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Abbreviations
SPCE  Screen-printed carbon electrode
RpG  Recombinant protein G
Au  Gold nanoparticles
GO  Graphene oxide
CV  Cyclic voltammetry
EIS  Electrochemical impedance spectroscopy
Rct  Charge transfer resistance
XRD  X-ray diffraction
SPR  Surface Plasmon resonance

Introduction

Brucellosis is a significant zoonotic disease, and the infected 
animals or animal products are the primary sources of 
human infection. Brucellosis usually causes abortion and 
animals sterility, which will cause not only huge economic 
losses to the animal husbandry but also a severe threat to 
public health safety (Robi and Gelalcha 2020).Therefore, the 
early detection of Brucellosis is vital to control its spread.

Brucella immunoassay techniques include the rose ben-
gal plate test (RBPT), standardized agglutination test (SAT), 
and PCR methods (YENİ and Doğan 2021). Thereinto, 
RBPT and SAT are the gold standards for Brucella detec-
tion. However, they have some shortcomings during test-
ing, such as high risk, time-consuming, and the requirement 
of a biosafety level 3 laboratory (Sabour et al. 2020). PCR 
methods have good specificity and high sensitivity for rou-
tine tests (Satei et al. 2020) but have significant limitations 
related to the requirement of qualified personnel and expen-
sive equipment, among others. Electrochemical biosensors 
have emerged as outstanding analytical tools for micro-
bial detection by combining biosensing and electrochemi-
cal analysis technology (Zhang et al. 2022). Moreover, it 
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possesses significant advantages, such as robustness, excel-
lent detection limits, a wide range of responses, low sample 
volume need and easy miniaturization (Pérez-Fernández and 
de la Escosura Muñiz 2022). So it has played an important 
role in food safety testing, drug analysis, health care, and 
environmental monitoring (Bayramoglu et al. 2019; Wahab 
et al. 2017).

Graphene oxide (GO) is an oxidized form of graphene 
laced with oxygen-containing groups, such as epoxide, 
carboxyl, and hydroxyl functional groups on the carbon 
surface(Chang et al. 2022). It has been applied for the con-
struction of electrochemical biosensors because of its large 
surface-to-volume ratio, good electrical conductivity and 
excellent biocompatibility (Gao et al. 2022a; Li and Tang 
2011; Zhang et al. 2019). Nanogold has been used for bio-
logical and chemical detections and analytical applications 
due to its simple preparation, high specific surface area, high 
electrical conductivity and biocompatibility (Chauhan et al. 
2020; Zhao et al. 2021). In addition, nanogold can provide 
a friendly microenvironment for bioelectrocatalysis, and be 
a conductive channel. So it is easy to achieve direct electron 
transfer between analyte and electrode (Huang et al. 2016; 
Zhao et al. 2014).

Self-assembled monolayer (SAM) technology is a 
nanoscale membrane preparation technology based on 
charge forces, hydrogen bonding forces, charge transfer and 
host–guest interactions. It has been used to address electro-
analytical challenges. (Love et al. 2005; Ulman 1996; Zhao 
et al. 2014). During antibody immobilization, there were 
some problems such as large spatial site resistance, easy 
inactivation of antibody, and low efficiency. So the tech-
nique of oriented antibody coupling attracted the attention of 
researchers to solve them (Gao et al. 2022b). Protein A and 
protein G are specific antibody-binding proteins which can 
be used to regulate the localization of full-length antibodies 
(Guang-Feng et al. 2013; Yin et al. 2018). Protein A and pro-
tein G have been proved to be a good intermedium. They are 
commonly used for the targeted immobilization of antibod-
ies to improve the detection range and the detection limit of 
the biosensor (Moon et al. 2019; Wang et al. 2020). Signifi-
cantly, the IgG-binding domains on proteins A and G may 
selectively adsorb the Fc regions of various antibodies and 
do not interfere with antibodies’ binding specificity, making 
them the optimal candidate interlayer for biosensors (Dong 
et al. 2015; Yin 2019). It is already known that nanogold can 
enhance protein adsorption, so Au–S bonds are often used 
to bind biomolecules during biosensor preparation (Malathi 
et al. 2022). Recombinant protein G (RpG) equipped with 
a sulfhydryl group (-SH) at the carbon terminus can form 
a gold-sulfur bond with nanogold. Compared with protein 
A, RpG has a higher affinity for most IgG and can reduce 
cross-reactivity and non-specific binding because it removes 
the binding sites of albumin and cell surfaces (Chammem 

et al. 2015; Liu et al. 2019). Therefore, recombinant pro-
tein G is more applicable as the intermedium of antibody 
immobilization.

