
S
D

Z
A

a

A
R
R
A
A

K
S
F
I
R
G
D

1

y
w
a
i
m
b
e
d
i
s
h
o
t
H
d
e
l
l

e
s

0
d

Talanta 86 (2011) 170– 177

Contents lists available at SciVerse ScienceDirect

Talanta

jo u r n al hom epage: www.elsev ier .com/ locate / ta lanta

ilica  coated  gold  nanoaggregates  prepared  by  reverse  microemulsion  method:
ual  mode  probes  for  multiplex  immunoassay  using  SERS  and  fluorescence

huyuan  Wang,  Shenfei  Zong,  Hui  Chen,  Hui  Wu,  Yiping  Cui ∗

dvanced Photonics Center, Southeast University, Nanjing 210096, People’s Republic of China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 23 June 2011
eceived  in revised form 21 August 2011
ccepted 26 August 2011
vailable online 1 September 2011

eywords:

a  b  s  t  r  a  c  t

A  kind  of  fluorescent  dye-doped,  silica-coated  Au  aggregates  was  fabricated  using  reverse  microemulsion
method,  which  shows  both  strong  fluorescence  and  intense  surface  enhanced  Raman  scattering  (SERS)
signals.  Such  a composite  nanoparticle  is composed  of a SERS  core  as  silica-coated  Au aggregates  and  a  flu-
orescent  shell  as  dye-doped  silica  shell.  Being  prepared  through  reverse  microemulsion  method,  the SERS
core  exhibits  a  sphere  shape  and  a uniform  size.  Compared  with  a  silica-coated  single  Au nanoparticle,  our
presented  SERS  core  shows  a greatly  increased  SERS  intensity  due  to  the  Au  aggregates,  which  is  formed
urface enhanced Raman scattering
luorescence
mmunoassay
everse microemulsion method
old aggregates

by  simply  mixing  the  SERS  reporters  and  Au  nanoparticles.  When  being  excited  at  different  wavelengths
as  515  nm  and  633  nm,  the  fluorescence  and  SERS  signals  can  be  separately  generated,  which  can  avoid
the  disturbance  from  each  other.  In  addition,  the  potential  application  of such  a dual  mode  nanoparticle
in  multiplex  immunoassay  was  also  demonstrated  using  a  sandwiched  structure,  where  the  fluorescence
mode  can  be  used  for  indicating  the  occurrence  of an  immune  reaction,  and  SERS  mode  can  further  be

ing  th
ual  mode employed  for  distinguish

. Introduction

The microarray immunoassay is a powerful tool for the anal-
sis and characterization of biological samples, which has been
idely used for clinical diagnostics, food safety, drug delivery,

nd environmental monitoring [1–3]. In recent years, multiplex
mmunoassay becomes more promising due to the rapid develop-

ent of nanotechnology, in which multiple synthetic reactions and
iological tests are performed simultaneously [4–6]. So far, sev-
ral approaches have been employed for performing immunoassay
etection, such as colorimetric [7], fluorescence [8], light scatter-

ng [9], surface plasmon resonance [10], electrochemical [11] and
o on. Among these, the fluorescence-based immunoassay method
as attracted most attention [12–14], which has the advantages
f high-speed acquirement, easy performing and direct observa-
ion. Various fluorescent dyes can be used for multiplex labeling.
owever, because of the limited numbers of available fluorescent
yes with the same excitation wavelength and overlapping of the
mission bands caused by broad emission profiles, some prob-
ems may  be encountered when the number of analyte becomes
arge.
Recently, surface enhanced Raman scattering (SERS) has
merged as another sensitive method for bio-molecule analy-
is [15–18]. This technique has several advantages, including the

∗ Corresponding author.
E-mail  address: cyp@seu.edu.cn (Y. Cui).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.08.054
e  specific  kind  of  bio-analyte.
© 2011 Elsevier B.V. All rights reserved.

