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  1   .  Introduction 

 New diagnostics that can sense for particular biomarkers 
remain in critical need for early stage disease detection and pre-
vention. [  1–3  ]  For biomedical applications, the naturally existing 
M13 bacteriophage has shown promising use as materials 
for therapy and sensing. The phage are resistant to elevated 

temperatures, high salt concentration, 
acidic pH, and chaotropic agents, [  4,5  ]  are 
non-toxic and do not initiate an immune 
response in humans. [  6  ]  Phage are also 
easily produced in  E. coli  and possess 
unique biochemical structural features 
that make them ideal candidates for chem-
ical or genetic modifi cation. [  7–9  ]  Because 
of these characteristics, M13 viruses 
have been used as drug delivery car-
riers, [  10,11  ]  scaffolds for in vitro and in vivo 
imaging, [  4,12–14  ]  and biosensors. [  5,15–17  ]  To 
this end, we have recently demonstrated 
that chemically modifi ed DNA-M13 bac-
teriophage can be used as bioanalytical 
platforms that enable facile and rapid 
detection of antigens in solution. [  18–20  ]  

 Among the many different detec-
tion modalities shown from nanomate-
rials, [  1,2,21–29  ]  sensing strategies based on 
surface enhanced Raman spectroscopy 
(SERS) has been a particularly promising 
approach. The Raman signal is greatly 
enhanced when molecules are brought 

near the surface of noble metals in a variety of morphologies; 
the largest effects are seen from plasmonic coupling arising 
from nanometer gap junctions. [  30–39  ]  In addition to being very 
sensitive, SERS can be used as a molecular fi ngerprinting tech-
nique due to the detailed spectrum consisting of narrow lines 
which allows resolution of spectral features for simultaneous 
detection of different probes and biomarkers. [  33,40–43  ]  This is in 
contrast to the more conventional ELISA based sensors where 
only one type of signal (e.g., colorimetric) is generated. Because 
SERS signals depend greatly on the distance between the mol-
ecule and the metal surface, control over the position of the 
nanoparticle and the Raman active dye is crucial for generating 
large, reproducible SERS signals. [  44–47  ]  To resolve problems 
arising from inconsistent enhancement factors and uncertain-
ties in SERS signal, some research has focused on embedding 
Raman active dyes within the nanostructures. [  44–47  ]  

 We report here a biosensor system that combines the use of 
DNA-conjugated SERS-active Au@Ag core–shell nanoparticles 
with DNA-modifi ed M13 bacteriophage. By reacting DNA-con-
jugated M13 viruses with DNA-SERS particles, we demonstrate 
that high loadings of nanoparticles can be captured to a single 
phage that lead to exponential increases in Raman intensity 
much larger than what can be achieved with antibodies. While 
SERS has been used for detection previously, amplifying SERS 
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in 300 m M  NaCl to form uniform silver shells around each Au 
NP ( Figure    1  a and Supporting Information, Figure S4). [  44,50–53  ]  
The average thickness of the silver shells on the Au NPs was 
found to be 10 ± 2 nm ( n  = 50). The UV-Vis spectrum showed 
a plasmon band shift from ≈520 nm to ≈410 nm without any 
secondary surface plasmon resonance modes (Figure S4, Sup-
porting Information), indicating that uniform silver shells 
were formed on the gold without any directional or asym-
metric growth. To confi rm that the DNA on the Au@Ag NPs 
was able to hybridize to complementary DNA, we performed 
control experiments with complementary and non-comple-
mentary 10 nm Au NPs (Figure S5, Supporting Information). 
The DNA-Cy3-Au@Ag only bound to Au NPs that were conju-
gated with complementary DNA, indicating that the DNA on 
the SERS particles showed specifi c base pairing. Furthermore, 
because the exposed silver surfaces were later found to induce 
nonspecifi c binding which is detrimental for biosensing, short 
DNA (T 10 ) strands were added to passivate the Au@Ag NPs 
through salt aging [  54  ]  (Figure S6, Supporting Information). In 
order to demonstrate that the extra T 10  strands helped prevent 
nonspecifi c binding, we reacted the particles with BSA blocked 
silica microbeads. After one hour incubation and centrifuga-
tion, the color of the microbead pellet after reaction with non-
passivated DNA-Au@Ag NPs was visibly darker than with 
the T 10  passivated NPs (Figure S7a, Supporting Information). 
These observations also correlated with UV-Vis measurements 

signals through specifi c biomolecular inter-
actions and taking advantage of the large 
macromolecular structure of the antigen-
binding agent have not been demonstrated.  

