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Abstract We report on a facile immunoassay for porcine
circovirus type 2 (PCV2) based on surface enhanced Raman
scattering (SERS) using multi-branched gold nanoparticles
(mb-AuNPs) as substrates. The mb-AuNPs in the immunosensor
act as Raman reporters and were prepared via Tris base-induced
reduction and subsequent reaction with p-mercaptobenzoic acid
(pPMBA). They possess good stability and high SERS activity.
Subsequently, the modified mb-AuNPs were covalently conju-
gated to the monoclonal antibody (McAb) against the PCV2 cap
protein to form SERS immuno nanoprobes. These were captured
in a microtiterplate via a immunoreaction in the presence of target
antigens. The effects of antibody concentration, reaction time and
temperature on the sensitivity of the immunoassay were investi-
gated. Under optimized assay conditions, the Raman signal
intensity at 1,076 cm ™" increases logarithmically with the con-
centrations of PCV2 in the concentration ranging from 8x 107 to
8x10° copies per mL. The limit of detection is 8 10* copies per
mL. Compared to conventional detecting methods such as those
based on PCR, the method presented here is rapid, facile and
very sensitive.
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Introduction

The development of rapid and highly sensitive methods for
pathogen detection is central to human health, veterinary
medicine, and biodefense [1]. Animal diseases can not only
cause huge economic loss, but also endanger human health.
Porcine circovirus (PCV) is a non-enveloped, circular, single-
stranded DNA virus with genome of about 1.76 kb and a size
of 17 nm in diameter [2, 3]. PCV have two species, one is
PCV1, considered to be nonpathogenic to swine; the other is
PCV2, an important source of severe swine diseases, includ-
ing the postweaning multisystemic wasting syndrome
(PMWS), porcine respiratory disease complex (PRDC) and
porcine dermatitis and nephropathy syndrome (PDNS) [4-6],
which caused great losses to the swine industry. The infectious
diseases with PCV2 were mostly characterized by a steady
loss of weigh, feverish, respiratory difficulty and jaundice. In
1996, the outbreak of PMWS caused by PCV2 was first
reported in Canada, and was found in several other countries
since then [7]. Based on it, at the 20th International Pig
Veterinary Society Congress in 2008, PCV-associated disease
was listed as the first disease which threatens the development
of the swine industry. At present, several protocols have been
applied to detect PCV2 including polymerase chain reaction
(PCR), enzyme-linked immunosorbent assay and indirect im-
munofluorescence assay [8—11]. The detecting methods men-
tioned above play a certain role in PCV2 diagnosis, yet they
are susceptible to interference, lower sensitivity, operation
cumbersome and prone to false-positive reaction. Thus, it is
vital to develop a simple, rapid and sensitive detecting method
for PCV2 to diagnose and handle the diseases.
Surface-enhanced Raman scattering (SERS) is a rapid,
nondestructive and highly sensitive analytical technique,
which has been widely applied in biological analysis and
imaging, molecular and nanoparticle characterization as well
as multiplex high-throughput detection [12—15]. SERS sub-
strates such as spherical, rod like and multi-branched noble
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metal nanoparticles, has attracted particular attention due to
their unique structure and optical properties [16]. Among
these SERS substrates, multi-branched gold nanoparticles
(mb-AuNPs) are one of most attractive SERS substrates be-
cause their plasmon absorption band locates in the near-
infrared to red spectral region which causes minimal interfer-
ence from the biological specimen autofluorescence upon red
laser excitation. Additionally, mb-AuNPs exhibit high SERS
enhancement factors due to their sharp tips and gaps [17, 18].

Until now, great efforts have been made toward the inno-
vative synthetic techniques of mb-AuNPs such as surfactant
directing method [19, 20], electrochemical method [21], hy-
drothermal method [22], vapor phase polymerization method
[23] and seedless in situ growth method [24, 25]. However,
rational design of the SERS immunoassay based on mb-
AuNPs remains little explored due to the difficulty of modifi-
cation and the intrinsically cytotoxicity of surfactant. Recently,
we reported a facile method for preparing high-quality mb-
AuNPs using tris base (TB) as the ideal reducing agent without
any surfactant or seed. As a SERS-active substrate, the mb-
AuNPs performed good biocompatibility and high SERS ac-
tivity and have been successfully applied in cell imaging [26].