richness of spectroscopic information with high resolution, the
much narrower bandwidth and the non-photobleaching charac-
teristics, which are especially advantageous for the detection in
multiplex immunoassay [19]. Up to date, various types of metal
nanoparticles have been explored in SERS-based immunoassays,
such as nanospheres, nanorods, core–shell nanoparticles and so
on [20–22]. Since the response of a SERS-based immunoassay is
critically dependent on the SERS enhancing ability of the reporter-
labeled metal nanoparticles, how to obtain a strong and stable
SERS signal is of great importance. It has been reported that a
remarkable surface enhancement effect can be generated by the
aggregates in an appropriate size assembled by metal nanoparticles
[23]. We have previously presented a SERS-based immunoassay
by using the Raman reporter-labeled immuno-Au aggregates [24].
The results show that by simply mixing the Raman reporter of
4-mercaptobenzoic acid (4MBA) and Au nanoparticles, a stable
Au aggregates can be obtained with an increased SERS intensity,
which is advantageous in improving the sensitivity of a SERS-based
immunoassay.

As mentioned above, both fluorescence and SERS spectroscopy
have been successfully employed for detecting biomolecules. More
recently, a new spectroscopy (or microscopy) technique, which
uses the combined fluorescence and SERS signals, has emerged as
an analytical tool with increased analytical capacity and sensitiv-

ity [25–28]. Considering the different advantages of fluorescence
microscopy and SERS spectroscopy, this kind of dual mode spec-
troscopy holds great potential in the application of multiplex
immunoassay.
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Scheme 1. Preparation of anti

Here, we demonstrate a kind of dye-doped, silica-coated Au
ggregates by using reverse microemulsion method, which show
oth strong fluorescence and intense SERS signals. Such a com-
osite nanoparticle contains a SERS core as silica-coated Au
ggregates and a fluorescent shell as dye-doped silica shell (shown
n Scheme 1). Being prepared through reverse microemulsion

ethod, the SERS core exhibits a sphere shape and a uniform size.
ompared with a silica-coated single Au nanoparticle, our pre-
ented SERS core shows a greatly increased SERS intensity due to
he Au aggregates, which is formed by simply mixing the SERS
eporters and Au nanoparticles. When being excited at different
avelengths as 515 nm and 633 nm,  the fluorescence and SERS sig-
als can be separately generated, which can avoid the disturbance

rom each other. In addition, the potential application of such a dual
ode nanoparticle in a multiplex immunoassay was also demon-

trated using a sandwiched structure, where the fluorescence mode
an be used for indicating the occurrence of an immune reaction,
nd SERS mode can further be employed for distinguishing the
pecific kind of bio-analyte.

.  Experimental

.1. Materials

Triton X-100 and tetraethoxysilane (TEOS) were purchased
rom Alfa Aesar. Hydrogen tetrachloroaurate(III) trihydrate
HAuCl4·3H2O), (3-aminopropyl) triethoxy-silane (APTES), rho-
amine B isothiocyanate (RhBITC) and 5,5′-dithiobis(2-nitro-
enzoic acid) (DTNB) were purchased from Sigma–Aldrich.
lutaraldehyde (GA, 25 wt.% aqueous solution) were purchased

rom Sinopharm Chemical Reagent CO., Ltd. Ammonium hydroxide
as purchased from Shanghai Zhongshi Chemical Co., Ltd. Cyclo-
exane was purchased from Shanghai Shisihewei Chemical Co.,
td. n-Hexanol was purchased from Shanghai Lingfeng Chemi-
al Co. Ltd. 4-Mercaptobenzoic acid (4MBA) was  purchased from
hanghai Dere Finechem Co., Ltd. Acetone was  purchased from
hanghai Regent Co. Ltd. Sodium chloride was purchased from

hantou Xilong Chemical Co. Ltd. Bovine serum albumin (BSA),
oat-anti-human IgG, goat-anti-mouse IgG, human IgG, mouse IgG
nd phosphate buffered saline (PBS, pH 7.4) were purchased from
anjing Bookman Biotechnology Ltd. Deionized water (Millipore
conjugated dual mode probes.

Milli-Q  grade) with resistivity of 18.2 M� was  used in all the exper-
iments. All chemicals were used as received.

The borate buffered saline (BBS, pH 9.0) was prepared by dissolv-
ing disodium tetraborate decahydrate in de-ionized water with a
final concentration of 2 mM.  The PBST (containing 0.05% Tween 20)
buffer solution was prepared by mixing Tween 20 with PBS buffer
solution.