  2   .  Results and Discussion 

 In previous work, phage display panning 
yielded M13 bacteriophage that bound to the 
model antigen anti-goat rabbit immunoglob-
ulin (IgG). [  18  ]  In subsequent work, we further 
reported the use of 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDC) and succinim-
idyl-3-(2-pyridyldithio)propionate (SPDP)/
sulfosuccinimidyl-4-(N-maleimido-methyl)
cyclo-hexane-1-carboxylate (s-SMCC) for 
conjugating DNA oligonucleotides to the 
p8 major capsid proteins on the virus. [  18,19  ]  
However, due to undesired intra- and inter-
virus crosslinking and low DNA conjugation 
yields, aldehyde conjugated phage and hydra-
zine-terminated DNA was used instead. In 
doing so, we were able to take advantage of 
the high chemoselectivity of acyl hydrazone 
formation under mild conditions without 
considerably affecting the biological reactivity 
of the p3 proteins. [  20,48  ]  Benzaldehyde groups 
were fi rst conjugated to phage by reacting 
the nucleophilic amines of the p8 proteins 
with 4-formyl succinimidyl benzoate. The 
aldehyde-derivatized M13 were then reacted 
with hydrazide-derivatized DNA in 100 m M  
NH 4 OAc buffer, pH 4.8 for 24 h. [  20  ]  The DNA phage conjugates 
were characterized by densitometric analysis of SDS-PAGE gels 
after Coomassie staining (Figure S1, Supporting Information), 
which showed that 315 ± 41 DNA strands could be conjugated 
to the M13 bacteriophage (Supporting Information, S2). 

 Next, we attempted to bind SERS nanoparticles to the DNA-
conjugated phage. In order to optimize the detection scheme, 
we fi rst sought to produce DNA conjugated SERS nanocrys-
tals that show large enhancement factor (EF) values. Recently, 
Lim et al. reported the synthesis of SERS active nanostruc-
tures with narrow distribution of EF values [  45  ]  by conjugating 
thiolated Cy3 labeled DNA to 20 nm gold nanoparticles (Au 
NPs). In order to increase the number of dyes per particle, 
we decided to alter the synthesis by directly conjugating the 
Raman-active molecules to the Au NPs fi rst, followed by addi-
tion of thiolated DNA. For this, thiolated Cy3 was synthesized 
(Figure S3, Supporting Information) and then reacted with 20 
nm Au NPs at 300:1 molar ratios of Cy3:Au NPs. Next, thi-
olated DNA was conjugated to the Cy3-AuNPs by salt aging. [  49  ]  
To measure the number of bound Cy3, the nanoparticles were 
reacted with DTT to liberate the dye which was quantifi ed by 
UV-Vis absorbance measurements. From this it was deter-
mined that the average number of Cy3 per particle was 225 
± 25 ( n  = 3). To produce SERS active nanoparticles, the DNA 
and Cy3 conjugated Au NPs were next reacted with poly(N-
vinylpyrrolidone) (PVP), sodium L-ascorbate, and silver nitrate 

      Figure 1.  a) TEM image of T 10  passivated DNA-Cy3-Au@Ag nanoparticles and nanoparticle 
schematic (Scale bar = 20 nm). b) Uranyl acetate stained TEM images of DNA conjugated 
phage after reaction with complementary DNA-Cy3-Au@Ag nanoparticles. c) Uranyl acetate 
stained TEM images of aldehyde conjugated phage after reaction with DNA-Cy3-Au@Ag 
nanoparticles. 
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simply by adding in a second layer of DNA-Cy3-Au@Ag NPs 
(“DNA2-Cy3-Au@Ag NPs”) that were complementary to the 
fi rst set of DNA-Cy3-Au@Ag NPs (“DNA1-Cy3-Au@Ag NPs”) 
(Figures S13,S14, Supporting Information). TEM analysis qual-
itatively showed this to be possible which was later confi rmed 
by Raman measurements. 

