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a  b  s  t  r  a  c  t

A  novel  magnetic  electrochemical  immunosensor  has  been  developed  for the  detection  of  pseudorabies
virus  antibody  in  swine  serum.  The  magnetic  glass  carbon  electrode  was  fabricated  to  manipulate  mag-
netic  beads  for  the  direct  sensing  applications.  Magnetic  beads  were  employed  as  the  platforms  for  the
immobilization  and  immunoreaction  process,  and  gold  nanoparticles  were  chosen  as electroactive  labels
for  the  electrochemical  detection.  The  parameters  concerning  the  assay  strategy  were  carefully  investi-
eywords:
agnetic glass carbon electrode
agnetic bead
old  nanoparticles

gated.  Under  the  optimal  conditions,  the  linear  response  range  of  pseudorabies  virus  antibody  dilution
ratio  (standard  positive  serum)  was  1:250  to 1:1000  with  a  detection  limit  of  1:1000.  Finally,  this  devel-
oped  immunoassay  method  was  successfully  applied  in  the  detection  of  pseudorabies  virus  antibody  in
swine  serum,  and  had  a good  diagnostic  accordance  in  comparison  with  ELISA.
seudorabies
lectrochemical immunoassay

. Introduction

Special attention has been paid in magnetic beads (MBs)-based
lectrochemical immunoassay in the recent years [1–9]. As an ideal
latform candidate, MBs  allow for quick and efficient purification,
nd concentration from crude samples, thereby eliminating the
eed for most of the pre-treatment steps as well as the matrix effect

rom the samples. Additionally, MBs  can provide a low detection
imit since MBs  have large surface area to immobilize biomolecules.

ore importantly, MBs  make the possible of immobilization and
mmunological reaction events to be performed away from the
lectrode surface [9], effectively reducing the complexity and time
equired for sensing application. One major obstacle for MBs-based
lectrochemical immunoassay is the lack of uncomplicated, low
ost and practical magnetic electrode for MBs  manipulation and
he direct sensing [9,10].

Pseudorabies,  or designated as Aujeszky’s disease (AD), is a seri-
us acute infectious disease for livestock and pets [11,12]. It has the
igh death rate and strong infection capability, contributes to sig-

ificant economic losses in animal husbandry worldwide. Swine

s considered as the natural host of pseudorabies virus (PRV) and
lay an important role in transmission. Therefore, development of
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a rapid, simple, sensitive, low cost, and reliable assay is crucial for
the clinical diagnosis as well as early prevention of further spread.
Herein, we  introduced a simple procedure to prepare magnetic
glass carbon electrode (MGCE), and used the MGCE to construct a
novel MBs-based immunosensor. To demonstrate this concept, this
sensor was employed for the detection of PRV antibody in swine
serum. Gold nanoparticles (AuNPs), which is stability, easy prepara-
tion, and has good biological compatibility, excellent conductivity,
were selected as the electroactive labels for the electrochemical
detection. The schematic design is depicted in Fig. 1. The PRV anti-
gen was  attached onto the MBs  surface, and then respectively
incubated with the PRV antibody in swine serum and the sec-
ond antibody that modified with AuNPs (AuNPs-Ab2) (Fig. 1(A)).
After the immunological reaction, immunocomplex-coated mag-
netic beads (IMBs) carried the relevant information were captured
and focused on the detection surface with help of MGCE  (Fig. 1(B)).
MGCE was immersed in 0.1 mol/L HCl solution for the electrochem-
ical detection, in which AuNPs can be electro-oxidized to produce
AuCl4− [13]. Finally, this strategy was applied in the detection of
PRV antibody in swine serum.

2. Experimental

2.1. Apparatus and electrodes
Cyclic  voltammograms (CVs) and differential pulse voltam-
mograms (DPVs) were performed in a CHI 660 electrochemical
analyzer (Shanghai Chenhua Instruments, Shanghai, China). All
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Fig. 1. (A) Schematic diagram of the immunological reaction procedure. (

easurements were carried out at room temperature (25 ± 1 ◦C) in
 2 mL  electrochemical cell with a normal three-electrode configu-
ation. A platinum wire counter electrode and a saturated calomel
eference electrode (SCE) were used in this three electrodes con-
guration. A homemade MGCE was used as working electrode.
fter the detection, the MGCE surface was rubbed with alcohol
ledget, washed with ultrapure water. Then, MGCE was  cleaned in
.5 mol/L H2SO4 by performing CVs from −1.0 to 1.0 V (vs. SCE) with

 scan rate of 100 mV/s for 20 cycles. After thoroughly rinsed with
ater and dried with high purity nitrogen gas (99.999%), MGCE was
sed to capture IMBs for the subsequent detection. Transmission
lectron Microscope (TEM) H-7650 (HITACHI, Japan) and UV–vis
pectrometer (DU 800, Bekman, Japan) were used to characterize
he AuNPs.

