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Porcine circovirus type 2 (PCV2) is associated with many diseases especially postweaning multisystemic
wasting syndrome (PMWS), which has brought huge economic loss to the swine industry worldwide.
Viral detection will pave the way for this disease prevention. Herein, we developed a facile, rapid and
ultrasensitive method for detection of PCV2 based on gold(i) enhanced chemiluminescence
immunoassay (CLIA). The gold(u), dissolved from the gold nanoparticle-monoclonal antibody
conjugate, served as an analyte for the indirect measurement of PCV2. Under the optimal conditions,
the detection limit for the detection of PCV2 was 1.71 x 10° copies mL~'. Moreover, the CLIA signal
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can be further enhanced by using hydroxylamine-amplified gold nanoparticles, and the limit of
detection was as low as 2.67 x 10? copies mL~'. Compared with conventional polymerase chain
reaction (PCR), the proposed method has good sensitivity and reliability in analysis of 36 serum

samples, and showed great potential in virus assays.

Introduction

Animal diseases can not only cause huge economic loss, but also
endanger human health. However, compared with human
diseases, animal diseases have not attracted much attention.
Porcine circovirus (PCV), which is classified in a newly recog-
nized virus family—Circoviridae,' is a small non-enveloped virus
with a single-stranded circular DNA genome of about 1.76 kb
and a size of 17 nm in diameter.> At the 20th International Pig
Veterinary Society Congress in 2008, PCV-associated disease was
listed as the first disease which threaten the development of the
swine industry. Two species of PCV have been characterized and
are subsequently known as porcine circovirus type 1 (PCV1) and
porcine circovirus type 2 (PCV2).? PCV1 is considered to be
nonpathogenic to pigs by experimental inoculation. Increasing
evidence indicate that PCV2 is the causative agent of the post-
weaning multisystemic wasting syndrome (PMWS), porcine
respiratory disease complex (PRDC) and porcine dermatitis and
nephropathy syndrome (PDNS).** With the development of
large-scale swine industry, the diseases caused by PCV2 are
increasing, which have brought huge economic loss to the swine
industry around the world. Now, most common methods for
detection of PCV2 are biological methods. Analytical chemistry
methods have rarely been reported and not gained the attention
from chemical scientists. At present, PMWS is most commonly
diagnosed with the detection of the antibody against PCV2,
using enzyme-linked immunosorbent assay (ELISA), indirect
immunofluorescence assay (IFA) and immunoperoxidase
monolayer assay (IPMA).”'> However, whether the animals
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have been sick can be more directly proved by the viral detection.
Until now, PCV2 serving as antigen for detection of PCV2 within
an immunological method has rarely been reported. The mainly
used methods for detection of PCV2 are various kinds of poly-
merase chain reaction (PCR)."*** But these methods have some
limits, such as high cost, high false positive frequency, relatively
long analysis time and requires sophisticated instrumentation.
Therefore, developing a new method has great significance in the
early detection of PCV2.

Chemiluminescence immunoassay (CLIA) offers both the
advantages of chemiluminescence (CL) and immunoassay (IA),
and it has been applied in clinical chemistry and bioanalysis.’s**
Recently, nanomaterials serving as bioanalytical markers, espe-
cially gold nanoparticles, have attracted considerable interest
because of their rapid and simple chemical synthesis, easy
conjugation with biomolecules, good biocompatibility and
stability.'®1**” Moreover, lower detection limits can be obtained
by indirect detection of gold(ir). However, CLIA based on
gold (1) has rarely been used in detecting animal disease markers
in recent years.?® In our previous work, we reported an indirect
fluorescence immunoassay for high-throughput screening of
Actinobacillus pleuroneumoniae (APP) based on the fluorescence
quenching of quantum dots by gold(im).?* In this article, we
report an ultrasensitive, simple, rapid, specific, and reproducible
method for the detection of PCV2 using gold(i) enhanced
CLIA. The limit of detection (LOD) was 2.67 x 10? copies mL".
In comparison with PCR, CLIA provided a great promising
future for ultrasensitive and reliable detection of PCV2 in clinical
analysis and controlling the transmission of the disease.

Experimental
Apparatus

Transmission electron microscope images (TEM, H-7650, Hita-
chi, Japan) were used to characterize the particle size of PCV2,
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gold nanoparticles and gold nanoparticle-monoclonal antibody
conjugate. The CL signal was detected by a BPCL ultra-weak CL
analyzer (Institute of Biophysics Academic Sinica, Beijing,
China). The ultraviolet and visible (UV-vis) absorption spectra
were made with a Thermo Nicolet Corporation Model evolution
300 UV-vis spectrometer. The pH measurements were acquired
on a Model pHS-3C meter (Shanghai Leici Equipment Factory,
China).

