIgG in human body.

Various methods have been developed for sensitively 
analyzing hIgG, including immunofluorescence assay [11], 
lateral flow immunoassay (LFIA) [12], enzyme-linked 
immunosorbent assays (ELISA) [13], and electrochemilumi-
nescence (ECL) immunoassay [14]. Satisfactory results were 
obtained in the detection of hIgG using the above methods, 

Jing Ma: co-first author.

 *	 Yarui An 
	 anyarui@usst.edu.cn

1	 Institute of Bismuth and Rhenium, School of Materials 
and Chemistry, University of Shanghai for Science 
and Technology, Shanghai 200093, China

2	 Department of Pharmacy, Xinhua Hospital, School 
of Medicine, Shanghai Jiaotong University, 1665 Kongjiang 
Road, Shanghai 200092, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s44211-023-00351-3&domain=pdf


1392	 L. Zhu et al.

1 3

there still exist some limits such as expensive instruments, 
long assay time, and complicated operating procedures. 
Among the numerous immunoassay methods, label-free 
electrochemical immunosensor is a promising method. It 
recognizes antigens by its corresponding antibodies that 
immobilized directly on the surface of sensing platform and 
monitors the concentration of the targets by measuring the 
electrochemical response. It has the superiorities of low cost, 
easy operation, rapid response, high sensitivity, and min-
iaturized equipment so that it has been widely applicated 
in the field of bioanalysis. Zhigang Yin et al. [15] devel-
oped a label-free electrochemical immunosensor based on 
PdPtCu@black phosphorus which took a short analysis time 
and achieved a low detection limit of 23 pg/mL. In consider 
of its merits, label-free electrochemical immunosensor is an 
appropriate choice for clinical assay of hIgG.

To enhance the sensitivity of the immunosensor, suit-
able materials should be exploited to raise the amounts of 
active sites on the sensing interface. Owing to the relatively 
high intrinsic hole mobility [16], sharp band edges [17] 
and strong light-matter interactions [18], two-dimensional 
transition metal dichalcogenides (TMDCs) have been a hot 
research topic in recent years. TMDCs have been extensively 
used in photocatalysis [19], field effect transistors [20], dye-
sensitized solar cells [21], etc. There are many members 
of TMDCs, such as MoS2, WS2, MoSe2 and WSe2 as well. 
Benefit from its unique properties, Tungsten Diselenide 
(WSe2) has become a hot issue in sensing technique fields. 
WSe2 was used to construct field-effect transistor (FET) 
immunosensors and exhibited a moderate bandgap shows 
a high carrier mobilities [22]. Besides, profit from the high 
refractive index, WSe2 was applied to increase the refrac-
tive index of plasma resonance biosensors [23]. What has 
activated our interest is that the surface activity and surface 
defects of WSe2 could bind small molecules effectively on 
its surface, thus WSe2 can be functionalized to load bio-
logical molecules. Hae Won Lee et al. [24] have reported 
that after O2 plasma treatment, new binding sites of WSe2 
appeared, so that WSe2 can combine more bioreceptors. In 
addition, in view of the large specific surface area, WSe2 
has been used to design the sensing interface to fix more 
biological macromolecules such as miRNA [25]. Harmanjit 
Kaur et al. [26] reported an aptasensor based on WSe2 that 
functionalized by chitosan for bacterial toxin detection and 
showed a remarkable sensitivity.

Reduced graphene oxide (rGO) is a kind of two-dimen-
sional carbon-based crystal materials. Many unique features 
of it were deeply studied. Firstly, owing to the removal of the 
oxygen-containing functional groups during reduction, rGO 
retains more aromatic (sp2) domains than graphene oxide 
(GO), more electrons can move around in the entire plane 
layer, which could lead to the high conductivity [27]. Hence, 
metal oxides and transition metal dichalcogenides were 

combine with rGO to overcome their poor conductivity [28]. 
Second, rGO has large aromatic plane and various func-
tional groups, thus it can be utilized to bind biomolecules 
[29]. Third, the large specific surface area allows rGO to 
load other nanomaterials uniformly and prevent them from 
aggregation [30]. Besides, rGO can improve the sensitivity 
of the immunosensor by enlarging the active surface area of 
the sensing interface [31]. At last, it also owns advantages 
such as low cost and good biocompatibility [32]. Therefore, 
rGO is an ideal material for building sensing platforms.

