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A B S T R A C T

In this work, bifunctional Pd-decorated Co9S8 polysulfide nanoparticles supported on graphene oxide (G/Co9S8-
Pd) were used to build a label-free immunosensor for amyloid β-protein (Aβ) detection. Grafting Co9S8 onto a
conductive graphene support can prevent the aggregation of Co9S8 and improve the conductivity of the nano-
composites of G/Co9S8. A large number of Pd nanoparticles (NPs) were loaded on the G/Co9S8 surfaces providing
more sites to attach Aβ antibodies by a Pd-N chemical bond. As expected, the novel G/Co9S8-Pd nanocomposites
with a high specific surface area showed excellent electrocatalytic activity for H2O2 reduction and good con-
ductivity. The efficient catalytic activity originated from the synergy between the integrated Co9S8, Pd NPs and
GO. Additionally, G/Co9S8-Pd was applied as a matrix and signal indicator in our immunosensor and obtained a
high sensitivity for Aβ detection. The developed immunosensor demonstrated a wide linear range (0.1 pg/mL to
50 ng/mL) and had a low detection limit (41.4 fg/mL). Based on the above, the immunosensor exhibits a re-
markable analytical ability and shows potential for a wide range of applications in the field of clinical medical
examination and treatment.

1. Introduction

Alzheimer's disease (AD) is a neurodegenerative disease that affects
approximately 6 % of the people over the age of 65 [1,2]. Moreover, AD
is one of the most expensive diseases in the healthcare industry [3].
Thus, researchers have focused on early diagnose before AD appears.
Amyloid β-protein (Aβ) is crucially involved in AD and is neurotoxic. Its
deposition in the central nervous system accelerates the progression of
AD. Consequently, AD can be confirmed by searching for the Aβ bio-
marker in cerebrospinal fluid, where the levels of Aβ are lower in AD
patients than that in normal controls. Researchers found that Aβ value
of AD patients shows a significant reduction of approximately< 500
pg/mL in comparison to 794 ± 20 pg/mL in normal controls [4].
Therefore, an analytical tool is imperatively needed to provide a wide
analysis range, rapid detection and high sensitivity for Aβ detection.

Based on the principle of specific binding of antibody and antigen,

an immunosensor is a suitable analytical method for Aβ detection
[5–7]. This method has the advantages of a wide analytical range, rapid
detection and high-sensitivity; furthermore, it has a low cost and does
not require large-scale equipment or a large volume during the detec-
tion process [8,9]. With these benefits, electrochemical immunosensors
have been extensively used in the fields of drug monitoring, food
testing, environmental monitoring and disease diagnosis. However,
developing efficient and low-cost nanomaterials is imperatively needed
in the construction of immunosensors that provide a wide analytical
range, rapid detection and high sensitivity for Aβ detection.

In recent years, researchers have focused on novel sensing mate-
rials, especially nanomaterials. The developed nanomaterials, such as
metal nanoparticles, metal oxides, organics, and metal organic frame-
works (MOFs) have been used to fabricate immunosensors for bio-
marker analytes [10–12]. Among them, some nanoparticles show fast
response, good stability and low-cost. Transition metal sulfides have
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attracted the attention of researchers in the nanomaterial field, due to
their particular electron structure and rich elements [13,14]. Thus, they
have been widely used for electrochemical immunosensors, such as
CoS, SnS2, WS2 and MoS2 [15–20]. Among them, a polysulfide com-
pound of cobalt pentlandite (Co9S8) has many appealing characteristics
due to its unique electronic structure, low cost, good conductivity and
high electrocatalytic activities [21,22]. However, the serious agglom-
eration behavior and low conductivity of Co9S8 greatly impedes its
usefulness in a wide range of applications. Therefore, grafting Co9S8 to
a conductive support, such as graphene, is the best way to prevent
agglomeration, while improving the conductivity of the nanomaterial
[23–25]. Under the above circumstances, an abundance of Co9S8 par-
ticles are loaded on graphene with a large specific surface area (G/
Co9S8) because of its highly wrinkled structure. This structure can not
only improve the conductivity of the combined material but also im-
prove its electrocatalytic activity toward the H2O2 redox reaction. This
is due to the good electrocatalytic ability of Co9S8 and the synergistic
effects between Co9S8 and graphene. Furthermore, Co9S8 was directly
grown on graphene to avoid the use of insulating polymer materials
that decreased the number of active sties. As a result, we used Co9S8
grafted onto graphene, which was decorated with Pd nanoparticles (G/
Co9S8-Pd), as a matrix to fabricate an immunosensor for Aβ detection.
The introduction of Pd NPs not only further enhanced the electron
transfer ability of the matrix and improved the electrocatalytic activity
toward the H2O2 redox reaction, which significantly enhanced the
signal, but also firmly linked antibody (Ab) to the immunosensor by a
chemical bond (Pd-N) [26]. As a result, G/Co9S8-Pd is a good choice as
the matrix and signal indicator of an immunosensor. Under the dual-
function of the material, the immunosensor performed well when de-
tecting Aβ.