Reagents

Polystyrene 96-well plates were obtained from Keqian Animal
Biological Products Co., Ltd. (Wuhan, China) and used to
perform the immunoreactions. Bovine serum albumin (BSA) was
from German Roche Co. (Germany). HAuCly-4H,O was
obtained from Shanghai Chemical Reagent Co. (Shanghai,
China). The luminol stock solution (1.0 x 10-> M) was prepared
by dissolving luminol (obtained from Sigma) in 0.1 M NaOH
solution and stored at 4 °C in a dark place. The buffers used were
as follows: (A) coating buffer, 0.1 M sodium phosphate buffered
saline (PBS), pH 7.2-7.4; (B) washing buffer, buffer A with 0.1%
Tween 20. The monoclonal antibodies, standard positive and
negative serum saved by our laboratory. Clinical serum samples
were obtained from naturally infected and non-infected pigs. All
chemical reagents were of analytical grade and the water was
prepared by Milli-Q equipment and used throughout.

Preparation of gold nanoparticles and gold nanoparticle—
monoclonal antibody conjugate

Gold nanoparticles were synthesized according to the method of
Yu et al.?* using citrate to reduce HAuCl,. All glassware was
soaked in highly concentrated HNO;-HCI mixed solution for
a time, then it was washed with water and dried before use.
Firstly, 100 mL of 0.01% HAuCly-4H,O solution was heated to
boiling, then quickly added to 4 mL of 1% sodium citrate solu-
tion with vigorous stirring. After the color changed from light
yellow to brilliant red, the solution was no longer heated but

stirred for another 5 min to complete the reduction of the
HAuCly, then cooled to room temperature and stored at 4 °C.
The synthesized gold nanoparticles were used for the preparation
of gold nanoparticle-monoclonal antibody conjugate.

Gold nanoparticle-monoclonal antibody conjugate was
prepared with some modifications following procedure of Hu
et al.*® The monoclonal antibody (20% more than the minimum
amount determined by a flocculation test) was added to 10 mL
gold nanoparticles suspension (pH adjusted to 8.5 with 0.1 M
K,CO3), then stirred and incubated at room temperature for
30 min. The conjugate was centrifuged at 10 000g for 30 min,
then the soft sediment was resuspended with 1% BSA in buffer A
and stored at 4 °C.

Procedures for the CLIA and hydroxylamine-amplified CLIA

The principle of CLIA and hydroxylamine-amplified CLIA are
depicted in Scheme 1. PCV2 was used as antigen and it was
characterized by TEM and metrically analyzed as 17 nm in
average diameter (Fig. 1). Each well of the 96-well polystyrene
microplate plate was coated with a series of dilution of standard
positive serum in buffer A (100 pL), which was incubated

Fig. 1 TEM image of PCV2 using negative-staining method.
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Scheme 1 Schematic representation of the Au nanoparticles-based CLIA and hydroxylamine-amplified CLIA. (A) Procedures for the immunoassay.
(B) Procedures for conventional CL detection. (C) Procedures for hydroxylamine-amplified CL detection.
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overnight at 4 °C. After removal of the unbound PCV2, each well
of the plate was washed six times with buffer B. After that, the
residual sites of each well was blocked with 300 uL 3% BSA in
buffer A and incubated for 60 min at 37 °C. Then the wells were
washed with buffer B six times, and 100 pL gold nanoparticle—
monoclonal antibody conjugate was dispensed in each well. The
wells were incubated at 37 °C for 60 min. Finally, each well of the
plate was washed six times with buffer B.

For conventional CL detection, after removing the washing
solution carefully, gold nanoparticles were dissolved with 1 mL
per well of NaCl-HCI-Br, mixed solution for 20 min to ensure
that the gold nanoparticles were dissolved to form AuCly~
completely. The mixture was placed in the oven at 80 °C for
30 min to completely dry. After that 100 pL of the PBS was
injected into each well and reacted for 10 min. Then 30 pL of the
solution was transferred into glass tubes containing 1 mL 10°M
luminol solution (dissolved in 0.1 M NaOH), and the CL signal
was detected with the CL analyzer.