In this study, we have fabricated a label-free electrochem-
ical immunosensor for analyzing human immunoglobulin G. 
Firstly, the flower-like WSe2 was obtained by hydrothermal 
synthesis. Numerous nanosheets of WSe2 crossed to form a 
three-dimensional (3D) structure in which abundant pores 
were formed. As a result, the high specific surface area of 
WSe2 acted as a bio-matrix for loading more antibodies. 
Then rGO was synthesized by an environmentally friendly 
process, using tannic acid (TA) as the reducing agent. The 
prepared rGO showed a chiffon-like morphology, and acted 
as a robust substrate to decorate WSe2. The rGO enlarged the 
effective surface area of the sensing interface, vastly increas-
ing the current response of the immunosensor. It may con-
tribute to the magnification of the signals and the sensitiv-
ity of the immunosensor. As a result, with the combination 
of WSe2 and rGO, the electrochemical active surface area 
(ECSA) of the sensing interface was enlarged. And satis-
factory analytical performance of hIgG was achieved with 
the cooperation of WSe2 and rGO. The developed label-free 
hIgG immunosensor exhibited an expanded liner range of 
0.01–1000 ng/mL and an extremely low detection limit of 
4.72 pg/mL under optimal conditions. More importantly, 
reliable results demonstrated the good capability of WSe2 in 
improving the sensitivity of the sensing platform. The spiked 
recovery rate is between 95.5% and 104.1%, and the rela-
tive standard deviation is below 2.5%. Overall, the sensing 
platform we designed had revealed the feasibility of WSe2 
in establishing electrochemical immunosensor. The usage of 
WSe2 also provided a helpful reference for later researchers 
and broadened the applications of TMDCs in the immuno-
assay field.

Experimental

Reagents and chemicals

Graphite powder, Concentrated sulfuric acid (H2SO4), 
Sodium nitrate (NaNO3), Potassium permanganate 
(KMnO4), 30% Hydrogen peroxide (H2O2), Sodium boro-
hydride (NaBH4), Chitosan, Bovine serum albumin (BSA), 
and Hydrochloric acid (HCl) were purchased from Sinop-
harm Group Chemical Reagent Co., Ltd. Sodium tungstate 
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(Na2WO4·2H2O), Selenium powder, N, N-dimethylforma-
mide (DMF), and Tannic acid (TA) were purchased from 
Shanghai Aladdin Biochemical Technology Co., Ltd. HIgG 
and hIgG antibodies were purchased from Beijing Dingguo 
Biochemical Reagents. Human immunoglobulin M (hIgM) 
was purchased from Sigma-Aldrich. Human IgG ELISA Kit 
was purchased from Hangzhou Lianke bio. All reagents are 
analytically pure. Ultrapure water was used in all experi-
mental processes.

Apparatus and characterization

Scanning electron microscope (SEM) images were obtained 
from S-48000 scanning electron microscopy (Hitachi, 
Japan). Fourier transform infrared spectroscopy (FT-IR) 
spectra were recorded on a Thermo Nicolet 380 spectrom-
eter. The X-ray diffraction (XRD) patterns were performed 
with an X-ray diffractometer (Bruker D8 Advance). Raman 
spectroscopy was conducted on a LabRAM HR Evolution 
(HORIBA). BET analysis was executed using a multi-chan-
nel automatic specific surface area analyzer (TriStarII3020, 
Mike Instruments). Ultrasound was operated on a Time 
ultrasound apparatus at room temperature with a power of 
100 W. Electrochemical measurements, including cyclic vol-
tammetry (CV), differential pulse voltammetry (DPV), and 
electrochemical impedance measurements (EIS) were per-
formed on a CHI660E electrochemical workstation (Shang-
hai Chenhua Instrument Co., Ltd.).

Preparation of rGO

GO was synthesized by the modified Hummers method [33]. 
The synthesis process can be divided into three stages: low 
temperature, medium temperature, and high temperature. 
For the low temperature stage, 1 g graphite powder and 0.5 g 
sodium nitrate were dispersed in 23 mL concentrated sulfu-
ric acid in an ice bath. Then, 3 g potassium permanganate 
was added into the beaker slowly with mechanical agitation, 
the black solution gradually became viscous. Sodium nitrate 
was used here to mitigate the severity of the reaction. Always 
pay attention to the temperature change, ensure the system 
temperature is below 5 °C. For the middle temperature stage, 
46 mL deionized water was carefully poured into the above 
viscous material, followed by continuous stirring at 35 °C 
for 2 h. As the reaction progressed, the mixture gradually 
thickened, and the color gradually became brownish grey. 
In the final high temperature stage, 2.5 mL 30% H2O2 and 
140 mL deionized water were introduced, and the tempera-
ture was raised up to 98 °C. After stirring for 1 h, bright yel-
low suspension was obtained and was static settled overnight 
to acquire the precipitation. The precipitate was washed to 
neutral with dilute hydrochloric acid and deionized water, 

then was freeze-dried to obtain yellow sponge flocculent 
graphene oxide solid.