2.2. Preparation of silica-coated, SERS reporter-tagged gold
aggregates (denoted as Au aggregates/DTNB@SiO2 or Au
aggregates/4MBA@SiO2)

Colloidal gold was prepared according to the method devel-
oped by Frens [29]. The resulting gold nanoparticles showed an
average diameter of ∼15 nm according to the TEM images. 10 mL
of the above gold colloidal was  washed by centrifugation and re-
suspended in 0.6 mL  of water solution.

Then, the silica-coated, SERS reporter-tagged gold aggregates
were prepared through a reverse microemulsion method with
modifications [30]. First, microemulsion was prepared in a 250 mL
three-neck flask consisting of 3.54 g of Triton X-100, 2.617 g of n-
hexanol and 11.67 g of cyclohexane under vigorous stirring. Then,
the as-prepared 0.6 mL  of Au solution mixed with 400 �L of 10−2 M
4MBA (or DTNB) solution was  injected into the microemulsion
as soon as the color of the mixture turned from rose to blue.
After the above mixed solution became clear, 100 �L of TEOS solu-
tion and 100 �L of ammonium hydroxide were added to initiate
the polymerization reaction. The reaction was continued for 24 h
under stirring. When the reaction was complete, the synthesized
nanoparticles were isolated from the microemulsion using acetone,
which were then centrifuged and washed with ethanol and water
successively for several times to remove the surfactant and SERS
reporters. Finally, the nanoparticles were re-suspended in 20 mL  of
ethanol.

2.3. Preparation of luminescent and SERS-activated silica
nanospheres (denoted as Au aggregates/DTNB@SiO2@RhBITC/SiO2

or Au aggregates/4MBA@SiO2@RhBITC/SiO2)

Au aggregates/DTNB@SiO2@RhBITC/SiO2 and Au aggregates/
4MBA@SiO2@RhBITC/SiO2 nanoparticles were fabricated through
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 modified Stöber method [31]. In a typical experiment,
 mL  of the as-prepared Au aggregates/DTNB@SiO2 or Au
ggregates/4MBA@SiO2 solution was added with 11 mL  ethanol
nd 4 mL  water, followed by the successive addition of
hBITC–APTES complex, 20 �L of TEOS and 190 of �L ammo-
ium hydroxide. The mixture was kept stirring for 5 h. Here, the
hBITC–APTES complex was pre-prepared by adding 5 �L of APTES
olution to 100 �L of RhBITC solution in ethanol, which was  then
eacted for 12 h in dark under continuous stirring. The resulting
omposite dual mode nanoparticles were washed by centrifugation
nd re-dispersed in ethanol.

.4.  Immunoassay protocols

.4.1.  Preparation of antibody conjugated dual mode
anoparticles

Goat-anti-human IgG and goat-anti-mouse IgG were conju-
ated with the dual mode nanoparticles through a same strategy.
n the first step, Au aggregates/DTNB@SiO2@RhBITC/SiO2 and
u aggregates/4MBA@SiO2@RhBITC/SiO2 nanoparticles were both

unctionalized with amino groups by being mixed with APTES
olution. Then, after being centrifuged for three times, these amino-
odified nanoparticles were dispersed in water, followed by the

ddition of 4 mL  GA. After the mixture was shaken for 2 h, the
anoparticles were washed thoroughly and dispersed in BBS. Then,
00 �L of the antibody (1 mg/mL  in BBS) solution was  added and
he mixture was  shaken at 25 ◦C for 2 h. Excess antibodies were
emoved by centrifugation. After being blocked with BSA (3% BSA
n BBS), the purified nanoparticles was stored at 4 ◦C.

.4.2. Preparation of immune substrates and immune reaction
In  our experiments, the sandwich-type immunoassay chips

ere prepared as follows. First, the glass slides were sonicated in
 piranha solution (75% H2SO4 and 25% H2O2) for 30 min  and then
insed with copious amount of deionized water. The cleaned glass
lides were immersed in PEI solution (0.5% in PBS) for 2 h and rinsed
ith deionized water. Further, the slides were immersed in 2.5%
A aqueous solution for 3 h and rinsed with deionized water again.
fter the slides were dried with argon, 7 �L of goat-anti-human IgG
nd goat-anti-mouse IgG solutions (1 mg/mL  in BBS) were pipetted
nto two different spots on one slide, respectively, and incubated
n a humidity chamber at 4 ◦C for 12 h. Afterwards, the glass slides