2. Experimental methods

The preparation process of G/Co9S8-Pd and assembly of the im-
munosensor (Fig. 1) are shown in the supporting information. The
fabricated label-free immunosensor was tested using an amperometric
i–t curve method. First, PBS (10mL, pH=7.4) was prepared as base
solution. Under a scanned potential of -0.4 V and after a stable back-
ground signal was established, 10 μL of H2O2 (5mol/L) was injected
into the PBS solution under mild stirring. Finally, the variation of re-
sponse currents of the tested immunosensor were recorded.

3. Results and discussion

3.1. Characterizations of G/Co9S8‒Pd

The morphology of GO (Fig. 2A) was observed by scanning electron
microscopy (SEM), and a special rippled, flake-like structure was ob-
served. Fig. 2B and C shows the SEM images of G/Co9S8. The images
showed that small Co9S8 nanoparticles were uniformly dispersed on the
surface of GO. The formula of Co9S8 was determined by EDS (Fig. S1
and Table S1), and the stoichiometry of the polysulfide nanoparticle
was verified to be Co: S= 9:8. The Pd NPs were dispersed on the sur-
face of G/Co9S8, as displayed by SEM (Fig. 2D) and EDS (Fig. S2) of G/
Co9S8‒Pd. In addition, the crystalline diffraction peaks of G/Co9S8
(curve a) and G/Co9S8‒Pd (curve b) are shown in Fig. 2E. Several
prominent diffraction peaks can be found in curve a at 15.4°, 30.9°,
47.1°, and 52.0°, which were assigned to the (111), (311), (511) and
(440) crystallographic planes of G/Co9S8 (JCPDS no. 65-6801) [27].
The Pd NPs were completely confirmed by the diffraction peak at ap-
proximately 40°, in agreement with the standard card of Pd NPs (JCPDS
65–2867) [28]. The results verified that Pd NPs were successfully de-
corated on the G/Co9S8 material.

To further investigate the degree of Co9S8 grafted onto GO, X‒ray
photoelectron spectroscopy (XPS) and transmission electron micro-
scopy (TEM) were carried out. First, the elements of Co, S and C in G/
Co9S8 were analyzed by XPS (Fig. 2F). The spectrum of Co 2p (Fig. 2G)
was divided into six peaks, which can be attributed to Co3+ (779.5 eV
and 794.4 eV) and Co2+ (781.9 eV and 797.8 eV). Furthermore, the
peaks at 786.7 eV and 803.6 eV arise from the corresponding satellite
peaks (Sat.) of Co2+ [29]. As shown in Fig. 2H, the peaks of different
binding states from the S spectrum were assigned to CeSC (163.8 eV),
CS (164.8 eV), CSOe]e2C (168.7 eV), and CSOee3Ce (169.8 eV)
[30]. The results confirmed that the S atoms were successfully in-
corporated into graphene. As shown in Fig. 2I, the peaks at 284.8 eV
and 285.5 eV in the C spectrum were assigned to sp2 graphitic carbon
and CeS bonds, respectively. Meanwhile, the peaks at 286.9 eV (CeO-)
and 291.4 eV (OCO]e−) were attributed to the efficient thermal
elimination of GO [30]. All results showed that Co9S8 nanoparticles
were successfully grown on GO.

Additionally, G/Co9S8 was characterized by TEM, and it was ob-
served that the Co9S8 nanoparticles were homogenously distributed
throughout the GO (Fig.3A). The high-resolution TEM images (HRTEM,

Fig. 1. Schematic presentation of the immunosensor.
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Fig. 3B) of the Co9S8 nanoparticles exhibited lattice distances of
0.301 nm and 0.175 nm, corresponding to the (311) and (440) planes,
respectively. The graphene nanocrystals were also observed around the
Co9S8 nanoparticles. In addition, from the TEM image and the corre-
sponding EDS elemental mapping images, it was observed that Co
(Fig. 3E) and S (Fig. 3F) elements were distributed homogenously in the
GO (C element, Fig. 3D). Thus, the results indicated that the Co9S8
nanoparticles were homogenously dispersed in GO.