 While SERS has been used for biosensing, increasing the 
number of SERS reporters bound to a single detection agent 
(antibody, aptamer, phage) in a label-specifi c manner have not 
been previously shown. Due to its high surface area and ability 
to bind multiple SERS particles in response to 1–2 antigens, 
it was envisioned that the M13 virus would produce much 
higher SERS intensities as opposed to antibodies, for example. 
To investigate this possibility, we developed the following assay 
outlined in  Scheme    1  . First, varying amounts of the model 
antigen, biotinylated antigoat rabbit IgG were captured to 1  μ m 
streptavidin-coated silica beads. Antigen-bound silica micro-
particles were then blocked with BSA followed by addition of 
DNA-conjugated phage. Unbound phage were removed by cen-
trifuge washing the beads three times with buffer. DNA1-Cy3-
Au@Ag nanoparticles were next added to the silica bead pel-
lets and vortexed to hybridize with the DNA-phage in sodium 
citrate buffer. Unbound DNA1-Cy3-Au@Ag NPs were thor-
oughly removed by stringent washing with buffer followed by 
fi ltration through a 0.22  μ m fi lter to remove any possible NP 
aggregates that would lead to false positives. To generate even 
higher SERS signal, DNA2-Cy3-Au@Ag NPs were added next 
to hybridize to the fi rst layer of bound Au@Ag NPs, followed 
by washing and fi ltration. The washed and diluted bead solu-
tions were then dried onto Si substrates and individual beads 
were analyzed by Raman spectroscopy. Since the silica bead 
showed only a weak Raman peak around 2050 cm −1 , this could 
be easily resolved from the 1580 cm −1  fi ngerprint peak region 
of Cy3. The assays were run under the same conditions as used 
previously to determine the EF values for the DNA-Cy3-Au@Ag 
NPs (power: 130  μ W, accumulation time: 30 s, 543.5 nm HeNe 
laser). As shown in  Figure    2  , with increasing antigen, a distinct 
increase in Raman intensity was observed with the addition of 
the fi rst set of SERS particles (DNA1-Cy3-Au@Ag NPs) while 
the control sample (no antigen) showed virtually no signal. Fur-
thermore, with the second addition of the DNA2-Cy3-Au@Ag 
NPs, there was a signifi cant enhancement in Raman signal at 
all antigen concentrations with exponential increases at higher 
antigen levels. A hypothesis for the exponential increase in 
signal is that at low antigen concentrations the phage would lie 

which determined the amount of Au@Ag NPs in the superna-
tant (Figure S7b, Supporting Information).  

 Next, to determine the SERS response of the particles, we 
measured Raman intensity as a function of nanoparticle 
number. For this, an array of Si pillars 4  μ m in diameter were 
photolithographically patterned to match the laser spot size of 
the micro-Raman. These micropatterned substrates were then 
made hydrophilic through UV-ozone treatment, and varying 
concentrations of the DNA-Cy3-Au@Ag nanoparticles were 
absorbed to the pillar arrays in 150 m M  NaCl. After counting the 
number of nanoparticles on individual pillars in each sample 
by scanning electron microscopy (SEM), micro-Raman analysis 
was performed. For the Raman spectroscopy measurements, 
we measured the fi ngerprint peak region of Cy3 at 1580 cm −1  
using laser excitations of 543.5 nm and 632.8 nm (He-Ne laser) 
(=130  μ W, accumulation time: 30 s) (S8, Figure S9, Supporting 
Information). The SERS EF values were determined by normal-
izing the laser power (130  μ W) and acquisition time for all sam-
ples measured. On the basis of these measurements, the calcu-
lated SERS EF were determined to be 1.39 × 10 6  and 1.29 × 10 5  
with 543.5 nm and 632.8 nm excitation respectively (S10, Sup-
porting Information). 