In this study, we attempted to obtain a biosensor for Bru-
cella testing with higher precision, a wider detection range 
and a lower detection limit. Its construction was based on 
the following technology, such as the oriented immobiliza-
tion for antibodies of the recombinant protein G and the 
outstandingly synergistic effect between graphene oxide 
and nanogold. The electrochemical impedance spectroscopy 
(EIS) of the proposed biosensor was tested in a series of 
concentrations of Brucella solution. The fabrication process 
of the biosensor is exhibited in Fig. 1.

Material and methods

Materials and chemicals

Brucel la-pr imary ant ibody,  Brucel la  Ant igen 
(1.6 × 1011 CFU/mL) and Brucella Negative Serum were 
purchased from the China Veterinary Drug Control Insti-
tute. Heat-inactivated E. coli (O157:H7) and Staphylococcus 
aureus were provided by School of Basic Medical Sciences, 
North China University of Science and Technology. Recom-
binant protein G was purchased from Shanghai Ya Xin Bio-
technology Co., LTD. Graphene oxide was purchased from 
Nanjing Xian Feng Nanomaterials Technology Co., LTD. 
Chloroauric acid  (HAuCl4  4H2O), potassium ferricyanide 
 (K3Fe (CN)6), potassium ferrocyanide  (K4Fe (CN)6), 0.01 M 
phosphate buffer saline (PBS) and other reagents were pur-
chased from Aladdin (China). All used chemical reagents 
were of analytical reagent grade without further purification. 
Ultrapure water (> 18.2 MΩ) was obtained from a PINE-
TREE purification system in the experiment.

Apparatus and measurements

Field  emission  Scanning  electron  microscope (Thermo 
Fisher Technology Co., LTD, Czech Republic) was used 
for the characterization of the prepared nanomaterials. The 
X-ray diffractometer (Rigaku Corporation, Japan) was con-
ducted to study the crystallite phase with a CuKa (1.5406 
A˚) radiation source within 5°–90° range of 2θ scale at room 
temperature.

Gamry reference 600 workstation (Gamry Electrochemi-
cal Instruments Inc, America) was applied to perform the 
electrochemical testing. Screen-Printed carbon electrode 
(SPCE) was purchased from Spain DRS Technologies, Co., 
LTD, with a Working electrode: Carbon (4 mm diameter), 
Auxiliary electrode: Carbon, and Reference electrode: Sil-
ver. All electrochemical measurements were carried out in 
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electrolytes containing 5 mM Fe(CN)6
3−/Fe(CN)6

4− and 
0.1 M KCl.

The preparation of the GO/SPCE

Graphene oxide films were prepared using a modified 
method (Chen et al. 2011). Weighed Graphene oxide pow-
der, dispersed it with PBS solution (0.067 mol/L, pH = 9.18), 
and sonicated continuously for 2 h under ice bath conditions 
to ultimately form 1 mg/mL graphene oxide. The electrodep-
osition conditions: 4 °C, scanning voltage −1.5 V to 0.5 V 
and scanning speed 25 mV/S. The modified electrode was 
named as GO/SPCE.

The preparation of the Au/GO/SPCE

The nanogold modification layers were prepared using an 
improved method (Hezard et al. 2012). Dissolved  HAuCl4 
 4H2O solid into 0.1 mol/L  KNO3 solution to get Au ion 
solution (0.5 mmol/L), and then electrodeposited on the GO/
SPCE from 0 V to 0.9 V with a scanning speed of 25 mV/S 
at 4 °C. The Au/GO/SPCE was gained.

The preparation of the RpG/Au/GO/SPCE

RpG freeze-dried powder was dissolved into 1 mL PBS 
solution (10 mmol/L, pH = 7.4), and then tris(2-carboxye-
thyl) phosphine hydrochloride was added to make its final 
concentration to 1 mmol/L. 15 μL RpG solution was added 

dropwise to the working area of Au/GO/SPCE and incubated 
at 37 °C for 1 h to generate SAM of RpG. The modified 
electrode was named as RpG/Au/GO/SPCE.