.2. Reagents and materials

PRV  antigen, standard positive and negative serum, ELISA Kit
or the detection of PRV antibody, the clinical serum specimens
ollected from swine were all supplied by Wuhan Keqian Animal
iological Products Co., Ltd. (Wuhan, China). The standard pos-

tive serum was anti-serum from a pig experimentally infected
ith PRV. The standard negative serum was obtained from a PRV-

ree herd. Classical swine fever virus (CSFV), Japanese encephalitis
irus (JEV) and porcine parvovirus (PPV) were acquired from State
ey Laboratory of Agricultural Microbiology Huazhong Agricultural
niversity (Wuhan, China). Rabbit anti-pig IgG (the second anti-
ody, Ab2) was purchased from Beijing Biosynthesis Biotechnology
o. Ltd. (Beijing, China). Bovine serum albumin (BSA) was supplied
y German Roche Co. Ltd. (Germany). COOH-coated MBs  3.0 �m
ized were obtained from Shaanxi Lifegen Co. Ltd. (Sian, China).
-(3-dimethylamino-propyl)-3-ethylcarbodiimide hydrochloride

EDC), and N-hydroxysuccinimide (NHS) were purchased from
laddin Reagent Co. Ltd. (Shanghai, China). Hydrogen tetrachlo-
aurate (III) trihydrate (HAuCl4·3H2O, 99.9%), other reagents and
hemicals were all supplied by Sinopharm Chemical Reagent Co.,
ematic diagram of the electrochemical detection procedure (not in scale).

Ltd. (Shanghai, China). The solutions were prepared using ultra-
pure water, which was  obtained through a Cascada Lab Water
System (USA). The phosphate buffer solution (PBS) consisted
of 0.01 mol/L phosphate buffered saline, 0.137 mol/L NaCl and
0.003 mol/L KCl (pH = 7.4). Prior to electrochemical detection, the
solutions were piped with high purity nitrogen gas for half an
hour.

2.3. Methods

2.3.1. Synthesis of AuNPs and preparation of AuNPs-Ab2
AuNPs were synthesized by reducing tetrachloroauric acid with

trisodium citrate [14]. All glassware was cleaned in aqua regia,
rinsed with ultrapure water, and dried prior to use. A volume of
200 mL  of 0.01% HAuCl4 solution was boiled with vigorous stirring,
and then 5 mL  of 1% trisodium citrate solution was  rapidly added,
which result in a change in solution color from faint yellow to wine-
red within 1 min. Boiling continued for an additional 5 min, after
that the solution was  left stirring and cooling down. AuNPs was
stored in 4 ◦C and used to prepare AuNPs-Ab2 as soon as possible.
The AuNPs were characterized by TEM that indicated the particle
size was about 13 ± 2 nm and UV–vis spectrometer that showed an
absorption peak at 520 nm.

The conjugation of AuNPs-Ab2 was  performed according to the
following procedure: pH-adjusted AuNPs solution (pH = 9.0) was
mixed with 100 �L of 100 �g/mL Ab2 and incubated at room tem-
perature for 30 min. The antibody was absorbed onto the surface
of AuNPs through a combination of ionic and hydrophobic interac-
tions. After that, a blocking step with 1% BSA, incubating at room
temperature for 30 min  was  performed. Finally, the mixture solu-
tion was  purified by a centrifugation at 12,000 rpm for 30 min, and
then the soft sediment was resuspended in PBS containing 1% BSA.
2.3.2. Preparation of PRV-coated MBs [15]
5 mg  (400 �L from the store solution) of MBs  were placed

in a tube and were separated from the suspension media after



3 ta 87 

p
t
a
M
v
P
t
t
P
t
i
i
M
p
B

F
M

04 F. Li et al. / Talan

lacement on a magnetic rack (Lifegen, Sian, China). Subsequently,
he MBs  were washed twice with 2-morpholino-ethanesulfonic
cid  solution (MES) (0.1 mol/L, pH = 5.5) and suspended in
ES solution containing 10 mg  EDC and 5 mg  NHS. The acti-

ated MBs  were washed twice with coupling buffer (0.01 mol/L
BS, pH = 7.4) after 30 minutes. PRV antigen was added to
he activated MBs, and the mixture was incubated with gen-
le mixing at room temperature for 4 h. After washed with
BS–Tween (0.01 mol/L PBS containing 0.05% Tween-20) three
imes, the PRV-coated MBs  were resuspended in PBS contain-
ng 5% BSA to block any remaining active surface and then

ncubated at room temperature for 1 h. Finally, the resulting

Bs were washed three times with PBS–Tween and resus-
ended in a final volume of 10 mL  with PBS containing 0.1%
SA.