Reduced graphene oxide was reduced by tannic acid [34]. 
GO and tannic acid with a mass ratio of 1:4 was added into 
a certain volume of deionized aqueous solution, and was 
further ultrasonically dispersed. Then, the mixed solution 
reacted at 80 °C for 10 h. The product was centrifuged and 
was washed three times with deionized water and ethanol 
respectively. Finally, the product was freeze-dried to obtain 
a rGO flake solid. The preparation process was shown in 
Fig. 1A.

Preparation of chit‑rGO

To disperse the prepared rGO equably and cover it on the 
GCE surface stably, chit-rGO was prepared. First, 0.5 g Chi-
tosan was added to a mixed solution containing 1 mL Acetic 
acid and 99 mL pure water to prepared 0.5% Chitosan solu-
tion. Second, a certain amount of rGO powder was dissolved 
in 1 mL pure water containing 100 µL 0.5% Chitosan solu-
tion for immunosensor preparation.

Preparation of WSe2

Flower-like WSe2 was prepared by hydrothermal synthe-
sis [35]. First, 0.64 g selenium powder and 0.2 g sodium 
borohydride were added to 60 mL DMF and stirred for 
two hours. Next, 1.32 g Na2WO4·2H2O was introduced and 
stirred for another 1 h. The resulting solution was transferred 
to a 100 mL stainless steel autoclave and placed in an oven at 
240 °C for 48 h. The obtained precipitate was washed three 
times with deionized water and absolute ethanol respec-
tively. Finally, the washed precipitate was dried in an oven 
to obtain WSe2 powder. At last, 1 mg WSe2 was dissolved in 
1 mL pure water to prepare the solution (1 mg/mL) for sens-
ing platform preparation. The process was shown in Fig. 1B.

Fabrication of immunosensor

The preparation process of the immunosensor is shown in 
Fig. 1C. Firstly, the bare glassy carbon electrode (GCE, 
diameter 3 mm) was polished on the flannel with alumina 
powder of size 1, 0.3, 0.05 μm respectively, follow by con-
tinuously sonicating with deionized water and absolute etha-
nol for 5 min, and was then naturally dried in a ventilated 
place at room temperature. Secondly, 3 μL chit-rGO was 
dropped on the bare GCE and was dried completely at room 
temperature. Then 3 μL WSe2 (1 mg/mL) was casted to get 
WSe2/rGO/GCE. Next, 5 μL anti-human IgG (Ab) was incu-
bated for 12 h in a refrigerator at 4 °C. After incubation, the 
Ab/WSe2/rGO/GCE was carefully rinsed off with phosphate 
buffer solution (pH = 7.0, PBS) to wipe off the uncombined 
antibodies. Afterwards, 5 μL bovine serum albumin (BSA) 
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solution (1%, w/v) was dropped and incubated at 4 °C for 
1 h to block non-specific binding sites. Next, the BSA/Ab/
WSe2/rGO/GCE was soaked in a series of hIgG solutions of 
different concentrations and incubated at 37 °C for 1 h. The 
unbound antigens were washed away with PBS. Finally, the 
prepared electrochemical immunosensors were successfully 
prepared for further tests.

Electrochemical measurements

All electrochemical measurements were operated using 
conventional three-electrode system: the glassy carbon 
electrode (GCE, 3 mm diameter) as the working electrode, 
the platinum wire electrode as the counter electrode, and 
the saturated calomel electrode as the reference electrode. 
The electrochemical measurements were performed by 
the electrochemical workstation model CHI660E in phos-
phate buffer solution (pH = 7.0, PBS) containing 2.5 mM 
[Fe(CN)6]3−/4− and 0.1 M KCl. The potential range selected 

for cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) was -0.2–0.6 V. The parameters selected for 
electrochemical impedance (EIS) measurement were alter-
nating voltage of 5 mV and frequency range 10–2–105 Hz. 
All potential sweeps were from negative potential to positive 
potential.

Results

Characterisation of rGO

To fully prove the successful preparation of the rGO, SEM, 
XRD, FTIR and Raman spectroscopy were applied. Fig-
ure 2A is the overall SEM image of rGO, the characteristic 
wrinkle morphology of graphene can be observed. Each 
layer is extremely thin, and accumulations rarely occur. 
The partially magnified SEM image of rGO was exhib-
ited in Fig. 2B, the rGO shows a chiffon-like morphology. 