 In order to determine if the DNA-Cy3-Au@Ag NPs could 
bind the DNA phage, we mixed complementary and non-
complementary nanoparticles with the DNA coated viruses. As 
shown in Figure  1 b and Figure S11a, Supporting Information, 
when the Au@Ag NPs were modifi ed with DNA that is com-
plementary to that on the DNA-phage, we saw almost complete 
coverage of the phage with nanoparticles. In contrast, when 
the DNA-Au@Ag NPs were reacted with aldehyde conjugated 
phage (Figure  1 c and Figure S11b, Supporting Information) 
or when DNA phage were reacted with non-complementary 
Au@Ag NPs (Figure S11c, Supporting Information) no nano-
particles were bound to any of the viruses. In addition, only 
when DNA-phage were mixed with complementary DNA-Au@
Ag NPs was aggregation seen in solution (Figure S12a, Sup-
porting Information) while the non-complementary and alde-
hyde phage systems showed none. This was quantitatively 
also confi rmed through UV Vis measurements where only the 
DNA-phage and complementary DNA Au@Ag NPs showed 
a dramatic decrease in absorbance due to the Au@Ag NP 
aggregating out of solution (Figure S12b, Supporting Informa-
tion). Furthermore, because DNA hybridization was used to 
couple the SERS nanoparticles to the phage, we tested to see 
if the number of SERS probes per phage could be increased 

       Scheme 1.  Quantitative SERS sensing with DNA-phage: a) Antigen were fi rst captured onto silica microbeads, b) DNA conjugated M13 bacteriophage 
were added next to the silica microbeads followed by c) DNA conjugated Raman active nanoparticles. d) Individual silica beads were measured by 
Raman spectroscopy. 
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the DNA-phage system was calculated to show nearly a 75-fold 
increase in Raman intensity over that of the DNA-antibody 
system (Figure  3 ). This dramatic increase in SERS signal dem-
onstrates that the high surface area of the fi lamentous bacte-
riophage provides signifi cant advantages in terms of sensitivity 
over that of other systems, such as antibodies. The large differ-
ences in SERS signal between the DNA-phage and that of DNA-
antibody provides the possibility of running single microbead 
analysis for multiplexed protein analysis.   

  3   .  Conclusion 

 We have demonstrated here a novel phage-SERS sensing 
platform as a highly sensitive, facile, and rapid antigen detec-
tion system. As a fi rst step, DNA-conjugated metal core–shell 
nanoparticles were successfully synthesized containing high 
loadings of Raman active dye. These SERS-active particles were 
then used in conjunction with DNA-conjugated M13 bacterio-
phage to yield protein sensing platforms with sensitive Raman 
detection limits. Additional layers of SERS nanoparticles were 
also deposited on a single phage via a layer-by-layer approach, 
leading to exponential gains in Raman intensities. These 
favorable sensitivities could not be achieved when using anti-
bodies, indicating that the large surface area of bacteriophage 
provide a mode for enhanced detection over that of existing 
and conventional biosensing systems. While it was diffi cult to 
obtain more than two successive layers of nanoparticles on the 
phage, by tuning the number of DNA strands per particle and 
using non-competitive DNA sequences for nanoparticle lay-
ering, it should be possible to increase the sensitivity of these 
phage sensors further. Finally, since each SERS particle may 
contain a specifi c dye, and phage may be loaded with specifi c 
DNA sequences, it will be possible to extend this for multi-
plexed analysis in future studies.  

more parallel to the silica bead surface, while at higher antigen 
concentrations with larger amounts of phage bound, the fi la-
mentous viruses would have greater surface area exposed to 
bind to the SERS active nanoparticles (Figure S15, Supporting 
Information), leading to amplifi ed gains in signal. By using this 
approach, a 2–12 fold enhancement in Raman was obtained 
with the DNA2-Cy3-Au@Ag NPs than what could be achieved 
with just DNA1-Cy3-Au@Ag NPs, and concentrations as low 
as 5 fmol (10 p M ) could be easily detected above background 
(Figure  2 ).   

