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An immunoassay based on surface enhanced Raman scattering (SERS) spectroscopy was developed to
detect muramidase released protein (MRP) antibody against Streptococcus suis 11 (SS2) utilizing thorny
gold nanoparticles (tAuNPs) as SERS substrates. Initially, tAuNPs with multi-branches were prepared
by the seed-mediated growth method in the absence of templates and surfactants, facilitating p-
mercaptobenzoic acid (pMBA) conjugation covalently onto the tAuNPs through S-Au bonds. The
obtained immuno-SERS tag affording strong Raman signals made it possible to establish an
application of indirect detection of the MRP antibody against SS2 with a sandwich assay at a highly
sensitive level. The Raman intensity at 1588 cm~' was proportional to the logarithm of the
concentration of MRP antibody in the range of 10 pg mL~" to 0.1 ug mL~'. The detection sensitivity
was significantly improved to 0.1 pg mL ' by using the immuno-SERS tags. Furthermore, the proposed
SERS approach was applied to detect MRP antibody in pig serum samples, and the results agreed well
with those of ELISA, indicating great potential for clinical application in diagnostic immunoassays.
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Introduction

Streptococcus suis (S. suis), a gram-positive, facultative anaer-
obic coccus, has been implicated as the cause of a wide range of
clinical diseases. In nearly all countries with a large-scale pig
industry, S. suis causes a rapidly progressive, even fatal sepsis in
infant pigs, associated with meningitis, polyarthritis, and occa-
sionally, pneumonia. It is also a zoonotic disease, capable of
transmission to humans from pigs® upon occupational exposure.
Human infections can be severe, with meningitis, endocarditis,
septicaemia, pneumonia, and deafness as possible outcomes of
infection.>® One of the most common infections is from S. suis
type 2 (SS2), which has received much attention since an
outbreak in Sichuan, China.*” The serotype of SS2 is the most
frequently associated with disease, hence many studies have
concentrated on its detection as well as that of its virulence
factors.® Muramidase released protein (MRP) is one of two main
virulence factors separated from SS2. The strains of SS2 which
produce MRP are frequently isolated from organs of diseased
pigs,’® so virulence factor MRP is used often as a specific clinical
sign of pig diseases.

Serological evidence of SS2 exposure, including enzyme linked
immunosorbent assay (ELISA), are usually collected for SS2
detection and diagnosis. When distinguishing between different
SS serotypes or different strains of the same serotype by
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biological assay methods, their biochemical reactions are quite
different, so artificial negative is constant. Generally, they are
used as a supplementary identification. Molecular diagnoses can
improve the efficiency and accuracy of the identification
results,®!® and therefore they are suitable for epidemiological
investigations, providing effective detection methods for
confining the spread of SS disease.!" These analytical methods
play a certain role in SS disease detection and diagnosis;
however, they are susceptible to interference, time-consuming,
cumbersome in operation and prone to false-positive reactions.
In order to improve the diagnostic procedures for SS2, new
techniques should be explored to establish accurate and rapid
detection methods for monitoring and controlling the disease,
and especially for the exploration of pathogenic disease
mechanisms.

In contrast to normal analytical methods, Raman scattering
can provide qualitative and quantitative information through the
narrow and distinguishable molecular vibrational bands for real-
time in situ monitoring detection and imaging.'**5 Surface-
enhanced Raman scattering (SERS) has pushed this technology
forward to micro or trace analysis and the assay of biological
molecules.’®'” The enhancement factor on nanoscale roughed
metal surfaces reaches as much as 10'“-10'°, which allows the
technique to be sensitive enough to detect single molecules.*2°
Most notably, aqueous samples under physiological conditions
can be analyzed based on SERS, with little interference from
water. In addition, SERS analysis is rarely hindered by oxygen,
humidity and other interferences, and is suggested to be
a favorable method for sensitive biological identification and
determination. A series of sensitive and selective detection
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methods based on SERS have been developed for biological
assays.** Among them, gold nanoparticles (AuNPs) have
become one of the most favored SERS substrates because of their
superior properties, such as facile synthesis, tunable particle size,
extensive stability, and biocompatibility. AuNPs as adaptable
and versatile carriers for the immobilization of antibodies or
antigens were initially utilized by Porter and co-workers in
immunoassay readout.* Since then, numerous new immune
protocols have emerged based on SERS, employing diverse
forms of gold nanostructures, particles and films, or bimetal
nanoassemblies.?>%’