Fig. 1   Preparation process of 
rGO (A), flower-like WSe2 (B) 
and fabrication procedure of the 
immunosensor (C)
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Therefore, the rGO with large surface size could provide 
large amounts of active sites to facilitate the fixation of 
WSe2. Figure 2C is the XRD pattern before and after the 
reduction of GO. It is obviously to found that the diffraction 
peak at 2θ = 11° corresponds to the (001) crystal plane of 
GO, and the interplanar spacing is 0.80 nm. In the pattern of 
rGO, the diffraction peak at 11° basically disappears while a 
new peak appears at 2θ = 26°. This peak corresponds to the 
(002) crystal plane of graphene, and the interplanar spacing 
is about 0.342 nm, which is close to the standard graphene 
with a interplanar spacing of 0.335 nm [34].

GO has a great number of functional groups such as car-
boxyl groups, hydroxyl groups and carbonyl groups which 
belong to aliphatic (sp3) domains, while the rest of the area 
of aromatic (sp2) dominate less [27]. As for rGO, most oxy-
gen-containing functional groups were chemically reduced 
by tannic acid, thus more aromatic (sp2) domains of rGO 
were retained. Hence, FT-IR was used to characterize the 
changes of groups before and after the reduction of graphene 
oxide. The peak at 2346 cm−1 of the two curves in Fig. 2D 
were caused by the absorption of CO2 in the air. It can be 
observed that there is a wide strong peak at 3400 cm−1 and 
a narrow peak at 1378 cm−1 in GO, which correspond to 
the tensile vibration and bending vibration of –OH, respec-
tively. Two peaks at 1065 cm−1 and 1228 cm−1 refer to the 
vibration of the –CO bond in epoxy and alkoxy groups. The 

tensile vibration of the carbonyl group (–C=O) appeared 
at 1727 cm−1. And the peak at 1643 cm−1 belongs to the 
vibration of the carbon skeleton in the unoxidized graphite 
region. The intensity of the oxygen-containing peak at the 
corresponding position in rGO reduced significantly, and 
even some of the oxygen-containing peaks disappeared, indi-
cating that large number of oxygen-containing groups were 
removed. In addition, the FT-IR spectrum of rGO shows a 
new C=C bond vibration peak at 1542 cm−1 [36]. The varia-
tion of these peaks firmly indicated that GO was successfully 
reduced to rGO.

Raman spectroscopy was used to further analyze the 
structure of rGO. As shown in Fig. 2E, two strong diffraction 
peaks located at approximately 1350 cm−1 and 1585 cm−1. 
The former peak position represents D-band, which is gen-
erally related to internal structural defects, edge defects, 
and dangling bonds. The latter is the G band that represents 
the degree of sp2 hybridization of carbon atoms in graphite 
materials [37]. Generally, whether the GO was reduced is 
determined by the increase of the D peak intensity relative 
to the G peak (ID/IG). The ID/IG ratio of GO and rGO is 0.85 
and 1.27, respectively. The ID/IG ratio of rGO increased sig-
nificantly, indicating that GO was reduced by tannic acid.

Characterisation of WSe2

The overall and the partially magnified SEM image of 
WSe2 were shown in Fig. 3A, B, respectively. As is shown 
in Fig. 3B, the nanosheets of WSe2 crossed to form a three-
dimensional flower-like structure, with each "petal" being an 
ultra-thin nanosheet. Meanwhile, it can be observed that the 
interlacing of the WSe2 nanosheets formed numerous gaps 
and resulted in the porous structure. The three-dimensional 
structure of WSe2 increased the number of nanosheets per 
unit area, thus it can provide more active site to load anti-
bodies. As a bio-matrix, the flower-like WSe2 increased the 
number of antigen–antibody complexes on the sensing inter-
face and improved the detection range and sensitivity of the 
immunosensor.

The energy spectrum (EDS) of WSe2 is shown in Fig. 3C. 
It can be observed that the synthesised material contains 
elements of W and Se, and the atomic content ratio of Se 
and W is 1.9, which is extremely close to the theoretical 
stoichiometry of WSe2. The result determined that the WSe2 
was successfully synthesized.

The porous structure of flower-like WSe2 was analyzed 
by BET. In Fig. 3D, the nitrogen adsorption–desorption 
curve shows a significant hysteresis loop at higher P/P0, 
which is a typical IV isotherm, indicating that the synthe-
sised WSe2 possess a mesoporous structure. BET test results 
verified that the flower-like WSe2 were formed by interlac-
ing of nanosheets, and the pores were the gaps that formed 
between nanosheets which corresponded to the SEM result 

Fig. 2   The overall (A) and partially magnified (B) SEM image, XRD 
patterns (C), FTIR spectrum (D), and Raman spectrum of rGO (E)
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in Fig. 3A, B. Benefit from the unique flower-like three-
dimensional porous structure, the active of the sensing 
interface can be ameliorate, so that more antibodies can be 
loaded onto WSe2.