ere washed three times with PBST buffer and rinsed with deion-
zed water to remove unbound antibodies. Nonspecific binding
ites were blocked by immersing the slides in BSA solution (1% in
BS) for 3 h. Then, after the slides were washed with PBST solution
nd dried under argon, 7 �L of a mixed antigen solution, containing
n equal volume of human IgG and mouse IgG (1 �g/mL in BBS), was
ipetted onto the two antibody-immobilized spots and incubated
t room temperature for 2 h. Again, the chips were washed with
BST solution and dried with argon. Then, 6.5 �L of the antibody-
onjugated silica nanoparticles solution were pipetted onto the
wo antigens-modified spots and incubated at room temperature
or 2 h. Finally, after being rinsed thoroughly to remove unbound
anoparticles and dried with argon, the chips were subjected to
uorescence and SERS measurements.

.5. Instruments

Extinction spectra were measured by a Shimadzu UV-3600 PC
pectrophotometer with quartz cuvettes of 1 cm path length. Pho-
oluminescence emission spectra were measured by an Edinburg

LS 920 spectrofluorimeter. Transmission electron microscope
TEM) images were obtained with an FEI Tecnai G2T20 electron

icroscope operating at 200 kV. Fluorescent images were recorded
y confocal microscopy (FV 1000, Olympus) with a 10× microscope
6 (2011) 170– 177

objective  and the excitation wavelength is 515 nm.  SERS spectra
were recorded at 632.8 nm excitation (2.36 mW at the sample posi-
tion) and Rayleigh scattering light was removed by a holographic
notch filter. The Raman scattering light was directed to an Andor
shamrock spectrograph equipped with a charge-coupled device
(CCD).

3. Results and discussion

3.1.  Characterization of silica-coated, SERS reporter-tagged Au
aggregates  (denoted as Au aggregates/DTNB@SiO2 or Au
aggregates/4MBA@SiO2)

As reported previously, the aggregated metal nanoparticles
show an increased SERS activity compared to the mono-dispersed
one, due to the more formed “hot spots”. In the structure of our
proposed composite nanoparticles, Au aggregates were used as the
core for an enhanced SERS performance. Although Au aggregates
could be formed by adding the chloride ions to metal colloids, the
process is usually uncontrollable and may  result in particle pre-
cipitation. In our experiments, Au aggregates were fabricated by
simply mixing the SERS reporter with Au nanoparticles. To demon-
strate the wide applicability of such a protocol, DTNB and 4MBA
were used as two examples. Using such a method, the Au aggre-
gates containing a small number of nanoparticles can be achieved
with strong SERS signals and good stability.

Fig. 1 shows two  series of extinction spectra of Au nanoparti-
cles in the time span of 40 min  after they were added with DTNB
and 4MBA molecules, respectively. It can be observed that with the
increased time, the extinction peak of the Au nanoparticles (initially
at ∼530 nm)  slightly bathochromically shifts after being tagged
with DTNB or 4MBA. More importantly, there is a broad extinction
band appeared at the red side of the spectra. As mentioned in Mie
theory, the plasma resonance of the aggregates would result in an
additional long wavelength component in the extinction spectrum,
which distinguishes from the extinction of isolated nanoparticles
dispersed in solution [32,33]. Besides, the Zeta-potential value of
the citrate-capped Au nanoparticles was −54.5 mV and changed
to −12.7 mV  and −28.4 mV  after being tagged with 4MBA and
DTNB, respectively. Thus, it is deduced that both DTNB and 4MBA
could induce the aggregation of Au nanoparticles. The reason may
be explained as follows. Initially, the citrate-capped Au nanopar-
ticles are stable in solution due to the electrostatic repulsion of
their charged surface [34]. After being added with DTNB or 4MBA
molecules, the citrate layers around Au nanoparticles are replaced
by the DTNB or 4MBA layer through the formed Au–S bonds [35].
Then the negative surface charges formed by citrate ions are dis-
rupted and the aggregation is induced via ‘place exchange reaction’
[36]. Comparing Fig. 1a with b, it can be found that the forma-
tion speed of Au aggregation induced by 4MBA is higher than
that induced by DTNB, which may  indicate a stronger interaction
between 4MBA and Au nanoparticles. After 30 min, both DTNB-
and 4MBA-induced aggregates stopped growing and began to keep
stable in the solution, which can be deduced from their slightly
changed extinction spectra after 30 min.