 Since it was hypothesized that the high surface area of each 
M13 virus (1  μ m × 6 nm) was critical for seeing enhanced SERS 
signals, as a direct comparison we decided to run the exact 
same protein assay but with DNA conjugated antibodies. For 
this, using the same hydrazone chemistry and DNA strands as 
was used to produce DNA conjugated phage, DNA-conjugated 
goat IgG was synthesized. First, to determine if chemical modi-
fi cation of the antibody could inhibit its ability to bind its pro-
tein target, FITC-labeled DNA-conjugated goat IgG was tested 
for binding to antigoat IgG by fl uorescence microscopy. As 
shown in Figure S16, Supporting Information, chemical modi-
fi cation of the goat IgG did not inhibit it from binding antigoat 
IgG. Next, using the same working concentrations as those 
used in the phage assay, we reacted the DNA-conjugated goat 
IgG with different amounts of its antigen antigoat IgG captured 
onto the silica microbeads. After removing unbound DNA con-
jugated antibody, we reacted the beads with the SERS active 
DNA1-Cy3-Au@Ag NPs. As with the DNA-phage, we further 
reacted the beads with DNA2-Cy3-Au@Ag NPs to see if any 
signals could be further amplifi ed. As shown in  Figure    3  , with 
the DNA-antibody sensor system, very low SERS signals could 
be obtained as compared with the DNA-phage platform. In 
the case of 10 n M  of antigen, even after conjugation with both 
DNA1-Cy3-Au@Ag NPs and DNA2-Cy3-Au@Ag NPs, little 
Raman signal was seen. Through quantitative comparisons, 

      Figure 2.  a) Plot of SERS intensities at 1580 cm −1  (fi ngerprint peak of Cy3) as a function of antigen concentration. Each data point represents the sum 
of Raman intensities measured from nine individual silicon microbeads. Black dots (DNA1-Au@Ag NPs) represent Raman intensities measured after 
conjugation with DNA1-Au@Ag NPs. Gray dots represent intensities measured after the addition of DNA2-Au@Ag NPs. The error bars represent 
standard deviations obtained from three separate sensing assays .  b) Representative SERS spectra obtained with varying amounts of antigen after 
conjugation with DNA2-Au@Ag nanoparticles (1: control (no antigen), 2: 10 p M  (5 fmol), 3: 100 p M  (50 fmol), 4: 1 n M  (500 fmol), 5: 10 n M  (5 pmol)). 
Dotted box indicates the fi ngerprint peak (1580 cm −1 ) of Cy3. 
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the NaCl concentration up to 300 m M  in the presence of sodium dodecyl 
sulfate (SDS, 0.1%). After 16 h at room temperature, the DNA-Cy3 
gold nanoparticles were purifi ed three times by centrifugation. Next, 
polyvinylpyrrolidone (PVP, 40k, 0.25 % fi nal concentration), (+)-sodium 
L-ascorbate (15 m M  fi nal concentration), and silver nitrate (0.15 m M  
fi nal concentration) was sequentially added to the DNA-Cy3 conjugated 
20 nm gold nanoparticles (0.5 n M  fi nal concentration in dd-H 2 O). The 
solution was adjusted to 300 m M  NaCl and 10 m M  phosphate buffer, 
and the reaction was allowed to react for 3 hours with stirring. After 
centrifugation to collect the DNA-Cy3-Au@Ag nanoparticles, thiolated 
T 10  was added to passivate the rest of the nanoparticle surface. 

  Raman Measurements :  A  home-built micro-Raman system was used for 
all Raman measurements, based on an Olympus microscope (BX51TRF) 
with a 50x objective lens (NPlanFL BD, NA 0.8). The signal was spectrally 
dispersed and detected with a spectrometer with 600 g mm −1  grating and 
LN2-cooled CCD (Princeton Instruments SP2500i). Green (543.5 nm) 
and red (632.8 nm) HeNe laser lines were used for excitation, with an 
edge fi lter (Semrock) for fi ltering the laser line. 

  TEM Sampling and Imaging : Carbon-coated copper mesh TEM grids 
(Electron Microscopy Sciences, Inc., USA) were glow discharged for 40 s 
at 20 mA to make them hydrophilic. Several microliters of the phage and 
nanoparticle solutions were then dropped on the grids and allowed to 
air dry. Transmission electron microscope (TEM) images were acquired 
on a CM 100 TEM (Phillips, USA). For imaging M13 bacteriophage, 
uranyl acetate negative staining was used. 