In this study, we describe a nanoparticle-based sandwich-type
immunoassay for MRP antibody detection utilizing thorny gold
nanoparticles (tAuNPs) fabricated with the rabbit anti-pig IgG
as immuno-SERS tags, as shown in Scheme 1. The tAuNPs used
as SERS substrates were synthesized by a seed-mediated growth
method in the absence of templates and surfactants. Hence, the
tAuNPs have prominent advantages over conventional SERS
substrates: facile synthesis, convenient modification, good
biocompatibility and equal SERS effect. The immuno-SERS tags
were assembled by linking the tAuNPs and a secondary antibody
together with p-mercaptobenzoic acid (pMBA), and successfully
applied to the specific detection of the MRP antibody in pig
serum samples.

Experimental
Chemicals and materials

1-Ethyl-3-[3-(dimethylamino)propyl]carbodiimide (EDC) and
p-mercaptobenzoic Acid (pMBA) were obtained from Tokyo
Chemical Industry Co., Ltd. Rabbit anti-pig IgG and rabbit anti-
mouse IgG were purchased from Shanghai Bio Life Science &
Technology Co., Ltd. Pig serum samples, MRP, Porcine Circo-
virus type 2 (PCV2), Porcine Reproductive and Respiratory
Syndrome virus (PRRSV), ApxIV of Actinobacillus pleuro-
pneumoniae and their corresponding monoclonal antibodies were
kindly provided by State Key Laboratory of Agricultural
Microbiology (Wuhan, China). All other reagents were from
Sinopharm Chemical Reagent Co. Ltd and were used as received

= a. SERS Label Preparation

w
)=
Ll
?
le.

(el
&
SA ’
\
= b. SERS Immunoassay Protocol o
X
APTMS

o

Glass Capture Detection
Antigen Antibody

Scheme 1  Scheme of SERS immunoassay by immunogold nanotags. (a)
pMBA links rabbit anti-pig IgG and tAuNPs together, and BSA is co-
immobilized on pMBA-tAulNPs to block the residual part of the immu-
nocomplex surface. (b) Sandwich immunoassay process based on SERS
labeled immunogold nanotags for MRP antibody.

without further purification. Ultrapure deionized water was used
throughout the experiments.

Instrumentation

The SERS spectra were obtained using an inVia Raman spec-
trograph (Renishaw, UK) equipped with a co-focusing micro-
scope (Leica, Germany). A He—Ne laser (633 nm) was used as the
excitation source with a laser power of approximately 1.7 mW on
the sample. The band of a silicon wafer at 520 cm~' was used to
calibrate the Raman spectrograph. The SERS spectra were
obtained with an exposure time of 10 s and one time accumula-
tion. The UV-vis absorption spectra were acquired using
a Thermo Nicolet 300 UV-vis spectrometer (Thermo Nicolet,
USA). Transmission electron microscopy (TEM) images were
obtained using a Tecnai G20 microscope (FEI, Czech Republic).

Preparation of thorny gold nanoparticles

Gold seeds with average diameters of 24 nm were synthesized
through the citrate-mediated reduction of HAuCl,. Briefly,
100 mL of 0.3 mM HAuCl, solution was refluxed under stirring.
5 mL of 38.8 mM sodium citrate was rapidly added to the boiling
solution. After the color changed to red, the solution was heating
for another 30 min and was allowed to cool to room temperature.
The gold seeds were filtered, and the resulting nanoparticles were
characterized by transmission electron microscopy (TEM) and
UV-vis absorption spectroscopy.

The tAuNPs were prepared by a seed-mediated growth process
using AuNPs of a small size as growth seeds.?® An aqueous
solution of HAuCly (0.25 mM, 50 mL) was vigorously stirred,
and NH,OH solution (40 mM, 1 mL), AgNOj; solution (1.0 mM,
0.1 mL) and gold seeds (0.1 mL) were added sequentially,
resulting in a change in the solution color from pale yellow to
blue, and brownish blue afterwards. The final color change
indicated that the tAuNPs were generated.