Herein, a simple, rapid and sensitive SERS immunoassay
employing mb-AuNPs as substrates has been developed for
the determination of PCV2. Scheme 1 describes the fabrica-
tion process of the SERS-based immunosensor. PCV2 was
first anchored onto the microtiterplate (MTP). The Raman
reporter p-mercaptobenzoic acid (pMBA) tagged mb-AuNPs
were covalently linked to PCV2 McAb through a 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) coupling
process. Then the SERS nanoprobe was captured on the plate
via a immunoreaction. Due to the increasing number of cap-
tured nanoprobes, the SERS signal from pMBA was greatly
enhanced which favored the sensitive detection of PCV2. The
results suggested that the method possessed excellent poten-

tial for diagnostic immunoassay.
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Experimental
Chemicals and materials

Hydrochloroauric acid trihydrate, tris base were purchased from
Sinopharm Chemical Reagent Co., p-mercaptobenzoic acid
(pMBA) was obtained from Tokyo Chemical Industry Co.,
Ltd. (http://www.tci-asiapacific.com). 1-ethyl-3-[3-
(dimethylamino)propyl] carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) were obtained from Sigma (http:/
www.sigmaaldrich.com/china-mainland.html). Goat anti-mouse
IgG-FITC were obtained from southernbiotech,USA (http://
www.amyjet.com/news/sba-china-distributor.shtml). PCV2,
PCV2 cap protein monoclonal antibody (McAb), porcine parvo-
virus (PPV), porcine reproductive and respiratory syndrome
virus (PRRSV), porcine pseudorabies virus (PRV) and serum
samples of infected pigs were provided by State Key Laboratory
of Agricultural Microbiology, Huazhong Agricultural University,
China. The buffers used were as follows: (A) 10 mM sodium
phosphate buffered saline (PBS), pH 7.2; (B) washing solution,
buffer A with 0.1 % Tween, Other chemicals were all of reagent
grade and used without further purification. Ultrapure deionized
water was used throughout the experiments.

Instrumentation

SERS measurements were performed using inVia Raman
spectrometer (Renishaw, UK, http://www.renishaw.com)
equipped with a focusing microscope (Leica, German, http://
www.leica-microsystems.com). A He-Ne laser (633 nm) was
used as the excitation source with a laser power of
approximately 1.7 mW on the sample. Calibration was
done referring to the 520 cm ' line of silicon. The
SERS spectra were obtained with the exposure time of
10 s and one time accumulation. The UV—vis absorption
spectra were recorded on Thermo Nicolet 300 spectro-
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photometer (Thermo Nicolet, the United Stated, http://
www.thermoscientific.com). The fluorescence spectra
were performed on a Perkin Elmer Model LS-55 lumi-
nescence spectrometer (Perkin Elmer, the United Stated,
http://www.perkinelmer.com). The morphologies of mb-
AuNPs were obtained from transmission electron micro-
scope (TEM, Hitachi-7650, Japan, http://www.hitachi-
hitec.com).

Synthesis of mb-AuNPs

Mb-AuNPs were prepared in a one-step process according to
our early work [26]. In a typical synthesis, 0.27 g TB was
dissolved in 5 mL of ultrapure water, and 100 pL of 48-

mmol L™ HAuCl, solution was added under magnetic
stirring for 15 min, followed by adjusting the pH to 10-11
by dropwise addition of 1.0 mol L™' NaOH solution. After-
ward, the reaction vessel was transferred to water bath and
maintained at 60 °C for 60 min. The solution color changed
from light yellow to purple and finally blue-green. The
products were purified for three times by centrifugation at
6,000 rpm and the resultant precipitates were re-dissolved in
ultrapure water for further use.