Figure 4A is the XRD pattern of WSe2. Most of the 
diffraction peaks are consistent with the standard card of 
hexagonal structure WSe2 (JCPDS card number 38–1388). 

The diffraction peaks of Bragg angle (2θ) at 13.27°, 31.59°, 
34.37°, 41.54°, 46.08°, 54.57°, 66.18° corresponded 
to (002), (100), (102), (006), (105), (110), (108) plane, 
respectively. The XRD pattern firmly verified that the WSe2 
was formed. Figure 4B is the Raman spectrum of WSe2. 
An obvious characteristic peak of WSe2 that appeared 
at ~ 249 cm−1 is assigned to the E1

2g (in plane). The A1g 
(out-of-plane) mode is not obvious here due to the relatively 
low peak intensity and small energy difference compared 
with E1

2g. [38, 39]. Therefore, Raman spectrum further 
proved the successfully synthesis of WSe2. To analyze 
the valence states of elements of WSe2, the high-resolution 
XPS spectrums were recorded in Fig. 4C and D. Two peaks 
at 31.94 and 34.08 eV were attributed to W 4f7/2 and W 4f5/2 
respectively, which represented the + 4 state of W [35, 40]. 
Meanwhile, two small peaks at 36.24 and 38.22 eV were 
ascribed to the characteristic of W–O bond [35, 40]. In 
Fig. 4D, the peak of Se 3d was deconvolved into two peaks 
at 54.35 and 55.27 eV, which were attributed to Se 3d5/2 and 
Se 3d3/2, verifying the existing of Se2− in WSe2 [35, 38]. 
Therefore, the above results confirmed the preparation of 
WSe2.

Electrochemical properties of the sensing interface

As the ion diffusion on the sensing interface will greatly 
affect the performance of the immunosensor, it is of vital 
importance to characterize its electrochemical properties. 

Fig. 3   The overall (A) and 
partially magnified (B) SEM 
image, energy spectrum (C), 
and isotherm of N2 adsorption 
and desorption of WSe2 (D)

Fig. 4   The XRD pattern (A), Raman spectrum (B), W 4f XPS spectra 
(C) and Se 3d XPS spectra (D) of WSe2
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The CV curves of the immunosensor (WSe2/rGO/GCE) 
were recorded at different scan rate from 0.02 to 0.7 V/s 
in a phosphate buffer solution (PBS, pH = 7.0) which con-
tains 2.5 mM [Fe(CN)6]3−/4− and 0.1 M KCl. As displayed in 
Fig. 5A, the peak current increased as the scan rate increased. 
In Fig. 5B, the relevant linear regression equation of the 
anode is Ipa(�A) = −295.1v1∕2 − 6.705(R2 = 0.9982) , and 
the cathode is Ipc(�A) = 337.1v1∕2 + 5.698(R2 = 0.9969) . 
Both anodic peak current Ipa and cathodic peak current Ipc 
demonstrated a linear relationship with the square root of 
the scanning rate respectively, indicating that the oxida-
tion–reduction reaction at the interface of the sensing inter-
face was a diffusion-controlled process [41].

Chronocoulometry test

To demonstrate the effect of WSe2 and rGO on improving 
the electrochemical active surface area and explore the effec-
tive specific surface area of the electrochemical immunosen-
sor (WSe2/rGO/GCE), chronocoulometry was performed 
in PBS (pH = 7.0) containing 2.5 mM [Fe(CN)6]3−/4− and 
0.1 M KCl. Meanwhile, we calculated the effective specific 
surface area ( Aeff , cm2) by Anson Eq. (1) [42]:

where Q (C) refers to charge, n (n = 1) is the number of the 
transferred electrons, F (96,500 C/mol) is Faraday’s con-
stant, c (2.5 mmol/dm3) is substrate concentration, D (cm2/s) 
is diffusion coefficient (7.60 × 10–6 cm2/s, 25℃), and t (s) is 
electrolysis time, Qdl (C) refers to the double-layer charge 
and Qads (C) is the adsorbed charge. Figure 6A is Q-t plot 
of two different platforms, curve a represents to GCE, b 
is WSe2/rGO/GCE. While the linear equations in Fig. 6B 
w e r e  Qa(mC) = 0.05763t1∕2 + 0.02286(R2 = 0.9988)  , 
Qb(mC) = 0.1227t1∕2 + 0.05773(R2 = 0.9968) , respectively. 
The values of Aeff according to the slopes in Q-t1/2 graphs 
were obtained as 0.077 cm2 and 0.16 cm2, respectively. The 
WSe2/rGO/GCE platform showed a larger effective spe-
cific surface area, which is 2.1 times in GCE. In a word, 

(1)Q =
(2nFAcD1∕2t1∕2)

�1∕2
+ Qdl + Qads

the increased specific surface area of the sensing platform 
indicated that the flower-like WSe2 and rGO here played 
an irreplaceable role in enhancing the effective area of the 
sensing interface, which may contribute to the sensitivity of 
the immunosensor.