Sensor testing

50 uL Brucella antibodies (0.05 mg/mL), 15 μL 0.5% BSA 
in PBS solution (w/v, to prevent non-specific reaction) and 
50 μL antigen solution was added in sequence on the RpG/
Au/GO/SPCE, and incubated at 37°C for 30 min. After each 
step, the electrode surface should be rinsed with 10 mmol/L 
PBS buffer and ultrapure water and be dried naturally. 
Impedance test for biosensor was performed between 0.1 
and  105 HZ.

Results and discussion

Cyclic Voltammetry characterization 
during the biosensor preparation process

Cyclic Voltammetry (CV) is a convenient and effective 
method used to obtain information about electrochemi-
cal procedures (Jafari-Kashi et al. 2022). Therefore, the 
electrochemical behavior of the proposed biosensor prep-
aration process was evaluated using CV measurements 
(Fig. 2a). The oxidation peak current was calculated and 
listed in Table S1. The results showed the peak current 
increased from 117.04 μA (bare SPCE) to 133.3 μA after 

Fig. 1  Schematic illustration of the stepwise assembly of the biosensor for Brucella 
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graphene oxide deposition, and the peak current increased 
to 143.50 μA after gold nanoparticles electrodeposition. The 
peak current of SPCE, GO/SPCE and Au/GO/SPCE were 
brought into Eq. (1), and the electroactive areas were found 
0.1411  cm2, 0.1607  cm2 and 0.1730  cm2, respectively. The 
results indicated that the modification of graphene oxide and 
nanogold increased the electrode’s active area and enhanced 
the electrochemical response in [Fe(CN)6]4−/3− solution.

where Ipa is the anode peak current (A), n is the electron 
transfer number, C is the [Fe(CN)6]4−/3− concentration 
(moL/cm3), A is the electrode active surface area  (cm2), 
D is the solution [Fe(CN)6]4−/3−probe diffusion coefficient 
(7.6 ×  10–6  cm2/s) and V is the scan rate (V/s).

Nevertheless, the peak current began to decrease orderly 
when the modified electrode was successively coated with 
RpG, Brucella Ab and BSA, which indicated the modified 
electrode was covered with a layer-by-layer biofilm hinder-
ing the electron transfer rate on the electrode surface (Chen 
et al. 2020).

Electrochemical impedance spectroscopy 
characterization during the biosensor preparation

Electrochemical impedance spectroscopy (EIS) was 
regarded as a potent tool for studying the surface char-
acterization of biosensors. In the Nyquist plot, the semi-
circle under the higher frequency is correlated with 
charge transfer resistance (Rct). A linear part under 
lower frequency corresponds to the diffusion-limited 
process (Wang et al. 2019). Hence, to further study the 
surface characteristics of the prepared biosensors, EIS 

(1)Ipa =
(

2.69 × 10
5
)

n3∕2CAD1∕2V1∕2

measurement also was applied in this paper (Fig. 2b), 
and the charge transfer resistance (Rct) was calculated 
(Table S2). It can be seen that the Rct values become 
gradually smaller with the subsequent electrodeposition 
of graphene oxide and nano-gold, which is consistent with 
the CV variation law. However, the Rct value increased 
directly from 52.62 to 261.09 Ω after RpG modification 
and increased sequentially to 322.83 Ω and 355.37 Ω with 
the immobilization of Brucella antibody and BSA. This 
result confirmed the formation of a biological complex 
layer and inhibited electron transfer of the biosensor sur-
face (Yuan et al. 2018).