The  resultant SERS reporters-induced Au aggregates were
then incorporated within silica spheres using a modified reverse
microemulsion method, forming uniform core/shell units with a
spherical shape. In the experiments, to obtain the aggregates con-
taining a small number of nanoparticles, the solution of SERS
reporter-tagged Au nanoparticles were injected into the clear

microemulsion right after they became blue in color. Fig. 2a shows
the typical transmission electron microscopy (TEM) image of Au
aggregates/DTNB@SiO2 nanoparticles, which exhibit a spherical
shape as well as a uniform size. The thickness of the silica shell
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Fig. 1. Extinction spectra of Au nanoparticles (0.6 mL)  upon the addition of DTNB (a) and 4MBA (b) solution (10−3 M,  2 mL) at different times as 1 min, 3 min, 6 min, 9 min,
12 min, 15 min, 18 min, 21 min, 24 min, 27 min, 30 min  and 40 min.

Fig. 2. TEM images of Au aggregates/DTNB@SiO2 nanoparticles (a) and Au nanoparticle/DTNB@SiO2 nanoparticles (b). The scale bar is 50 nm.

Fig. 3. Extinction spectra of Au aggregates/DTNB@SiO2, Au nanoparticle/DTNB@SiO2 (a) and Au aggregates/4MBA@SiO2 nanoparticles, Au nanoparticle/4MBA@SiO2 (b).
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O2
and Au aggregates/4MBA@SiO2@RhBITC/SiO2 were both detected
to investigate how the silica coating and fluorophore doping affect
the SERS performance, as shown in Fig. 6a and b. The excitation
wavelength was 633 nm.  The result shows that due to the thick
Fig. 4. SERS spectra of Au aggregates/DTNB@SiO2, Au nanoparticle/DTNB@SiO2

an be tuned by changing the amount of tetraethyl orthosilicate
TEOS), the amount of ammonia solution, or the amount of aque-
us solution of Au aggregates. The silica-coated Au aggregates used
n this case had a silica-shell thickness of 50 nm on average, which
ad an average total diameter of about 120 nm.  Moreover, the cores
f such silica nanoparticles contain 2–3 aggregated Au nanoparti-
les. The aggregation state can also be indicated by the extinction
pectra of silica nanoparticles, deduced from the shoulder located
n the region above 600 nm (black curves in Fig. 3a and b).

The SERS performance of the prepared silica coated Au aggre-
ates was investigated by using the excitation wavelength at
33 nm.  The black curves in Fig. 4a and b show the SERS spectra of
u aggregates/DTNB@SiO2 and Au aggregates/4MBA@SiO2, respec-

ively. Obviously, both the DTNB- and 4MBA-tagged Au aggregates
emained their distinct SERS signals well after being incorporated
ithin silica nanospheres. The SERS spectrum of DTNB is character-

zed by peaks at 1333 cm−1, 1067 cm−1, 1152 cm−1, and 1558 cm−1,
hich are assigned to the symmetric stretch of the nitro group, the

uccinimidyl N–C–O stretch overlapping with aromatic ring modes,
he C–H deformation modes and the aromatic ring C–C stretching

odes, respectively [37]. The SERS spectrum of 4MBA is dominated
y peaks at 1077 cm−1, 1590 cm−1 and 1434 cm−1, which belong to
he ring-breathing modes and the stretching mode of the carboxy-
ate group [38]. It has been reported that as metal nanoparticles are
rought together to form aggregates, their transition dipoles cou-
le to each other. Thus, a significant SERS enhancement can often
e observed at the junctions of two or more metal nanoparticles
39]. Usually, an enhanced signal detected at the junctions between
anoparticles of the aggregates is 2–40 times stronger than that
btained at an isolated nanoparticle [40,41].