Characterization of the immunosensor

To verified whether the immunosensor was constructed, 
DPV and CV curves at all steps were recorded. In Fig. 7A, 
CV curve of GCE (curve a) shows the reversible redox peaks 
of [Fe(CN)6]3−/4−. After rGO was immobilized (curve b) 
on the interface, the peak current significantly increased, 
which was attributed to the improvement of ECSA by rGO 
that can provide more active sites for the electron transfer 
between [Fe(CN)6]3−/4− and the electrode. When WSe2 was 
introduced (curve c), the peak current decreased slightly. It 
is probably ascribed to the semiconductor properties and 
steric effect of WSe2. After anti-IgG (Ab) (curve d) and BSA 
(curve e) were absorbed onto WSe2/rGO/GCE respectively, 

Fig. 5   Cyclic voltammograms of WSe2/rGO/GCE at different scan 
rates (A), linear dependence of peak current upon scan rates (B)

Fig. 6   Chronocoulogram (A) and calibration curve between Q and t1/2 
(B) of GCE (a), WSe2/rGO/GCE (b)

Fig. 7   The CV (A), DPV (B) and EIS (C) curves of immunosensor 
with step-by-step fabrication (a, GCE; b, rGO/GCE; c, WSe2/rGO/
GCE; d, Ab/WSe2/rGO/GCE; e, BSA/Ab/WSe2/rGO/GCE; f, Ag/
BSA/Ab/WSe2/rGO/GCE, hIgG concentration: 1 ng/mL)



1398	 L. Zhu et al.

1 3

the peak current decreased gradually, because Ab and BSA 
are biomacromolecules that hinder the transfer of electrons. 
The hIgG (Ag) (curve f) was incubated in the last step. 
Anti-hIgG and hIgG formed the immune complexes, which 
insulated the conducting sensing interface and acted as 
obstructions in the electron transfer process. Therefore, CV 
results firmly indicated that all materials were successfully 
fixed on the surface of the sensing platform. As is shown in 
Fig. 7B, the trends of the peak current of DPV are consist-
ent with the CV when the sensing platform was constructed 
layer-by-layer.

EIS measurement is a useful tool to evaluate charge 
transport capabilities after layer-by-layer modification. Fig-
ure 7C displayed a typical Nyquist plot, the diameter of the 
semicircle represents the charge transfer resistance (Rct), 
larger diameter indicates greater charge transfer resistance 
on the sensing interface [43]. After the decoration of rGO, 
the diameter of the semicircle obviously became smaller 
than that of the bare GCE, indicating that Rct decreased 
sharply. This is because rGO enlarged the electrochemical 
active surface area and facilitated the ion transfer. When 
WSe2, Ab, BSA, Ag were immobilized in sequence respec-
tively, the charge transfer between conductive interface 
and [Fe(CN)6]3−/4− was blocked partly. This led to the Rct 
growth, which was reflected in the increasement of the semi-
circle size. The EIS results were consistent with CV and 
DPV results, confirming that the WSe2/rGO/GCE platform 
could achieve the goal of hIgG determination.

Optimization of experimental conditions

To achieve a higher current response and improve the accu-
racy in the process of analysis, the pH of PBS, the concen-
tration of antibodies, time of the immune reaction and the 
temperature of immune response were optimized. All the 
comparisons were achieved by the peak current difference 
of DPV.

Antigens, antibodies and BSA were dispersed in PBS. 
As the activity of biomolecules will be influenced in weak 
acids and weak bases, pH value can be a big factor in the 
accuracy of the results. In Fig. 8A, the pH value is adjusted 
to 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5, and the peak current differ-
ence were compared. It can be clearly observed that the peak 
current difference reached the maximum value at pH = 7.0 
and decreased rapidly after that, thus 7.0 was selected as the 
optimal pH value.

To make full use of the active sites of the sensing inter-
face and make sure that more antigens were captured on 
it, we had optimized the best concentration of antibodies. 
Figure 8B shows the current difference that serial concentra-
tions (0.1 mg/mL, 0.25 mg/mL, 0.50 mg/mL, 0.75 mg/mL, 
1 mg/mL) of the antibodies incubated on the sensing plat-
form (WSe2/rGO/GCE). The current difference rose with the 

increasement of the concentrations and tended to be stable at 
0.75 mg/mL, indicating that the concentration of antibodies 
on the electrode surface has saturated. Therefore, 0.75 mg/
mL was determined as the optimal antibody concentration.