For hydroxylamine-amplified CL detection, after the wells
were rinsed six times with buffer B, the gold nanoparticles which
assembled on the surface of the 96-well plate were catalytically
enlarged in the presence of 4.5 mM NH,OH and 5 mM HAuCl,
at 37 °C for 30 min. After the wells were washed three times with
buffer B, the procedure for the detection of CL signal was similar
to that described above.

Clinical sample detection and comparison with conventional PCR

The serum samples from infected pigs and non-infected pigs were
subjected to analysis by our proposed method and PCR,
respectively. The preparation of serum samples was as follows:
Venous blood was taken from infected and non-infected pigs and
stored at 37 °C for 60 min. The blood was centrifuged at 5000g
for 10 min, and then the serum was collected for use. For PCR,
the conditions are as follows. Amplification of PCV2 incorpo-
rated forward and reverse primers, F-PCV2 1092-5
GTGCCTATAACATCAGGACCA and R-PCV2 1564
CTGTCATATAGGCTTCCACGC, respectively. For PCR
amplification, primers were used at a concentration of 2.5 x 10~/
M in a 25 pl reaction mixture containing master mix, sterile
water, 1.5 ul of 2.5 x 1072 M MgCl, and 2.5 pl of sample DNA.
DNA was amplified using 35 cycles at 94 °C for 1 min, 54 °C for 1
min, and 72 °C for 1 min, followed by a 10 min extension at
72 °C. The PCR products were electrophoresed on a 1.0%
agarose gel and visualized under UV light after staining with
ethidium bromide.

Results and discussion

Characterization of gold nanoparticles and gold nanoparticle—
monoclonal antibody conjugate

The UV-vis absorption spectra of gold nanoparticles and gold
nanoparticle-monoclonal antibody conjugate were shown in
Fig. 2. The gold nanoparticles exhibited a sharp plasmon
absorption band with maximum absorbance at wavelength
519 nm due to the surface plasmon resonance, and the average
particle size of as-prepared gold nanoparticles was 15 nm (curve
a).3° Because of the interaction of the monoclonal antibodies
with gold nanoparticles, the surface plasmon band was
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Fig. 2 UV-vis absorption spectra of (a) gold nanoparticles and (b) gold
nanoparticle-monoclonal antibody conjugate.
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Fig.3 TEM images of (a) gold nanoparticles and (b) gold nanoparticle—
monoclonal antibody conjugate.

red-shifted after addition of the monoclonal antibody (curve b),
which indicated the gold nanoparticle-monoclonal antibody
conjugate was formed. The TEM image further verified the
above results. As shown in Fig. 3, gold nanoparticles were on
average 15 nm (Fig. 3a) in diameter and the gold nanoparticle—
monoclonal antibody conjugate was 17 nm in diameter (Fig. 3b).
The diameter of the nanoparticles increased 2 nm after the
interaction of the monoclonal antibodys with gold nanoparticles.
The results were consistent with that of UV-vis absorption
spectra. The dispersity of the gold nanoparticle-monoclonal
antibody conjugate was symmetrical and single.

Optimization of the CL conditions

Several parameters were studied systematically in order to
establish optimal conditions for the CL detection of PCV2,
including the concentrations of NaCl-HCl-Br, mixed solution,
NaOH solution and luminol solution. The CLIA for determi-
nation of PCV2 is based on the catalytic effect of AuCl;~ on the
luminol-NaOH system. The possible experimental principle for
AuCly enhanced CL intensity on the luminol-NaOH system can
be illustrated as follows:*®