Here, for a comparative study, we prepared two control samples
s silica-coated Au nanoparticle, in which only one Au nanopar-
icle was encapsulated inside the silica shell (denoted as Au
anoparticle/DTNB@silica or Au nanoparticle/4MBA@silica). In the

abrication process, all the experimental parameters and conditions
ere kept the same as those for silica-coated Au aggregates, except

hat the 0.6 mL  solution of Au colloids added with 400 �L solution
f DTNB or 4MBA (10−2 M)  was injected into the microemulsion
mmediately instead of waiting for its color to become blue. Both
f the extinction spectra of Au nanoparticle/DTNB@silica and Au

anoparticle/4MBA@silica (the red curves in Fig. 3a and b) show
hat there was no obvious aggregation of Au nanoparticles being
ormed. The TEM image also proves that only a single Au nanoparti-
le was encapsulated in each silica nanosphere, as shown in Fig. 2b.
nd Au aggregates/4MBA@SiO2 nanoparticles, Au nanoparticle/4MBA@SiO2 (b).

SERS spectra of such nanoparticles are shown as the red curves
in Fig. 4a and b, which were obtained by using the same integra-
tion time and laser power. Comparing the signal-to-noise ratios
in Fig. 4a and b, it can be found that, by using Au aggregates as
SERS cores instead of single Au nanoparticle, SERS activity has been
enhanced by about 15 times.

3.2. Characterization of luminescent and SERS-activated silica
nanoparticles (denoted as Au
aggregates/DTNB@SiO2@RhBITC/SiO2 or Au
aggregates/4MBA@SiO2@RhBITC/SiO2)

The  resulting silica-coated Au aggregates were then coated
with a layer of RhBITC-doped silica shell using a modified Stöber
method. Fig. 5 shows the photoluminescence (PL) spectrum of
Au aggregates/DTNB@SiO2@RhBITC/SiO2 nanoparticles, which was
obtained by using an excitation wavelength at 515 nm. The emis-
sion peak is located at ∼585 nm,  indicating that the fluorescence
of RhBITC remained well after being doped inside the outer silica
shell.

Moreover, SERS spectra of Au aggregates/DTNB@SiO2@RhBITC/Si
Fig. 5. PL spectrum of Au aggregates/DTNB@SiO2@RhBITC/SiO2.
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Fig. 6. SERS spectra of Au aggregates/DTNB@SiO2@RhBITC/SiO

ilica shell sandwiched between the DTNB- or 4MBA-tagged
u aggregates, strong SERS signals were retained well after the

ntroduction of RhBITC-doped silica shell.

.3. Application in multiplex immunoassay

To demonstrate the application of such dual mode
anoparticles in multiplex immunoassays, Au aggregates/
TNB@SiO2@RhBITC/SiO2 and Au aggregates/4MBA@SiO2@RhBITC/
iO2 were chosen as the models in a sandwiched immunoassay
tructure, which were conjugated with goat-anti-human IgG and
oat-anti-mouse IgG, respectively. To avoid undesired adsorp-
ion, the empty sites on the surfaces of the nanospheres were
locked with bovine serum albumin (BSA). In the experiments,
oat-anti-human IgG and goat-anti-mouse IgG were immobilized
n two different regions in a chip, followed by the interaction with

 mixed solution of human IgG and mouse IgG antigens. After-

ards, the goat-anti-human IgG-conjugated Au aggregates/DTNB
SiO2@RhBITC/SiO2 and goat-anti-mouse IgG-modified Au
ggregates/4MBA@SiO2@RhBITC/SiO2 were pipetted onto two
uch chips for analysis. For checking the specificity, each chip

ig. 7. Fluorescence images and SERS spectra of two  sandwiched assays, which were pipe
anoparticles (a) and goat-anti-mouse IgG-modified Au aggregates/4MBA@SiO2@RhBITC
nd Au aggregates/4MBA@SiO2@RhBITC/SiO2 nanoparticles (b).

was  incubated with just one kind of the nanoparticles. After the
reaction, the two chips were washed to remove the unbound
analytes. Then, the fluorescence images and SERS spectra were
obtained for each chip using excitation wavelengths of 515 nm and
633 nm,  respectively. The results are shown in Fig. 7.