Preparation of pMBA labeled immunogold nanocomplexes

Under vigorous stirring, 10 uL. pMBA was added into 1 mL
suspension of tAuNPs to a final concentration of 0.05 uM. After
30 min at room temperature, the pMBA-tAuNPs were purified
and washed by centrifugation at 6000 rpm for 15 min to remove
free pMBA, and re-suspended in 1 mL PBS (0.01 M, pH 7.0)
solution. Typically, the pMBA-tAuNPs were firstly immersed
into 1% (w/w) EDC in anhydrous acetonitrile for 5 h to activate
the free carboxyl groups of pMBA by forming an O-acylurea
intermediate with EDC. 50 pL rabbit anti-pig IgG solution
(100 ug mL~"in 0.01 M PBS) was slowly added to the suspension
of pMBA-tAuNPs, and incubated at 37 °C for 1 h.**° The excess
IgG was removed by centrifugation at 6000 rpm for 15 min. After
washing, 1 mL BSA (1% in PBS) was added into the solution to
block the residual vacant portion of the pMBA-tAuNPs surface.
The IgG-pMBA-tAuNPs were then separated from the mixture,
thoroughly washed by centrifugation, and resuspended in 1 mL
PBS (0.01 M, pH 7.0) solution. The immuno-SERS tags obtained
were stored below 4 °C prior to use.
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SERS immunoassay protocol

The SERS immunoassay was performed on glass slides. These
specially cleaned glass slides were placed in a dilute solution of 3-
aminopropyltrimethoxysilane (APTMS) (4 g APTMS in 36 g
CH;OH) for 12 h and rinsed with abundant amounts of CH;0H
and H>0 in turn.*® The SERS-based immunoassay was carried
out via a sandwich immunosorbent assay process. 50 phL MRP
was immobilized onto the glass slide and formed a monolayer
specific for the MRP antibody. After removing the solution, the
MRP-immobilized substrate was washed with PBS and blocked
with BSA. MRP antibody solutions with concentrations ranging
from 1 pg mL~" to 0.1 pg mL~! were prepared by serial dilution
with PBS buffer, piped onto the immunoassay substrate, and
incubated at 37 °C for 2 h. After rinsing with PBT (0.01 M PBS
and 0.05% Tween-20) to remove physically non-absorbed MRP
antibody, the substrate was incubated with 50 pL IgG-pMBA-
tAuNPs suspension for 2 h at 37 °C. All samples were then
carefully rinsed with PBT and stored at 4 °C prior to SERS
measurements.

ELISA protocol

MRP (100 pL, 2.5 pg mL~' in PBS) was added into each
microwell of a 96-well microtiter plate and maintained overnight
at 4 °C. After washing with PBT, 100 pL serial dilutions of pig
serum were introduced into the wells coated with MRP at 37 °C
for 1.5 h and washed with PBT, followed by addition of 100 uL
per well of IgG-horseradish peroxidase (IgG-HRP) solution to
perform the sandwich-type immunoreactions. After incubation
for 30 min with gentle shaking at 37 °C, the plates were washed
and underwent another incubation for 30 min at room temper-
ature. The color development was stopped with 1 M HCI (50 uL
per well), and the absorbance was obtained at 450 nm using
a Thermo Scientific Multiskan Spectrum. The results were
compared with those measured by SERS.

Results and discussion
Characterization of SERS tags

The two-step assembly process of the MBA-labeled tAuNPs was
monitored by UV-vis absorption spectroscopy (Fig. 1), and the
morphology of the tAuNPs was verified by TEM (Fig. 2). The
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Fig. 1 UV-vis absorption spectra of Au seeds (a), tAuNPs (b), pMBA-
tAuNPs (c) and IgG-pMBA-tAuNPs (d).

100 nm

Fig. 2 TEM images of Au seeds (a) and pMBA-tAuNPs (b).