AuCly~ + luminol — AuCl,™ + 3-aminophthalate*

3-aminophthalate* — 3-aminophthalate + hv

AuCly~ would speed up the electron transfer of luminol to
yield 3-aminophthalate excited state and produced AuCl, . The
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state of excited 3-aminophthalate returns to the ground state
with increased CL intensity. Therefore, it is the primary step to
dissolve the gold nanoparticles from the gold nanoparticle—
monoclonal antibody conjugate to form AuCl, . This was ach-
ieved with the use of NaCl-HCI-Br, mixed solution. Clearly, the
dissolution of gold nanoparticles in NaCl-HCI-Br; mixed solu-
tion can be affected by several factors including the concentra-
tions of HCI, NaCl and Br,. First, as shown in Fig. 4, the CL
intensity increased with the increasing of NaCl concentration
from 5.0 x 103 to 1.5 x 1072 M, and then decreased. Therefore,
1.5 x 1072 M NaCl was chosen as the optimum concentration for
the CLIA. Second, as shown in Fig. 5, as the concentration of
HCl increased, the CL intensity increased between 1.0 x 10° M
and 7.0 x 1072 M, and then maintained almost the same
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Fig. 4 CL intensity vs. the concentration of NaCl. Experimental
conditions: 50 pL gold nanoparticles (15 nm) was dissolved in 50 uL of
NaCl-HCI-Br, solution (final concentration, different concentrations of
NaCl-0.1 M HCI-0.5 x 10~* M Br,), and then 30 uL of the resultant
solution was injected into glass tubes containing 1.0 x 107¢ M luminol
(dissolved in 0.1 M NaOH) for CL measurement.
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Fig. 5 CL intensity vs. the concentration of HCI. Experimental
conditions: 50 pL gold nanoparticles (15 nm) was dissolved in 50 pL of
NaCl-HCI-Br, solution (final concentration, different concentrations of
HCI-1.5 x 10> M NaCl-0.5 x 10> M Br,), and then 30 pL of the
resultant solution was injected into glass tubes containing 1.0 x 10 M
luminol (dissolved in 0.1 M NaOH) for CL measurement.

180004 /-

S K,

£ 150004

2 .

w

e

[+}]

s

E 120004

|

(&) \-
9000 - - - . - T ” T

0.0 0.5 1.0 1.5 2.0

Brp [10°M]

Fig. 6 CL intensity vs. the concentration of Br,. Experimental condi-
tions: 50 pL gold nanoparticles (15 nm) was dissolved in 50 pL of NaCl-
HCI-Br, solution (final concentration, 7 x 102 M HCI-1.5 x 102> M
NaCl-different concentrations of Br,), and then 30 pL of the resultant
solution was injected into glass tubes containing 1.0 x 10-* M luminol
(dissolved in 0.1 M NaOH) for CL measurement.

concentration in the range of 5.0 x 102 to 1.0 x 10~' M HCL
Thus, 7.0 x 107> M HCI was selected for the following experi-
ments. Third, as shown in Fig. 6, the CL intensity increased with
increasing the concentration of Br, and reached a maximum
value at 2.5 x 10~* M. On the other hand, the CL intensity
decreased when the concentration of Br, was higher than 2.5 x
10~* M. Hence, subsequent work employed 2.5 x 10~* M Br,.
The CLIA is based on the catalytic effect of AuCl;~ on the
luminol-NaOH CL reaction. In order to obtain reproducible and
sensitive data, optimum concentrations of NaOH and luminol on
the CL intensity were studied. The effect of NaOH concentration
on the CL intensity was studied from the range of 8.0 x 1073 to
2.0 M. It was found that CL intensity reached its maximum when
the concentration of NaOH was 0.1 M (Fig. 7). Thus, 0.1 M
NaOH was selected for subsequent work. The effect of the
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Fig. 7 CL intensity vs. the concentration of NaOH. Experimental
conditions: 50 pL gold nanoparticles (15 nm) was dissolved in 50 pL of
HCI-NaCl-Br; solution (final concentration, 7.0 x 10> M HCI-1.5 x
1072 M NaCl-2.5 x 10~ M Br;), and then 30 pL of the resultant solution
was injected into glass tubes containing 1.0 x 10~° M luminol solution
(dissolved in different concentrations of NaOH) for CL measurement.
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Fig. 8 CL intensity vs. the concentration of luminol. Experimental
conditions: 50 pL of gold nanoparticles (15 nm) was dissolved in 50 uL of
HCI-NaCl-Br, solution (final concentration, 7.0 x 10> M HCI-1.5 x
107> M NaCl-2.5 x 10~ M Br;), and then 30 pL of the resultant solution
was injected into glass tubes containing different concentrations of
luminol (dissolved in 0.1 M NaOH) for CL measurement.

concentration of luminol on the CL intensity was investigated.
The results showed that the CL intensity increased from the
range of 1.0 x 1077 to 1.0 x 107° M as the increasing of luminol
concentration, and maintained almost the same in the range of
1.0 x 10-°t0 2.0 x 107° M luminol (Fig. 8). Hence, 1.0 x 10°M
luminol was selected for the following experiments.