ig. 2. Schematic diagram (A) and photograph (B) of MGCE, and (C) the photograph of 

GCE).
(2011) 302– 306

2.3.3. Immunoassay procedure
A  series of dilutions of the serum (100 �L, anti-PRV) was added

into the 50 �g of PRV-coated MBs  (MB/PRV). The mixture was incu-
bated with rotation at 37 ◦C for 30 min. After the washing steps
with PBS–Tween five times, the MB/PRV/anti-PRV were incubated
with 100 �L of the previously synthesized AuNPs-Ab2 at 37 ◦C
for 30 min. Finally, the IMBs (MB/PRV/anti-PRV/AuNPs-Ab2) were
washed with PBS–Tween for five times.

2.3.4. Electrochemical detection

The electrode was  used to capture IMBs for the subsequent

detection. After that 1.5 mL of 0.1 mol/L HCl was added into the
electrochemical cell to perform the electrooxidation of AuNPs at
a constant potential of +1.3 V for 150 s, and immediately the DPV

MGCE that confined the IMGs on the detection surface (Inset is the image of bare
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Fig. 3. (A) DPV responses of the magnetic electrochemical immunoassay using
AuNPs-Ab2 conjugations in 0.1 mol/L HCl with different dilution ratio of RPV anti-
body standard positive serum from (A) to (G) (0, 1/1000, 1/800, 1/600, 1/500, 1/400,
F. Li et al. / Talan

etection from +0.65 to 0.25 V, with a step potential of 4 mV,
 pulse amplitude of 50 mV,  and a pulse period of 0.2 s. CVs
ere performed in 0.01 mol/L PBS solutions (pH = 7.4) containing

.025 mol/L K3[Fe(CN)6]/K4[Fe(CN)6] and recorded at a potential
ange from −0.1 to 0.6 V (vs. SCE) with a scan rate of 100 mV/s.

. Results and discussion

.1.  Characterization of MGCE

Glass carbon, possess the smooth surface, the large electrochem-
cal window, the high hydrogen overpotential and the excellent
hemical stability, has been one of the most widely used car-
on material in electro-analytical applications. Owing to these, the
GCE can be used for the sensing both of metal-based tag (e.g.,

uNPs) and enzymatic tracer [16], extending the application area
f MBs-based electrochemical immunoassay. Fig. 2(A) illustrated
chematic diagram of the MGCE and Fig. 2(B) is the photograph of
GCE. It consists of a neodymium hollow cylinder magnet (6 mm

iameter × 52 mm length) that was press-fitted into a PTFE cylin-
rical tube (10 mm diameter × 65 mm length). One end of the PTFE
ylindrical tube was packed with glass carbon to about 5 mm depth
nd 3 mm diameter. A copper connector with a spring was  designed
o combine the glass carbon with electrochemical analyzer because
he wire (e.g., copper wire or silver wire) cannot be weld with glass
arbon. It was inserted into the central of the neodymium hollow
ylinder magnet, and connected with the glass carbon with help of
he spring.

The internal resistances of MGCE and the normal glass carbon
lectrode were, respectively, tested by an electronic multimeter.

 minute difference between the two electrodes was  found, indi-
ating that MGCE had efficient electrical conductivity. The surface
agnetic field distribution for the electrode was  also investigated.

he electrode yielded magnetic field intensities of 73.6, 70.8, 68.2,
5.0, and 36.9 mT,  measured at radius of 0, 1.5, 3.0, 4.0, and 5.0 mm
f the electrode surface, respectively. The result shows that the
aximum magnetic field intensity is obtained in the centre of the

lectrode surface, and its magnetic field intensity is twice larger
han that of magnetic gold electrode [16]. The dispersive IMBs,
herefore, could be well captured and focused on the detection
urface (Fig. 2(C)). The IMBs can be easily removed from the elec-
rode surface without the need for the magnet to be taken out from
he PTFE tube. The regeneration procedure is simple, allowing the
lectrode reused for a long time while its cost increases only $6 in
omparison with the normal glass carbon electrode. Furthermore,
he MGCE can be integrated in the traditional electrochemical sys-
em without making the device too complicated and expensive.
hese factors demonstrated that the homemade MGCE was inex-
ensive, robust, user-friendly, and had a commercial promise for
lectrochemical detection.