Scanning electron microscopy characterization

Knowing the microstate changes of the electrode surface 
is helpful for further studying the kinetic process and elec-
trochemical reaction process of the electrode. Furthermore, 
scanning electron microscope is regarded as a powerful 
tool for observing the material surface (Smith and Oatley 
1955). Therefore, the surface of the biosensor was evalu-
ated to illustrate the size and morphology of the as-prepared 
nanomaterials. Figure 3a showed that the surface of bare 
SPCE is convex and uneven, attached much flaky carbon 
and carbon powder particles. The surface of GO/SPGE was 
covered with a thin film substance like the unique folded 
shape of GO, consistent with our previous work (Chen et al. 
2020). This result indicated the successful electrodeposition 
of GO on the SPCE (Fig. 3b). Then we also observed a large 
amount of uniformly distributed granular material of about 
50 nm on the surface of graphite oxide after the nanogold 
electrodeposition (Fig. 3c). In addition, EDS energy spec-
trum was employed to analyze the chemical composition of 
the nanocomposites on the Au/GO/SPCE. Figure S1 showed 

Fig. 2  a CV and b EIS characterization of the preparation process of the biosensor for Brucella (inset image: equivalent circuit diagram)
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the mass percentage of Au elements reached 10.50%, which 
confirmed the successful preparation of the gold nanoparti-
cles by electrochemical method (Fig. 4).

X‑ray diffraction characterization

X-ray diffraction (XRD), as an category of nondestructive 
testing, has become an essential tool for microstructure 
analysis of nanomaterials (Yuan 2014). Hence, XRD was 
employed to study the crystallinity of the gold nanoparti-
cles on the modified SPCE. Nanogold presented the diffrac-
tion patterns at 38.7°, 44.8°, 64.5°, 77.7° and 81.8° with 
the miller indices of (111), (200), (220), (311) and (222), 
respectively. Moreover, the maximal peak intensity was 
near 2θ = 38.7°, indicating the growth of nanogold crystal 
nucleus was mainly in the (111) direction. It was consistent 
with the reported crystal type (De Lima et al. 2020). This 
result further confirmed the successful electrodeposition of 
gold nanoparticles.

Optimization of experimental conditions

Number of the graphene oxide deposition

Graphene oxide with a large specific surface area can 
increase the effective area of the electrode surface, which 
is the main factor affecting the performance of the prepared 
biosensor. For obtaining a more well biosensor, the deposit 

Fig. 3  The SEM of a bare 
SPCE, b GO/SPCE and c Au/
GO/SPCE

Fig. 4  The XRD of the nanogold
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quantity of GO was studied by the CV method. Figure S2a 
exhibited that when the deposition turn was longer than 
6, the peak current began to be stable, suggesting that the 
amount of GO deposited on the sensor’s surface reached 
optimum value. More amount of GO cannot further improve 
the conductivity of the electrode because graphene accumu-
lation is unfavorable to the electron transfer. Therefore, we 
chose 6 turns as the optimum parameter.

Number of the chloroauric acid deposition

Immobilizing the biological substance on the surface of 
SPCE by the Au–S bond is a simple and effective method, 
then loading appropriate amounts of gold nanoparticles on 
the surface of GO is the essential step for preparing the mod-
ified electrode (Dca et al. 2022). Therefore, the deposition 
quantity of gold nanoparticles was investigated to improve 
the sensitivity of the biosensor and provide a favorable plat-
form for immobilizing RpG.

As shown in Fig. S2b, the peak current increased rapidly 
with the increasing deposition turns from 2 to 4. However, 
the peak current decreased when the deposition reached 6 
turns, which should be attributed to the uneven accumula-
tion of the nanogold hindering the surface electron transfer. 
Consequently, 4 turns were selected as the optimal electro-
deposition parameter of the nanogold.

Recombinant protein G incubation concentration

Antibody density is an important factor affecting antigen-
binding efficiency, so we may achieve good antibody immo-
bilization by adjusting the SAM amount of the RpG. Figure 
S2c showed that the semicircle diameter in the Nyquist plots 
gradually enlarged with the increase of RpG concentration, 

indicating the electrode surface was covered with more RpG. 
However, the semicircle diameter had no significant change 
when the concentration reached 1.0 mg/mL. Hence, 0.6 mg/
mL was regarded as the optimal concentration parameter.