Preparation of mb-AuNPs-pMBA-PCV2 McAb (MPPM)

40 uL of 1x10 > mol L™' pMBA was slowly added to 4 mL
purified mb-AuNPs solution, and the 4-MBA molecules were

-
B

100 nm

Fig. 2 TEM image of the obtained mb-AuNPs
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covalently linked to the surface of mb-AuNPs through the S-
Au bond under gently stirring. After reaction for 60 min at
room temperature, the solution was centrifuged at 6,000 rpm
for 8 min, and the supernatant containing uncombined pMBA
was discarded. The precipitates were resuspended in 4 mL of
10 mM PBS. For the activation of carboxy groups of MBA,
10 pL of 5 mmol L' EDC and 10 pL of 5 mmol L' NHS
were added and allowed to react for 1 h [27, 28]. In order to
remove unreacted EDC/NHS, the solution was washed twice
with PBS by centrifugation at 6,000 rpm for 8 min. 200 uL of
2.6 mg mL™' PCV2 McAb were added to above active mb-
AuNPs solution at 37 °C humidity chamber. After reacted for
60 min, the conjugated products was centrifuged at 6,000 rpm
for 8 min, and then the sediment was resuspended with 1 %
BSA in PBS for 2 h at room temperature, the MPPM were
obtained after centrifuged and stored at 4 °C.

Preparation of serum samples

The preparation procedure of serum samples were as follow-
ed. Venous blood was took from infected and non-infected
pigs and stored at 37 °C for 60 min, and then the blood was
centrifuged at 5,000 rpm for 10 min, The resultant human
serum sample was then stored at =70 °C until used.
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Fig. 3 SERS of MTP (a), mb-AuNPs-pMBA (b) and MPPM (c)
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Immunoassay protocol

Immunoassay protocol was carried out according to the
developed procedures with slight modifications [29]. Typi-
cally, the PCV2 (8x10” copies mL™") was dropped to the
MTP with 100 puL per well, and incubated for 12 h at 4 °C.
And then, the MTP was washed three times with washing
buffer. After that, the residual sites of each well was blocked
with 50 uL 3 % BSA in PBS and incubated for 60 min at
37 °C, the wells were washed with washing solution six
times. At last, 100 uL MPPM were pipetted onto each well,

after incubating at 37 °C for 60 min, each well of the plate
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was washed six times with washing solution. SERS detection
was carried out after dried with nitrogen.

Results and discussion
Characterization of mb-AuNPs and MPPM

As shown in Fig. 1A, the UV—vis absorption spectra of the
synthesized mb-AuNPs shows a maximum surface plasmon
absorbance peak at 742 nm (Fig. 1Aa), and the result was
consistent with the absorption features of mb-AuNPs pre-
pared by previously reported methods [16, 24, 30]. The
MPPM were prepared though a two-step process. First,
pMBA, a common Raman reporter, was added to mb-
AuNPs solution which caused the surface plasmon band of
mb-AuNPs shifted from 742 to 744 nm (Fig. 1Ac) and full
width at half maximum broadened from 170 to 185 nm.
These results indicated pMBA molecules were covalently
linked on the surfaced of mb-AuNPs by strong S-Au bond-
ing interaction. When PCV2 McAb was added to the NHS
activated mb-AuNPs, the plasmon resonance peak of MPPM
altered to 760 nm (Fig. 1Ab). This indicated PCV2 McAb
was conjugated to mb-AuNPs-MBA [31]. In order to prove
the SERS probes (MPPM) were connected with the mono-
clonal antibody (McAb) of PVC2, fluorescent labeling was
employed to monitor the reaction products using the FITC
labeled second antibody. Fluorescence labeling experiment
was employed to characterize the reaction products using the
FITC labeled second antibody as readout signal. As shown in
Fig. 1B, goat anti-mouse IgG-FITC-MPPM had an obvious
emission peak at 515 nm (Fig. 1Ba) under excitation while
no emission peaks were observed with the MPPM without
incubation, mb-AuNPs-pMBA and mb-AuNPs with incuba-
tion. The obtained results successfully indicated that the
monoclonal antibody (McAb) has linked to the MPPM, and
the result was in accordance with that of UV-vis. The
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Fig. 5 The SERS intensity of nanoprobes at 1,076 cm™ ! in respose to
PCV2, PRR, PPV PRV and BSA. Experimental conditions: temperature
37 °C; and immunoreaction time 60 min. Error bars indicate standard
deviations from five measurements
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Fig. 6 (a) SERS spectra for decreasing concentrations of PCV2. Ex-
perimental conditions: temperature 37 °C; and immunoreaction time
60 min. (b) plot ratios of SERS intensities with and without the sample