It can be seen that, on the chip pipetted with the goat-anti-
human IgG-conjugated Au aggregates/DTNB@SiO2@RhBITC/SiO2,
the goat-anti-human IgG-immobilized region show strong fluores-
cence and distinct SERS signals of DTNB, while goat-anti-mouse
IgG-immobilized region show neglectable fluorescence or SERS
signals (Fig. 7a), indicating the high specificities. Similarly, on
the chip pipetted with the goat-anti-mouse IgG-conjugated
Au aggregates/4MBA@SiO2@RhBITC/SiO2 nanoparticles, only the
goat-anti-mouse IgG-immobilized region show strong fluores-
cence and distinct SERS signals of 4MBA (Fig. 7b). The above results
indicate that such a kind of dual mode probe has potential applica-
tions in multiplex immunoassay. Specifically, when performing a

detection of multiple bio-analyte, the fluorescence mode of such
nanoparticles can be used for indicating the occurrence of an
immune reaction, while the SERS mode can further be employed
for distinguishing the specific kind of bio-analyte.

tted with goat-anti-human IgG-modified Au aggregates/DTNB@SiO2@RhBITC/SiO2

/SiO2 nanoparticles (b), respectively.
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Fig. 8. Concentration-dependent SERS spectra for human IgG detection using
the goat-anti-human IgG-conjugated Au aggregates/DTNB@SiO2@RhBITC/SiO2. The
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oncentrations of human IgG are 100 �g/mL, 100 ng/mL and 100 pg/mL, respectively.
he blank spectrum was  obtained by replacing human IgG with BSA in the sandwich
mmunoassay.

Then, to explore the ability of such antibody-conjugated
anoparticles in quantitative bio-analysis, goat-anti-human IgG-
onjugated Au aggregates/DTNB@SiO2@RhBITC/SiO2 was used as a
odel for the detection of human IgG in a sandwiched assay. In

he experiments, human IgG with the concentration of 100 �g/mL,
00 ng/mL and 100 pg/mL were placed onto the goat-anti-human
gG incubated slides and then exposed to goat-anti-human
gG-conjugated Au aggregates/DTNB@SiO2@RhBITC/SiO2 nanopar-
icles. The concentration-dependent SERS spectra are shown in
ig. 8. The blank spectrum was obtained by replacing the human
gG antigen with BSA in the detection system. It can be observed
hat the intensity of SERS peaks from DTNB molecules increased
oncomitantly with the increasing concentration of the antigen.
istinct SERS signals from DTNB were detected even at a low human

gG concentration of 100 pg/mL. These results show that highly
ensitive immunoassays are possible using such nanoparticles for
uantitative detection of biomolecules.

. Conclusion

In conclusion, we have demonstrated a kind of composite
anoparticles for multiplex immunoassay, operating through both
trong fluorescence and SERS signals. In such a dual mode nanopar-
icles, silica-coated, SERS reporter-tagged Au aggregates serve as

 core to generate SERS signals while an outer RhBITC-doped
ilica shell is used to provide fluorescence. Our experimental
esults show that both DTNB and 4MBA molecules have the
bility to induce the aggregation of Au nanoparticles and to gen-
rate strong SERS signals. Then, being encapsulated with silica
anoparticles by reverse microemulsion method, the silica-coated
u aggregates have a spherical shape as well as a uniform size
f ∼120 nm.  Compared with the silica nanoparticles containing

 single Au nanoparticle, the silica-coated Au aggregates exhibit
n increased SERS intensity of ∼15 times. After being conju-
ated with specific antibodies, such dual mode nanoparticles were
sed to detect human IgG and mouse IgG antigens. Our exper-

mental results show that the goat-anti-human IgG-conjugated
u aggregates/DTNB@SiO2@RhBITC/SiO2 can recognize specifically
he human IgG antigens, which can be deduced by the SERS signals
f DTNB and fluorescence of RhBITC. Similarly, the goat-anti-
ouse IgG-conjugated Au aggregates/4MBA@SiO2@RhBITC/SiO2

anoparticles only bound to the mouse IgG antigens, observed from

[
[

[
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the  SERS signals of 4MBA and fluorescence of RhBITC. Therefore,
these composite nanoparticles can be used as the indicator through
both fluorescence and SERS, with high signal-to-noise ratio and
high specificity.

We  believe that the presented dual mode has potential appli-
cation in multiplex biodetection, where fluorescence mode can be
used for indicating the occurrence of an immune reaction, and SERS
mode can further be employed for distinguishing the specific kind
of bio-analyte.
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