The incubation time of antigen is of great significance 
to the immune reaction. A robust immune-compound will 
form in a modest incubation time. Hence, 20, 40, 60, 80, and 
100 min were set to explore the optimal incubation time. The 
current difference in Fig. 8C raised with the incubation time 
and reached the maximum at 60 min. The current difference 
has little significant change at 80 and 100 min, thus 60 min 
was chosen as the best incubation time.

Temperature is of critical significance to form stable 
antibody-antigen complexes. As is shown in Fig. 8D, the 
incubation temperature changed between 25 and 45 °C, the 
current difference gradually increased from 25 to 37 °C, and 
reached the maximum at 37 °C, and the current difference 
sharply decreased after that. Therefore, in the subsequent 
experiments, the temperature in the incubation process of 
antigens was set to 37 °C.

Electrochemical determination of hIgG

Calibration curves were established under the optimal 
experimental conditions to assess the analytical perfor-
mance of the immunosensor. DPV currents at a concen-
tration gradient were recorded in Fig. 9A. The peak cur-
rent gradually decreased when the concentration of hIgG 
increased. It was because the large steric hindrance of 
immune-complex that hindered electron transport. For 
Fig. 9B, the linear range of the constructed immunosen-
sor was from 0.01 to 1000 ng/mL. The fitted calibration 

Fig. 8   Optimization of pH (A), concentration of antibodies (B), incu-
bation time (C), and incubation temperature (D) (hIgG concentration: 
10 ng/mL)
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curve equation between the concentration and current was 
I = −6.353log[c] + 112.2 , with a correlation coefficient 
of 0.9950 and the limit of detection (LOD) was 4.72 pg/
mL (S/N = 3).

Verification of the superiority of the WSe2

To verify the key role of the WSe2, the Ag/BSA/Ab/rGO/
GCE immunosensor without the use of the WSe2 was con-
structed. As is shown in Fig. 10A, the peak currents of 
the immunosensor decreased as the hIgG concentrations 
increased, which showed a linear correlation in the range 
of 0.1–100 ng/mL (Fig. 10B). The linear regression equa-
tion was I = −3.948log[c] + 127.6 (R2 = 0.9395), the limit 
of detection (LOD) was 73.3 pg/mL (S/N = 3). Compared to 
the immunosensor without WSe2, the Ag/BSA/Ab/WSe2/
rGO/GCE immunosensor showed a wider detection range 
and lower detection limit. The results confirmed that the 
introduce of WSe2 increased the loading efficiency of anti-
bodies, which endowed the immunosensor a high sensitivity.

Comparison of immunosensor performance

As is shown in Table 1, the proposed immunosensor (WSe2/
rGO/GCE) exhibited a wide detection range or low detec-
tion limit when compared to other analytical methods. The 
results are satisfying, demonstrating that the immunosen-
sor has a promising ability for quantifying hIgG. The high 
performance mainly benefited from WSe2 with large surface 
area that can vastly promoting the amounts of antibodies. 
Besides, the high current response that profit from rGO can 
provide a high current signal that broaden the detection 
range.

Specificity, reproducibility, and stability 
of the immunosensor

To evaluate the specificity of the proposed immunosensor, 
the sensing interface (BSA/Ab/WSe2/rGO/GCE) was added 
with 10 ng/mL hIgG, 100 ng/mL interfering substances 

Fig. 9   Differential pulse voltammograms of Ag/BSA/Ab/WSe2/rGO/
GCE to 0.01–1000 ng/mL hIgG (A); calibration curve of the immu-
nosensor for detecting hIgG (B)

Fig. 10   Differential pulse voltammograms of Ag/BSA/Ab/rGO/GCE 
for different concentrations (0.1, 1.0, 10, 50, 100 ng/mL) of hIgG (A); 
calibration curve of the immunosensor for hIgG determination (B)

Table 1   Comparisons of different methods to detect human IgG

LAG laser-ablated graphene, GCE glassy carbon electrode, SPCE screen-printed carbon electrodes, GE gold electrode, IgG-MIHs IgG imprinted 
hydrogels, DPV differential pulse voltammetry, SWV square wave voltammetry, EIS electrochemical impedance spectra, ECL electrochemilumi-
nescence, LFIA Lateral Flow Immunoassay, ELISA enzyme-linked immuno-sorbent assay

Substrate Substrate materials/label materials Detection method Linear rage (ng/mL) LOD (ng/mL) References