morphologies of mb-AuNPs were characterized by TEM, as
depicted in Fig. 2. It is clear that mb-AuNPs have many
branches on the rough surface, which may provide consid-
erable ‘hot spots’ due to localized electromagnetic field
enhancement.

Response performances in SERS

SERS performances of mb-AuNPs-pMBA, MPPM and
MTP were tested respectively. It was known that optical
hot spots of mb-AuNPs were frequently formed at the junc-
tions or gaps [24, 32, 33]. As shown in Fig. 3, the SERS
signal of mb-AuNPs-pMBA, MPPM were observed from
400 cm ™' to 2,000 cm'. The prominent SERS bands at
1,076 and 1,586 cm™ ! are ascribed to the v, and Vg, aro-
matic ring vibrations, respectively [34, 35]. Comparing the
intensity of curve b with curve c at 1,076 and 1,586 cm 'in
Fig. 3, we found that their intensities changed little, indicat-
ing the PCV2 McAb conjugated nanoprobes remained a
good SERS activity. We also investigated the interference
of Raman spectra of the MTP. As shown in Fig. 3 (curve a),
the Raman signals of MTP were obtained at 1,000 and
1,600 cm™ ! in the absence of mb-AuNPs-pMBA or MPPM.
It was clear that the peak at 1,076 cm ' which was used to
quantify PCV2 was not disturbed by the peaks of MTP at
1,000 and 1,600 cm ™.

Optimization of immunoassay conditions

In the experiment, the amount of PCV2 McAb on the surface
of mb-AuNPs played a critical role in SERS response. As
shown in Fig. 4a, with the increase of PCV2 McAb concen-
tration, the signal of MPPM gradually increased and reached
a max platform, possibly due to the improved recognization
in the immunoreaction. Thus, 200 uL of 2.6 mg mL ™' PCV2
McAb was chosen throughout the immunoassay.

The effects of immunoreaction temperature and immuno-
reaction time on the sensitivity of the immunoassay were
investigated. As depicted in Fig. 4b, the SERS intensity of
mb-AuNPs was dependent on the immunoreaction

Target“No target

0 T L
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T

T T
2

4 8
Log [PCV2 (copies mL™)]

versus a series concentration of PCV2. Insert: the linear relationship of
Itarget/INo target Versus PCV2 concentration from 8 x 10% to 8x10° copies
mL ™. Error bars indicate standard deviations from five measurements

temperature. As the temperature increased from 4 °C to
37 °C, the SERS intensity gradually increased and reached
a maximum at 37 °C. However, when immunoreaction tem-
perature increased to 45 °C, the SERS intensity of mb-AuNPs
was decreased. This may be attributed to the formation of
unstable immunocomplexes or deterioration of proteins at
higher temperature. The effect of time on the SERS response
is shown in Fig. 4c. With the increase of reaction time from
10 to 60 min, the SERS intensity of mb-AuNPs gradually
increased and reached a plateau at 60~90 min. To improve
the sensitivity and efficiency, 37 °C and 60 min were selected
as optimum immunoassay temperature and time, respectively,
throughout subsequent testing.