3.2. Electrochemical characterization

The electrical conductivity (Fig. 4A) and electrocatalytic activity
toward the H2O2 redox (Fig. S3) of G/Co9S8, graphene-Pd and G/Co9S8-
Pd were characterized. From Fig. 4A, we can observe that the electrical
conductivity was improved significantly after the Pd NPs were deco-
rated on the G/Co9S8. The electrocatalytic activity ability of G/Co9S8-
Pd (curve a) was significantly larger than those of G/Co9S8 (curve b) or
graphene-Pd (curve c). The results verify that G/Co9S8-Pd is a good
signal indicator for immunosensor.

In addition, electrochemical surface areas (ESA) for the same con-
centration of GO, G/Co9S8 and G/Co9S8-Pd (1.0 mg/mL) were tested
according to the Cottrell equation written as follows:

=i
nFAc D

πtd
o o

where n is the number of electron transfers (n=1), F is the Faraday
constant (F= 96485 C/mol), A is the electrochemical surface area, co is
the concentration of the electrolyte solution (co=5×10-3 mol/
L=5×10-6 mol/cm3), and Do is the apparent diffusion coefficient of
potassium ferricyanide (K3Fe(CN)6) in 0.1 mol/L KCl solution

(Do=0.63× 10-5 cm2/s). Fig. S4 (A, B and C) shows the detection
results of GO, G/Co9S8 and G/Co9S8-Pd and the red lines in Fig. 4 (B, C
and D) represent the straight fitting lines. The t-0.5 was an independent
variable, and the line slopes were 1.08× 10-4, 3.71×10-4 and
5.07×10-4 ( )A

s , respectively. ‘A’ was calculated by the Cottrell equa-
tion and the values were 0.158 cm2, 0.541 cm2 and 0.742 cm2 for GO,
G/Co9S8 and G/Co9S8-Pd, respectively. Therefore, the calculated ESA
value of G/Co9S8 was approximately 3.5 times that of GO. After Pd NPs
were decorated on G/Co9S8, the detected ESA value become larger,
which further confirmed that the G/Co9S8-Pd would be a good option as
the matrix of the immunosensor. All in all, G/Co9S8-Pd is the best
choice as the matrix and signal indicator material for fabricating a label
free immunosensor.

3.3. Characterization of immunosensor

The EIS Nyquist plots for the modified electrode process are shown
in Fig. 5A. As observed in Fig. 5A, bare GCE had a small resistance
(curve a). The G/Co9S8‒Pd modified GCE exhibited a larger resistance
(curve b). The resistance gradually increased when Ab (curve c), BSA
(curve d) and Aβ (curve e) were modified on the electrode one after
another. As a result, the immunosensor was fabricated successfully by a
layer by layer method. Subsequently, the fabrication process was
monitored by the response current and the results are shown in Fig. 5B.
After the modification of Ab (curve b), BSA (curve c) and Aβ (curve d)
one after another, the current responses gradually decreased. The re-
sults indicated that the immunosensor was fabricated successfully.

Fig. 2. SEM images of GO (A), G/Co9S8 (B and C) and G/Co9S8‒Pd (D); the XRD plot (E) of G/Co9S8 (curve a) and G/Co9S8‒Pd (curve b); and the XPS spectra of G/
Co9S8 (F) in the Co (G), S (H) and C (I) regions.
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3.4. Optimization of the experimental conditions of the immunosensor

The optimal working conditions for the immunosensor were found
by testing various pH values and concentrations of G/Co9S8‒Pd. First,
the label-free immunosensor was fabricated by the same concentration
of G/Co9S8‒Pd (1.0mg/mL) and Aβ (1.0 ng/mL) for finding the opti-
mized pH in the range of 5.3∼8.5. The response currents under dif-
ferent pH values are shown in Fig. 5C. The biggest response current was
obtained easily at pH=7.4. G/Co9S8‒Pd can not only combine with Ab
and promote electron transport, but also generate signals. Thus, the
concentration of G/Co9S8‒Pd was also vital for Aβ detection. The op-
timal G/Co9S8‒Pd concentration is shown in Fig. 5D, with a value of
1.0 mg/mL. In short, the optimal experimental conditions for fabri-
cating the G/Co9S8‒Pd based label-free immunosensor were pH=7.4
and 1.0mg/mL of G/Co9S8‒Pd.