LAG PAAMI/Pt-NPs-anti-IgG DPV 0.012–352 6.0 × 10–3 [44]
GCE BSA/PANI-NWs-aptamer DPV 1–10,000 0.27 [45]
SPCE P2ABA-anti-IgG DPV 1–50 0.15 [46]
SPCE Cu(II)/GO-anti-IgG SWV 0.001–0.5 2.0 × 10–4 [47]
GE β-Cyclodextrin/Fc-IL-CHO-anti-IgG EIS 0.1–50 0.03 [48]
GCE IgG-MIH EIS 0.5–200 0.03 [49]
GCE Ru(bpy)3

2+/AuNPs-anti-IgG ECL 0.01–10 5 × 10–3 [50]
LFIA 4.6–100 0.72 [12]
ELISA 200–15,000 30 [51]

GCE rGO/WSe2-anti-hIgG DPV 0.01–1000 4.72 × 10–3 This work
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including ascorbic acid (AA), uric acid (UA), glucose (Glu), 
BSA, hIgM. And each of them was mixed with 10 ng/mL 
hIgG respectively to compare the DPV peak current differ-
ences. The results in Fig. 11A showed that the current dif-
ference of the interferent substances and blank group were 
extremely close. While the immunosensor containing target 
and 10 times of interferent had approximate current differ-
ences with the immunosensor that only containing hIgG. 
These results indicated that the proposed sensing platform 
has favorable selectivity and anti-interference ability.

Same modification processes were established on five 
different immunosensors to verified the reproducibility of 
the immunosensor. Figure 11B compares the current differ-
ence of 5 different electrodes. The relative standard devia-
tions (RSDs) among them are below 5%, indicating that the 
immunosensor has excellent reproducibility.

The stability of the immunosensor is an indispensable 
character to evaluate its practical potential. The prepared 
immunosensor was dropped with 100 ng/mL hIgG and was 
placed in a 4 °C refrigerator. The measurement was carried 
out every week to record the signal of DPV. The results 
are shown in Fig. 11C. After 7 days of storage, the peak 
current decreased by only 3.23%. Moreover, the peak cur-
rent decreased by 6.48% and 10.17% after 14 and 21 days 
of storage respectively. The degree of current decrease 
was acceptable, revealing the satisfactory stability of the 
immunosensor.

Real sample analysis

The real sample analysis is a critical part in evaluating the 
feasibility of the proposed immunosensor in clinical appli-
cations. Hence, the spike recovery test was carried out to 
measure the hIgG concentrations in several human serum 
samples [52]. First, the blood samples obtained from the 
hospital were centrifuged and diluted with PBS. As a stand-
ard reference, hIgG concentrations in diluted serum sam-
ples were tested using a commercial ELISA kit. Second, the 
diluted serum samples were dropped onto the interfaces of 
the immunosensor to obtain the peak current of DPV. Third, 
a certain concentration of standard hIgG sample was added 
into several serum samples and was diluted to perform 
the test again. The concentrations of hIgG were obtained, 
and spiked recovery rates were calculated using the above 
results. As is shown in Table 2, the average contents of hIgG 
in human serum measured by immunosensor are agree well 
with that were tested by ELISA kit. The recovery rates are 
between 95.5% and 104.1%, and the relative standard devia-
tions are between 0.8% and 2.5%. These results are accept-
able and satisfying. Therefore, the immunosensor has great 
potential in clinical determination of hIgG.

Conclusion

In this study, the flower-like WSe2 acted as a bio-matrix, 
and cooperated with rGO to form a high-performance sens-
ing interface that can sensitively analyze hIgG. Taking full 
advantages of the porous structure and large specific surface 
area of the WSe2, large amounts of antibodies were fixed on 
the sensing interface. Meanwhile, rGO with high electro-
activity drastically improved the current signal. Therefore, 
with the combination of WSe2 and rGO, the sensitivity of 
the immunosensor was greatly improved, displaying a wide 
linear range from 0.01 to 1000 ng/mL and a low detection 
limit of 4.72 pg/mL for hIgG determination. Furthermore, 
the sensing platform exhibited great analytical performance 
including the stability, specificity and reproducibility. There-
fore, this study has proposed an effective way to apply WSe2 
in establishing sensing platform for clinical hIgG determina-
tion. This will provide an effective reference for the follow-
up research about WSe2 and other transition metal dichalco-
genides in biosensing filed.

Fig. 11   Selectivity of the immunosensor using 10  ng/mL hIgG and 
100 ng/mL interferences (A); reproducibility (B) and stability (C) of 
the immunosensor under the presence of 100 ng/mL hIgG
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