Nonspecific experiment

In order to investigate the selectivity of MPPM towards
PCV2, control experiments were carried out using other swine
virus, including PRR, PPV and PRV. As shown in Fig. 5, an
obvious high intensity of SERS signal at 1,076 cm ' could be
obtained in response to PCV2 (8 x 10* copies mL "), while the
SERS signal of PRR, PPV, PRV at high concentration (1 x10°
copies mL ") were significantly lower than PCV2. So did the
blocking protein (BSA). The results revealed that the MPPM
were selective and specific towards PCV2.
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Fig. 7 Clinical serum samples analysis by SERS assay. Error bars

indicated standard deviations from five measurements. Experimental
conditions: temperature 37 °C; and immunoreaction time 60 min
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SERS detection for PCV2

To improve the sensitivity and efficiency, 200 pL of 2.6 mg-
mL ™' PCV2 McAb, 37 °C and 60 min were selected as
optimum immunoassay condition to obtain the calibration
graph in our experiment. The analytical performance was
assessed by measuring the SERS intensity at 1,076 cm '
response to the concentration of PCV2. Figure 6a shows
the SERS spectra for a series concentration of PCV2. In the
absence of PCV2, a weak SERS signal was obtained (blank),
indicating that a small amount of MPPM still remained on
the MTP after washing. when the concentration of PCV2
was added, the SERS intensity at 1,076 cm ™' were obviously
enhanced with the concentration of PCV2 from 8x 10 to
8x10” copies mL™'. Here, the limit of detection was esti-
mated to be 8x10? copies mL ™' according to the 30 rule
(where o is the standard deviation of a blank), indicating a
high sensitivity for virvus detection. Compared with the PCR
methods (LOD: 1x10° copies mL ") [8], the LOD of this
assay was two orders of magnitude lower. To efficiently
mitigate the effect of instrumental complications, Itiget/Ing
target (the target/blank intensity ratio) was used as the measure
to obtain the calibration graph, where were the intensities at
1,076 cm™'in response to some concentration of PCV2 and
PBS under the same conditions, respectively. As shown in
Fig. 6b, a linear regression equation (y=2.62x-4.52
(R=0.99)) was obtained between the logarithm of PCV2
concentration (8% 10*~8x10° copies mL™") and the SERS
intensity at 1,076 cm'. Compared with our previously re-
ported chemiluminescence immunoassay [29], the SERS
method is rapid and simple without dissolving the metal
nanoparticles, while the sensitivity was in the same level.

To evaluate the application performance of the method, 16
clinical serum samples were analyzed. Comparing to the
SERS intensity of blank control spectra at 1,076 cm™ ', the
SERS detection results are shown in Fig. 7. For the detection
of 8 positive serum by PCR, 7 serum was detected as positive
by SERS method (A1—AS), the positive accordance rate of
SERS detection to PCR were 87.5 %; For 8 negative serum
by PCR, 6 serum was detected as negative by SERS method
(B1-B8), the negative accordance rate of SERS detection to
PCR were 75 %. This indicates the current method is in good
accordance with PCR for the detection of PCV2. As a result,
this method provides remarkable advantages in rapid, high
sensitive and specific detection of animal disease.

Conclusions
In summary, we took advantage of mb-AuNPs to develop a
novel biosensor for the detection of PCV2. The synthesis of

mb-AuNPs was simple, rapid, inexpensive, and the fabricated
probe possessed high SERS activity and high sensitivity.

@ Springer

Under optimized assay conditions, the method was used to
detect PCV2 over a wide concentration range (8 x 10*~8x 10°
copies mL™") and with a low detection limit (8% 10* copies
mL™"). Furthermore, this method was applied to detect 16
clinical serum, and the results suggested that SERS method
had high positive (87.5 %) and negative (75 %) accordance
rate with traditional method (PCR). As a result, the SERS
strategy offered simple operation, good specificity and high
sensitivity for virus detection and shows great potential in
diagnosing, controlling and preventing animal-borne disease
outbreaks.
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