Antibody incubation time

The incubation time is a crucial parameter affecting anti-
bodies’ oriented immobilization quantity through RpG. 
Furthermore, it requires some time to coordinate of the Fc 
regions of antibody to the binding domains of RpG. There-
fore, the fabricated biosensor was incubated with Brucella 
antibody for a certain time (15 min, 30 min, 45 min, 60 min, 
75 min) to obtain the optimal response signal. The relation-
ship between incubation time and the impedance change ΔZ 
was established as the following formula:

where RAg represents the Rct after binding the Brucella anti-
gen (1.6 ×  104 CFU/mL), and RBSA represents the Rct after 
being closed by blocker BSA. As shown in Fig. S2d, the ΔZ 
increased from 110.80 to 137.68 Ω when the incubation time 
reached from 15 to 30 min. Nevertheless, when the incuba-
tion time was longer than 30 min, the ΔZ remained equable. 
Therefore, we chose 30 min as the optimal incubation time.

Detection and Analysis of Brucella biosensors

Impedance in various concentrations of the Brucella solu-
tions under the optimal conditions were tested to evaluate 
the performance of the prepared biosensor. It can be seen 
from the Nyquist plot (Fig. 5a) the semicircular arc diameter 
(Rct) gradually increased with the increase of the Brucella 

(2)ΔZ = RAg − RBSA

Fig. 5  a Nyquist plot and b Calibration curve of the biosensor for Brucella 
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solution concentration, which only reflects the relation-
ship between the real and imaginary parts of the imped-
ance. The phenomenon indicated more antibody-antigen 
complexes generated and covered the surface of the bio-
sensor, and then hindered the charge transfer rate of the 
biosensor surface. Moreover, we fit the data and built an 
equivalent circuit (inset, Fig. 5a). The solution impedance 
(Rs) was 282.58 ± 5.65Ω (RSD = 1.98%) when the antigen 
concentrations were in the range of 1.6 ×  102 CFU/mL to 
1.6 ×  108 CFU/mL. This result confirmed that the value of 
the Rs was almost unaffected by the generation of antibody-
antigen complexes.

Meanwhile, we also studied the bode plot (Fig. S3). It 
could be seen that the impedance modulus increased gradu-
ally with the increase of antigen concentration only at low-
frequency conditions (Fig. S3a). In contrast, phase angle 
was positive correlation with the antigen concentration when 
the frequency logarithm is 1 to 2.5. In sum, the bode plot 
well reflected the integrated characteristics of resistance and 
capacitance, thus indicating our model accorded with the 
electrode surface response law.

The calibration curve was built using the logarithm of 
the antigen concentration as the horizontal coordinate and 
the dimensionless Ź as the vertical coordinate. (Fig. 5b). 
The Ź value (refer to formula 3) can reduce the variation 
between electrodes and make the data more scientific and 
reasonable. The results revealed that the logarithm of the 
antigen concentration (from 1.6 ×  102 to 1.6 ×  108 CFU/mL) 
positively correlated with the Ź value. The linear equation 
was y = −0.21668 + 0.16197×, the linear correlation coef-
ficient R = 0.9855, and the lowest detection limit (S/N = 3) 
was 3.2 ×  102 CFU/mL. The remarkable performance of 
biosensors should be attributed to the excellent orientation 
immobilization of the Brucella antibody, and the synergetic 
signal amplification effect of GO and nanogold.

where RBSA and RAg denote, respectively, the charge trans-
fer impedance of the proposed biosensor after BSA sealing 
and antigen-binding.

Compared with the previously reported biosensors 
(Table. S4), the proposed biosensors obtained a satisfactory 
result with an upper limit of detection of  108 CFU/mL and 
a lower limit of detection of  102 CFU/mL. The upper limit 
of detection was 1–2 orders of magnitude higher than other 
electrochemical biosensors, and the lower limit of detection 
was comparable to SPR immunoassay. This result should be 
attributed to the generating of GO and Au nanocomposites. 
Its property was superior to the reported nanomaterials, such 
as onefold gold nanoparticles (Wu et al. 2013), Cu doped 
NiO and  ZrO2 (Khan et al. 2018), and Cu doped MgO (Khan 
et al. 2017) that were used for the preparation of sensors of 

(3)
�

Z =
(

RAg − RBSA

)

∕RBSA

Brucella detection. Therefore, we confirmed that a novel 
ultra-sensitive biosensor was successfully obtained.