The  electrochemical characterization of the immunosensor was
ested by cyclic voltammetry of electro-active species in a conduct-
ng aqueous solution. The immobilization of the PRV antigen and
ntibody onto the MBs  surfaces significantly induced the decrease
f the peak current of redox couple (K3[Fe(CN)6]/K4[Fe(CN)6]).
he peak current of redox couple slightly enhanced after AuNPs-
b2 immunologically attached on the MBs  surfaces. These results
emonstrate that the proposed strategy can be successfully used
or immunoassay, which further confirmed the success in the
mmunosensor design.
.2.  Optimization of the experimental conditions

Oxidation potential was crucial since too low potential would
ot be able to oxidize gold in HCl to AuCl4−, while too high
1/250). Insets: corresponding calibration curves. (B) Specificity of the magnetic elec-
trochemical immunoassay. (pseudorabies virus (PRV), classical swine fever virus
(CSFV), Japanese encephalitis virus (JEV) and porcine parvovirus (PPV)).

potential would cause damage of the MGCE surface and further
affect electrochemical signals. The oxidation potential from +1.2 to
+1.6 V was  investigated with DPV detection after the preoxidation
of the captured AuNPs in 0.1 mol/L HCl, and +1.3 V was selected for
the subsequent detection. Oxidation time in the range of 50–250 s
was  also examined, and 150 s was evaluated to be the optimum
time.

The effect on the sensitivity of the amount of IMBs immobi-
lized on the electrode surfaces was  investigated from 10 to 150 �g.
An increase in the sensitivity was  observed up to 50 �g. The large
amount of IMBs did not improve the sensitivity for electrochem-
ical detection, which is probably due to the excess IMBs blocking
the mass transformation, minimizing the electric conductivity. For
this reason, an immobilized IMBs amount of 50 �g was chosen for
further work.

3.3.  Performance of the sensor

Under  the optimal conditions, the sensitivity of the electro-
chemical immunoassay was  investigated by varying dilution ratio.
Different peak currents obtained in the DPV response of gold tag
after immunological reactions was tested. As shown in Fig. 3(A),

the reduction current of gold was  linear with respect to the dilution
ratio over the range from 1:250 to 1:1000. The regression equation
was Y = 5345.1X − 2.4499 (Y is the peak current and X is the dilution
ratio of PRV antibody) with the regression correlation coefficient of
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.9942. The detection limit of this method was estimated as 1:1000
S/N = 3), which is lower than that of ELISA (1:300). This indicates
he proposed immunosensor can successfully detect PRV antibody
ith a high sensitivity and low detection limit. A batch of three

lectrodes prepared in the same manner was used to evaluate the
lectrode fabrication reproducibility. A value of 3.31% for overall
tandard deviation (n = 9, three times per electrode for three elec-
rodes) was obtained by analyzing 1:400 PRV standard positive
era. In addition, three series of five measurements of 1:500 PRV
tandard positive sera with three independent electrodes yielded
eproducible signals with relative standard deviations of 4.85%,
.08% and 5.26%, respectively.

In  order to detect the specificity of the present immunosen-
or, MBs  modified with PRV, CSFV, JEV, PPV were incubated with
tandard positive and negative serum, respectively, and the subse-
uent detection is followed the present immunosensor procedure.
s shown in Fig. 3(B), the peak currents obtained from MBs mod-

fied with CSFV, JEV and PPV incubated with positive or negative
erum were all similar to that obtained from PRV-MBs incubated
ith negative serum, indicating that the proposed immunosensor
ad sufficient specificity for the diagnosis of PRV antibody.

.4.  Application of immunosensors for real samples

The proposed method was further validated by using fifty-two
wine serum samples with reference to commercialized ELISA kit.
he results obtained from the present method verified that 50 sam-
les were positive and the other samples were negative, consistent
ith the results of ELISA. The efficiency value of 100% was  calcu-

ated from the equation [17]: Efficiency = (TP + TN) × 100/Total (TP,
rue Positive; TP = 50; TN, True Negative; TN = 2; Total = 52). Such
esult demonstrated that the proposed method provided assay per-
ormance comparable to the commercialized ELISA kit, and might
romise to apply in clinical diagnosis for the detection of PRV anti-
ody.
. Conclusion

In summary, we have developed a novel MBs-based electro-
hemical immunoassay for the detection of PRV antibody based

[

[

(2011) 302– 306

on  the homemade MGCE for the capture and direct sensing, which
effectively reduces the complexity and time required for sensing
applications. The present method was  applied for the detection of
PRV antibody in serum samples, and had a good diagnostic agree-
ment with the results from ELISA. This sensitivity, high specificity
and low-cost electrochemical immunoassay provides a new con-
cept for capture and direct sensing, and has a great promise for
clinical diagnosis, environmental monitoring and food analysis.