UV-vis spectrum of the gold seeds showed a peak arising at
522 nm, which was consistent with the surface plasmon band of
AuNPs with a diameter around 24 nm (Fig. 1, a). After non-
template seed-mediated growth, the surface plasmon band of the
obtained tAuNPs broadened and shifted from 522 nm to 708 nm
(Fig. 1, line b), indicating the central parts of the nanostructures
expanded and the nanothorns on one gold nanoparticle elon-
gated (Fig. 2).3%33

The thorny gold nanoparticles were synthesized at room
temperature, by sequentially adding AgNO;, reductant and gold
seeds to the reaction system. Without any surfactant, and with no
need to precisely control the reaction conditions, the synthesis of
thorny gold nanoparticles was easily carried out, indicating this
is one of their advantages. Because we did not use any surfactant,
such as CTAB or PVP, which are the most commonly employed
reagents in nonspherical nanoparticle synthesis, the thorny gold
nanoparticles were modified directly without the need for further
washing steps for template removal.

When the pMBA solution was mixed with the tAuNPs solu-
tion, pMBA attached to the surface of tAuNPs by strong thiol—
Au bonding. After tAuNPs were coated with pMBA, the surface
of gold nanoparticles was not as rough. This could be attributed
to the washing steps, when the long thorns were gradually lost.
Most long thorns were mechanically stripped from the main
body during several rounds of centrifugation, leading to the
obtained pMBA-tAuNPs having greater symmetry than before.
Consequently, after the modification of tAuNPs with pMBA, the
plasmon resonance peak of pMBA-tAuNPs showed a blue shift
from 708 nm to 689 nm (Fig. 1, line c). Nevertheless, when 1gG
was added to the MBA-tAuNPs solution, the plasmon resonance
peak of immuno-SERS tags shifted to 702 nm, as the IgG was
immobilized with a more or less uniform thickness over the entire
surface of the particle (Fig. 1, line d). The gradual decrease of
absorbance was attributed to the loss via centrifugation after
each washing step.

SERS performance of SERS tags and immuno-SERS tags

The SERS behavior of the immuno-complex was then tested
(Fig. 3). It is known that optical hot spots are frequently formed
at the junctions or gaps between nanostructures.**¢ Similarly,
increased fields are also found on the surface of anisotropic
AuNPs with sharp features,” such as gold nanostars and
tAuNPs. The plasmons of a gold nanoparticle with tips result
from hybridization of plasmons of the core and tips of the
nanoparticle. The cross section for excitation of the bonding
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Fig.3 Typical SERS spectra (n = 7) of pMBA-tAuNPs (a), [gG-pMBA-
tAuNPs (b) and BSA blocked IgG-pMBA-tAuNPs (c).

plasmons is dramatically increased by the mixing in the core
plasmon mode, resulting in very large local electric field
enhancements. Therefore, anisotropic AuNPs are superior in
producing more strongly enhanced Raman modes than spherical
AuNPs or gold nanorods, which make them promising additions
to the family of SERS substrates.*® In addition, the surface area
of the tAuNP is larger than that of a symmetric nanosphere of
the same size, and as a result of that more pMBA can be fixed to
each tAuNP for providing distinguishable SERS signals at
ultralow concentrations. Here, pMBA was used not only as
a sign reporter of SERS because it was capable of forming a well-
defined monolayer on the gold surface with a characteristic
molecular footprint, but also as a linker for fixing the secondary
antibody (rabbit anti-pig IgG) onto tAuNPs. Two sharp SERS
peaks were obtained from all pMBA-labeled nanocomplexes,
and the peaks at 1588 cm™! could be assigned to symmetric C-C
stretching vibrations (Fig. 3, a). After immobilization of IgG and
BSA, similar SERS patterns were observed reproducibly (Fig. 3,
b and c). Some tiny peak shifts showed that pMBA bound to IgG
was relative to those from pMBA bound to tAuNPs. These
changes might be attributed to the bond formation between
pMBA and IgG on the diverse tAuNP surface.

Immune analyses of MRP antibody

In an indirect sandwich immunoassay, the detection sensitivity is
mainly dominated by the performance of the capture antigen and
secondary antibody, and the detection signal critically depends
on the number of secondary antibody-conjugated SERS tags. To
achieve an ultrahigh sensitivity, we improved the SERS assay by
optimizing the concentration of capture antigen and ratio of
rabbit anti-pig IgG relative to pMBA-tAuNPs (Fig. S1 and S2,
ESIt). According to the obtained data, a capture antigen
concentration of 2.5 pg mL~" and IgG volume of 50 pL were used
in the following experiments.