3.5. Analytical performance of the immunosensor

Under the best experimental conditions, the current response

increased with increasing Aβ from 0.1 pg/mL to 50 ng/mL (Fig. 6A).
The linear regression formula (Fig. 6B) was ΔI (μA)= 115.35‒22.54lgc
(ng/mL, r= 0.996), and the calculated limit of detection (LOD) was
41.4 fg/mL (Supporting Information) [31]. Compared with those of
other reported analytical methods (Table S1), the proposed method
showed a comparable result for Aβ detection.

3.6. Selectivity, reproducibility and stability

To assess the selectivity of the proposed immunosensor, a series of
interference substances, such as glucose, human immune globulin
(HIg), glutamine (Gln) and prostate-specific antigen (PSA), were stu-
died. The detection results in Fig. 6C reveals that the relative standard
deviations (RSD) were less than 5.0 %, and there was no significant
difference whether it had interference substances. Additionally, reliable
reproducibility was also important in the application of the im-
munosensor. The detected currents of five different electrodes are
shown in Fig. 6D, and the RSD was less than 5 %, revealing that the
immunosensor presented an acceptable reproducibility. The stability of

Fig. 3. TEM image (A) and HRTEM image (B) of G/Co9S8, and the corresponding EDS elemental mapping images of C (D), Co (E) and S (F) elements in G/Co9S8 (C).
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the immunosensor was tested for long-term operation. After the fabri-
cated immunosensor was stored at 4 °C for one week, it was found that
the response currents showed no significant change. The current de-
creased 4.1 % when the immunosensor was stored for three weeks. All
results demonstrated that the proposed immunosensor exhibited the
acceptable selectivity, reproducibility and stability.

3.7. Detection in an artificial cerebrospinal fluid sample

We further investigated the practical application of our im-
munosensor to detect in a sample of artificial cerebrospinal fluid by
using a standard addition recovery experiment. Five different amounts
of Aβ (0.005, 0.05, 0.1, 1 and 10 ng/mL) were spiked into an artificial
cerebrospinal fluid sample. In Table 1, the recovery of the five samples
detection results was in the range of 96.3 %∼109.5 % and the RSD was
from 3.9 % to 4.9 %. Hence, the proposed immunosensor would have

Fig. 4. (A) CV results of G/Co9S8 (a) and G/Co9S8-Pd (b) in K3[Fe(CN)6] (5 mmol/L). The limited current relationships with a -0.5 power of time for GO (B), G/Co9S8
(C) and G/Co9S8-Pd (D).

Fig. 5. (A) EIS obtained for the different mod-
ified electrodes in Fe(CN)63-/4- containing
0.1 mmol/L KCl solution: GCE (a), G/Co9S8-Pd/
GCE (b), Ab/ G/Co9S8-Pd/GCE (c), BSA/Ab/ G/
Co9S8-Pd/GCE (d) and Aβ/BSA/Ab/ G/Co9S8-
Pd /GCE (e). (B) The response current of the G/
Co9S8-Pd/GCE (a), Ab/ G/Co9S8-Pd/GCE (b),
BSA/Ab/ G/Co9S8-Pd/GCE (c) and Aβ/BSA/
Ab/ G/Co9S8-Pd /GCE (d). The optimization of
experimental conditions in reference to the (C)
pH and (D) concentration of G/Co9S8-Pd on the
response of the immunosensor to 1.0 ng/mL
Aβ. Error bar= SD (n= 5).
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great potential for use in a clinical diagnosis of Alzheimer’s disease.

4. Conclusion

In this work, a bifunctional G/Co9S8-Pd nanocomposite was used to
build a label-free immunosensor for Aβ detection. The novel G/Co9S8-
Pd nanocomposite had good conductivity, high specific surface area
and a strong affinity to chemically bond with Ab1. Thus, G/Co9S8-Pd
was a good matrix for the fabrication of an immunosensor.
Furthermore, the nanocomposite had excellent electrocatalytic activity
for H2O2 reduction, which was good for enhancing the signal. G/Co9S8-
Pd was used as the matrix and signal indicator in our immunosensor
and obtained a high sensitivity for Aβ detection. The unique G/
Co9S8‒Pd material for fabricating immunosensors is an easy analytical
method and a valuable approach for clinical Aβ detection.
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