Acknowledgements

This  work was  supported by the National Natural Science Foun-
dation of China (Grant No. 20005005) and the State Key Laboratory
of Agricultural Microbiology, Huazhong Agricultural University
(Grant No. AML-200905)

References

[1] M.  Eguilaz, M.  Moreno-Guzman, S. Campuzano, A. Gonzalez-Cortes, P. Yanez-
Sedeno, J.M. Pingarron, Biosens. Bioelectron. 26 (2010) 517–522.

[2] A. Hayat, L. Barthelmebs, J.L. Marty, Anal. Chim. Acta 690 (2011) 248–252.
[3] M. Moreno-Guzman, A. Gonzalez-Cortes, P. Yanez-Sedeno, J.M. Pingarron, Anal.

Chim. Acta 692 (2011) 125–130.
[4] E. Zacco, M.I. Pividori, S. Alegret, Anal. Chem. 78 (2006) 1780–1788.
[5] S. Campuzano, B.E. De vila, J. Yuste, M.  Pedrero, J.L. Garcia, P. Garcia, E. Garcia,

J.M. Pingarron, Biosens. Bioelectron. 26 (2010) 1225–1230.
[6] S. Liebana, A. Lermo, S. Campoy, M.P. Cortes, S. Alegret, M.I. Pividori, Biosens.

Bioelectron. 25 (2009) 510–513.
[7] M.  Hervas, M.A. Lopez, A. Escarpa, Anal. Chim. Acta 653 (2009) 167–172.
[8] D. Du, J. Wang, L. Wang, D. Lu, J.N. Smith, C. Timchalk, Y. Lin, Anal. Chem. 83

(2011) 3770–3777.
[9] E. Palecek, M.  Fojta, Talanta 74 (2007) 276–290.
10]  I.Y. Goon, L.M.H. Lai, M. Lim, R. Amal, J.J. Gooding, Chem. Commun. 46 (2010)

8821–8823.
11] W.A. Mulder, J.M. Pol, E. Gruys, L. Jacobs, M.C. De Jong, B.P. Peeters, T.G. Kimman,

Vet. Res. 28 (1997) 1–17.
12] S. Chinsakchai, T.W. Molitor, Vet. Immunol. Immunopathol. 43 (1994) 107–116.
13] A. Ambrosi, M.T. Castaneda, A.J. Killard, M.R. Smyth, S. Alegret, A. Merkoci, Anal.

Chem. 79 (2007) 5232–5240.
14] K.C. Grabar, R.G. Freeman, M.B. Hommer, M.J. Natan, Anal. Chem. 67 (1995)

735–743.
15] T. Alefantis, P. Grewal, J. Ashton, A.S. Khan, J.J. Valdes, V.G. Del Vecchio, Mol.
Cell. Probe 18 (2004) 379–382.
16] F. Li, L. Mei, Y.M. Li, K.H. Zhao, H.C. Chen, P. Wu,  Y.G. Hu,  S.B. Cao, Biosens.

Bioelectron. 26 (2011) 4253–4256.
17] J. Shukla, M.  Khan, M.  Tiwari, S. Sannarangaiah, S. Sharma, P.V.L. Rao, M.  Parida,

Diagn. Micr. Infec. Dis. 65 (2009) 142–149.


	Magnetic beads-based electrochemical immunosensor for detection of pseudorabies virus antibody in swine serum
	1 Introduction
	2 Experimental
	2.1 Apparatus and electrodes
	2.2 Reagents and materials
	2.3 Methods
	2.3.1 Synthesis of AuNPs and preparation of AuNPs-Ab2
	2.3.2 Preparation of PRV-coated MBs [15]
	2.3.3 Immunoassay procedure
	2.3.4 Electrochemical detection


	3 Results and discussion
	3.1 Characterization of MGCE
	3.2 Optimization of the experimental conditions
	3.3 Performance of the sensor
	3.4 Application of immunosensors for real samples

	4 Conclusion
	Acknowledgements
	References