Representative SERS spectra collected for MRP antibody
showed the dependence of SERS intensity on antibody concen-
tration (Fig. 4A). The peak intensity at 1588 cm™~' was propor-
tional to the number of immuno-SERS tags, and we used the
characteristic Raman band at 1588 cm™' to estimate the
concentrations of antibody (Fig. 4B). A sigmoidal line was
generated by a curve fit using the Hill equation [eqn (1)], where

refers to the fraction of ligand binding sites filled, [L] is the ligand
concentration, K, is the ligand concentration producing half
occupation, and # is the Hill coefficient.

25

P=®yiIr

(M

The Raman intensity increased exponentially with the amount
of detected antibody. The middle part of the corresponding
calibration curve showed a linear relationship between the
Raman intensity and the logarithmic value of antibody concen-
tration ranging from 0.1 ug mL~! to 10 pg mL~' (Fig. 4B). BSA
of 1 pg mL~" was used as a negative control to obtain a blank
spectrum and examine the nonspecific adsorption by replacing
the target protein. A small minority of control spectra showed
weak peaks at the same position as pMBA, indicating some
nonspecific binding in the immunoassay. The average SERS
intensity obtained from 0.1 pg mL~' MRP antibody was three
times greater than the control (Fig. 5). In fact, the absorption
behavior indicated monolayer absorption during each step of the
immunoassay. Also, the distribution of the antibody was
symmetric at a concentration of 0.1 pg mL~"in a 20 x 20 um?
area where SERS spectra was collected randomly at seven
different spots. As a result, the confidence limit of detection was
set at a creditable level of 0.1 pg mL~".

Immunoassay of MRP antibody in pig serum

To demonstrate the feasibility of the proposed method, we
examined a number of diluted serum samples from SS2 positive
pigs, as well as control samples (from pigs that did not contract
SS2 infection). Fig. 4C outlines the SERS immunoassay for the
detection of MRP in clinical diagnosis of SS2. The direct SERS
spectra of MRP antibody adsorbed on the tAuNPs (Fig. 4C, a)
showed that, although the concentration of MRP antibody was
as high as 1 pg mL™', the signal was weak and prone to envi-
ronmental perturbation. There were obvious differences between
direct SERS spectra of positive and negative serum samples
(Fig. 4C, b and c). The serum from a healthy pig seemed cleaner
than the serum from an infected pig. The differences indicated
the sample individual suffered some disease related to blood
abnormality. With the SERS immune label, the SERS intensity
of the Raman reporter was notably larger than that of MRP or
positive serum, even the tested serum 1000-fold diluted (Fig. 4C,
d). The result demonstrates that, based on immune recognition,
the SERS-based method using tAuNPs provides practical
evidence for diagnosis of SS2 disease and selective and sensitive
measurement of antibodies to MRP of SS2 in pig serum.

The specificity of the SERS immunoassay was studied by
analysing three other pathogenic microorganisms associated
with pigs. Fig. 6 shows the mean responses of the SERS-based
assay to 100-fold diluted serum corresponding to MRP, PCV2,
PRRSV and ApxIV. As expected, the MRP serum yielded the
most intense signals, while the others only exhibited weak
signals, similar to those of their negative controls. The apparent
SERS intensity differences between positive and negative for SS2
versus other pathogenic microorganisms (Fig. 6) clearly sug-
gested that the SERS immunoassay was able to recognise pig
serums infected by SS2. To further demonstrate the specificity of
the proposed approach for MRP antibody analysis, rabbit
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Fig.4 SERS-based immunoassay for MRP antibody. (A) SERS immunoassay for MRP detection at different concentrations from 1 pgmL~"to 0.1 pg
mL~" (a-g); (B) Corresponding dose-response curves for SERS-based (solid squares) detection of MRP. Each point depicted the average measurements
of seven. BSA (1 pg mL~") was used as a negative control (open square); (C) SERS immunoassay for the detection of MRP antibody in pig serum
samples: SERS spectrum of MRP antibody (1 pg mL™") (a), negative serum (b), positive serum (c), and positive serum (1000 times diluted) using pMBA-
labeled immunogold nanocomplexes (d); (D) Histogram of mean intensity (N = 7) at different serum dilution ratios in the SERS assays. Error bars were

calculated based on the standard deviation of seven measurements.