CLIA for detection of PCV2

The analytical performance based on luminol-NaOH-AuCl,~
CL system was assessed by measuring the CL intensity upon the
concentration of PCV2. Under the optimized experimental
conditions, the relationship between the CL intensity and
different concentration of PCV2 (standard positive serum) was
investigated. A good calibration graph in the amount range
of 5.12 x 10°~1.60 x 107 copy mL~' showed a linear correlation
(r = 0.9910) between the logarithm of the concentration of the
PCV2 and the CL intensity, represented by I = 595.14C +
3913.94 (1 is the CL intensity and C is logarithm of the concen-
tration of PCV2) (Fig. 9). The LOD was 1.71 x 10° copy mL™".
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Fig.9 Curve of CL intensity versus the logarithm of the concentration of
PCV2.

For hydroxylamine-amplified gold nanoparticles, the reaction
is as follows:

NH,OH

HAuCly(aq) Au’(S) + Cl (aq)

Au nanoseeds

This reaction is accelerated dramatically on the surface of
colloidal gold nanoseeds. Thousands of gold atoms are con-
tained in each gold nanoparticle (e.g., 15 nm spherical gold
nanoparticle theoretically contains 1.10 x 10° gold atoms).*®
Thus, after the hydroxylamine amplification, more AuCly~ can
be dissolved by NaCl-HCI-Br; solution. The CLIA is based on
the AuCl,~ enhanced luminol CL reaction, so hydroxylamine-
amplified gold nanoparticles can improve the sensitivity of the
CL reaction. As shown in Fig. 10, under the optimized experi-
mental conditions, the CL intensity was linear with the logarithm
of the concentration of PCV2 in the range from 8.00 x 10?
copy mL~"t0 8.00 x 107 copy mL~'. The regression equation was
I = 1064.45C + 2450.03 (I is the CL intensity and C is
logarithm of the concentration of PCV2) with a good linear
correlation (r = 0.9942). As low as 2.67 x 10? copy mL' could
be sensitively detected using this method, which is lower than the
conventional CL detection limit. This method offers great
promise for highly sensitive detection of other animal disease
markers.

Clinical samples detection

To evaluate the diagnostic performance of the CLIA, 36 clinical
serum samples were analyzed by the proposed method and PCR,
respectively. PCR has been recognized as a sensitive and specific
method used in detection of PCV2. As shown in Table 1,
compared with PCR, CLIA showed good results: high efficiency
(88.9%), high sensitivity (95%), high specificity (81.3%),
moderate false-positive rate (18.8%) and low false-negative rate
(5.0%). Among 36 clinical serum samples, 22 serum were positive
in CLIA and positive rate was 61.1% while 20 serum samples
were positive in PCR and positive rate was 55.6%. Among 22
positive serum samples in CLIA, 19 serum were positive in PCR,
while among 14 negative serum samples in CLIA, 13 serum
samples were negative in PCR. Therefore, a high percentage of
agreement (88.9%) was found between CLIA and PCR.
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Fig. 10 Curve of CL intensity versus the logarithm of the concentration
of PCV2.
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Table 1 Comparative results of the CLIA and PCR for detection of PCV2

PCR Performance

Positive Negative Total Efficiency” (%)

Sensitivity” (%)  Specificity (%)  FP rate? (%)  FN rate® (%)

CLIA Positive 19 3 22
Negative 1 13 14 88.9
Total 20 16 36

95.0 81.3 18.8 5.0

“ Efficiency = (TP + TN) x 100/Total. ® Sensitivity = TP x 100/(TP + FN). ¢ Specificity = TN x 100/(TN + FP). ¢ False-positive rate = FP x 100/(FP +
TN). ¢ False-negative rate = FN x 100/(TP + FN). TP = True Positive. TF = True Negative.

Compared with PCR, our present CLIA provides remarkable
advantages in terms of reliability and in practical uses, such as
high sensitivity and specificity.

Conclusions

In summary, we take advantage of CL and IA to develop a CLIA
method based on gold(i1) enhanced luminol CL reaction for
ultrasensitive detection of PCV2 in pig serum samples. This novel
method offers several advantages such as high sensitivity, high
specificity, simple operation, low cost, no radiation and easy
automatization. The detection limit of PCV2 was 2.67 x 10>
copy mL~'. This is the first report for measuring PCV2 using
hydroxylamine-amplified CLIA method, which showed great
potential for numerous applications in immunoassay. At the
clinical point of view, this method can be easily applied to the
detection of other animal diseases and zoonosis. Furthermore,
this technology can be developed to other metal nanoparticles as
a marker. We believe that the method is of momentous current
significance and far-reaching analytic significance in preventing,
detecting, and controlling animal-borne disease outbreaks.
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