Specificity test of the biosensor

Specificity is an essential indicator in evaluating the per-
formance of biosensors. Heat-inactivated Staphylococ-
cus aureus (1.0 ×  109  CFU/mL) and Escherichia coli 
O157:H17 (4.0 ×  109 CFU/mL) were used as interfering 
bacteria to verify the specificity of the proposed biosensor. 
The impedance change of the biosensor were tested. The 
results showed there was a significant difference (p < 0.01) 
between the impedance change of interfering bacteria and 
Brucella abortus, and there was not a significant difference 
(p > 0.05) between the impedance change of interfering 
bacteria and the blank group. This result confirms that the 
prepared biosensor has acceptable specificity for Brucella 
abortus (Fig. 6a).

Reproducibility test of the biosensor

"Good reproducibility" means the prepared biosensors in the 
same conditions do not cause unacceptable determination 
results due to the biosensor’s bias. Five biosensors were pre-
pared using the same method, and their impedance change 
was tested in a 1.6 ×  105 CFU/mL Brucella antigen solution. 
The results showed that the minimum impedance (154.39 Ω) 
for the prepared biosensors was 93.03% of the maximum 
impedance change (165.95 Ω), and the RSD for the five bio-
sensors was 3.15% (n = 3). Therefore, we deemed the repro-
ducibility of the biosensors acceptable (Fig. 6b).

Stability test of the biosensor

As another indicator of the biosensor, stability is also vital 
for the real sample detection. Rapid detection and analysis 
have become a tendency in the field of detection nowadays. 
Hence, biosensors need to be prepared ahead of time, and 
their storage time should be studied to acquire outstanding 
performance. A series of biosensors were fabricated simul-
taneously and then stored at 4 °C. Figure 6c showed the 
impedance responses appeared to have an overall decreasing 
trend as time passed, which was related to the loss of anti-
body activity during storage. After 10 days, the impedance 
responses of these biosensors were at 90.60% of the initial 
impedance response. Moreover, the RSD for the stability test 
of the biosensor is 4.68% (n = 3). The results confirmed that 
this fabricated biosensor had good stability.

Detection of actual pasteurized milk simples

Brucella abortus exists in the serum, raw milk or incom-
pletely sterilized milk of infected cattle. Pasteurized 
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milk was spiked with high (1.6 ×  108 CFU/mL), medium 
(1.6 ×  105 CFU/mL) and low (1.6 ×  102 CFU/mL) concentra-
tions of Brucella abortus, and then the constructed biosensor 
was applied for the spiked recovery test. The spiked recov-
eries were calculated with the averages of three replicates 
according to Eq. (4). The recoveries of the three concen-
trations were 92.97%, 98.79% and 100.71%, and the RSDs 
were 5.40%, 1.51% and 3.6%, respectively. The above results 
suggested that the proposed sensor assay can identify the 
Brucella abortus in Pasteurized milk samples with a mini-
mum concentration of 1.6 ×  102 CFU/mL and a maximum 
concentration of 1.6 ×  108 CFU/mL. (Table S3).

where M is the recovery (%), A is the spiked measurement 
value (CFU/mL), B is the spiked amount (CFU/mL).

Conclusion

In conclusion, a unique biosensor has been developed for 
the highly selective and sensitive detection of Brucella. 
The RpG/Au/GO/ /SPCE biosensor integrated the synergis-
tic conductivity ability of GO and gold nanoparticles and 
the high selectivity of RpG property for Brucella antibody. 
Moreover, the RpG/Au/GO/SPCE biosensor exhibited excel-
lent anti-interference capability, reproducibility and stability, 

(4)M(%) =
[

1 − (A − B)∕B
]

× 100%

which can be regarded as a reliable method for the rapid 
determination of Brucella. At optimum conditions, the RpG/
Au/GO/SPCE presented high sensitivity for Brucella within 
the concentration range 1.6 ×  102–1.6 ×  108 CFU/mL with a 
detection limit of 3.2 ×  102 CFU/mL (S/N = 3). Furthermore, 
the RpG/Au/GO/SPCE biosensor was applied successfully 
to test Brucella in Pasteurized milk samples with accept-
able recovery data of 92.97–100.71%. As far as we know, 
there are not many studies on electrochemical biosensors for 
Brucella detection. Moreover, the performance of the devel-
oped electrochemical biosensor in this study was satisfac-
tory. Hence, it can be concluded that the proposed biosensor 
can be applied as a new tool for detecting Brucella abortus.
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