3000
3
s
z 2000
=
E 1000
£
£ s - .L..M.Sﬁ...
0

500 1000 1500 2000
Raman shift (cm")

Fig. 5 Responses of the SERS-based immunoassay to 1 pg mL~' BSA
(black line) and 0.1 pg mL~' MRP antibody (red line).

anti-mouse IgG was used to coat pMBA-tAuNPs, substituting
for rabbit anti-pig IgG to assemble the SERS tags. The results
indicate that the nonspecific interaction of rabbit anti-pig IgG
with the MRP antibody was also negligible (Fig. 6, inset).

To estimate the diagnostic performance of the proposed
method, 36 clinical serum samples collected from infected pigs
were analyzed by both the SERS immune method and ELISA
without any reference test to classify pigs as truly infected or non-
infected. The results were shown in Table 1. Compared with
ELISA, the proposed method has a higher sensitivity and

@ Rabbit anti-pig IgG

104 @@ Rabbit anti-mouse IgG

Peak Intensity (x10% a.u.)

Peak Intensity (x10° a.u.)
(=)

MRP PCV2 PRRSV ApxIV

Fig. 6 Histogram of mean intensity (N = 7) in the SERS immunoassay
for MRP (red), PCV2 (yellow), PRRSV (blue) and ApxIV (green). *: the
negative controls for each positive serum sample. Inset: comparison of
SERS tags coated with rabbit anti-pig IgG (red) and rabbit anti-mouse
IgG (black) in the SERS immunoassay for MRP. All the serum samples
were 100-fold diluted.

specificity for the detection of MRP antibody of SS2: high effi-
ciency (91.6%), high sensitivity (94.4%), high specificity (88.9%),
moderate false-positive rate (11.1%) and low false-negative rate
(5.5%). The high percentage of agreement (91.6%) between the
SERS assay and ELISA demonstrates that the present method
provides significant advantages in practical or clinical
application.

This journal is © The Royal Society of Chemistry 2012
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Table 1 Comparative data of the SERS assay and indirect ELISA of 36 pig serum samples

Published on 26 January 2012. Downloaded by Wuhan University on 18/12/2013 05:01:02.

Indirect ELISA Performance
Positive ~ Negative Total  Efficiency”  Sensitivity”  Specificity  False-positive rate’  False-negative rate
SERS Assay  Positive 17 2 19 91.6% 94.4% 88.9% 11.1% 5.5%
Negative 1 16 17
Total 18 18 36

“ Efficiency = (True-positive + True-negative) x 100%/Total. ® Sensitivity = True-positive x 100%/(True-positive + False-negative). ¢ Specificity =
True-negative x 100%/(True-negative + False-positive). ¢ False-positive = False-positive x 100%/(True-positive + False-negative). ¢ False-negative =

False-negative x 100%/(True-positive + False-negative).

Conclusions

In summary, we reported a sensitive and selective SERS immu-
noassay to detect and quantify MRP antibody against epidemic
disease SS2. The SERS assay exhibited a good linear relationship
between the logarithm of target concentration and the SERS
signal of pMBA at 1588 cm ™' over a concentration range of four
orders of magnitude (10 pg mL~! to 0.1 pg mL™"). By using the
versatile tAuNPs, the SERS immunoassay showed high sensi-
tivity and specificity towards the MRP antibody with a detection
limit of 0.1 pg mL~'. Serum sample detection demonstrated
a high agreement rate with the traditional method. The proposed
method will promote research on detection of SS2 and will take
an ulterior step to prevent or control the spread of Streptococcus
suis 11 disease. Furthermore, the SERS-based analytical method
could be extended to other zoonotic diseases by changing the
labeling strategy, and multiple detection is available for borne
disease analysis and screening.
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