  DNA-Phage and DNA-Cy3-Au@Ag NPs-Based Protein Detection and 
Identifi cation Assay : 1  μ m streptavidin coated silica micro particles 
(15  μ L of 10 mg mL −1 , Bangs Lab. Inc, USA) were reacted with varying 
amounts of biotinylated anti-goat IgG (model antigen) in 1× PBS 
containing 0.025% Tween (0.025% PBST). The antibody-conjugated 
silica microparticles were blocked with blocking buffer (0.025% PBST, 
5 mg mL −1  of BSA) for 2 h. Blocked antibody-silica micro particles were 
collected by centrifuge at 2000  g  and washed three times (0.025% PBST, 
1 mg mL −1  of BSA). 750 fmol of DNA-phage was then incubated with 
the silica micro particles (0.1% PBST, 1 mg mL −1  of BSA), and after 1 h 
incubation, the solution was removed and the silica microparticles were 
washed three times (0.1 % PBST, 1 mg mL −1  of BSA). Phage-bound 
antibody silica micro particles were then conjugated with DNA-Cy3-Au@
Ag nanoparticles (10  μ L of 10 n M ) in 0.025% SSCT (150 m M  NaCl, 

  4   .  Experimental Section 
 Unless otherwise noted, all reagents were obtained from commercial 
sources and used without further purifi cation. Water used in buffers 
or in reactions was deionized with a Milli-Q Advantage A-10 water 
purifi cation system (MilliPore, USA). UV-vis spectra were acquired on a 
DU 730 spectrophotometer (Beckman Coulter, USA). 

  DNA Sequences : All DNA was purchased from Integrated DNA 
Technology (Iowa, USA).

   (1)  DNA-phage: 5′-I linker–TTTTTGTGCGCAAAGAGTTT -3′ 
  (2)  1st DNA-Cy3-Au@Ag nanoparticles: 5′-C6-Thiol-AAAAAAAAAA-

PEG 18 -AAACTCTTTGCGCAC -3’′ 
  (3)  Capping DNA for DNA-Cy3 Au@Ag nanoparticle: 5′ 

C6-Thiol-TTTTTTTTTT-3′ 
  (4)  2nd DNA-Cy3-Au@Ag nanoparticles: 5′-C6-Thiol-AAAAAAAAAA-

PEG 18 –GTGCGCAAAGAGTTT-3′   

  Synthesis, Purifi cation, and Characterization of Thiolated Cy3 : Sulfo-N-
hydroxysuccinimide Cy3 (s-NHS Cy3, 500 mg) (GE Healthcare, USA) was 
dissolved in DMSO (200  μ L) and a solution of cysteamine hydrochloride 
(6.52 mmol) in pH 8.1 50 m M  NaHCO 3  buffer (130  μ L) was added. The 
reaction was allowed to proceed overnight at room temperature, at 
which point the crude reaction mixture was purifi ed by preparatory thin 
layer chromatography plate (prep TLC) with CH 2 Cl 2 :MeOH (1:1). The 
pink bands were collected, eluted with a mixture of ethanol:methanol 
(9:1), and identifi ed by electrospray ionization mass spectrometry (ESI-
MS). The observed mass of the product was 726.30 m/z by ESI-MS 
(expected mass: 727.18) (Figure S3, Supporting Information) (LCQdeca 
mass spectrometer with electrospray ionization source, Thermo, USA). 
The fi nal thiolated Cy3 was dissolved in DMSO and stored at 4 °C. 

  Synthesis of T 10 -DNA-Cy3 Au@Ag Nanoparticles : 2 mL of 20 nm 
citrate-coated gold nanoparticles (Ted Pella, USA) was conjugated 
with 300-fold molar excess of the synthesized thiolated Cy3 (7.23  μ L 
of 274  μ  M ) overnight at room temperature. Concurrently in a separate 
reaction, 7 nmol of thiolated DNA in phosphate buffer (PB, 170 m M  fi nal 
concentration, pH 8.0) was treated with dithiothreitol (DTT, 50 m M  fi nal 
concentration) for one hour. DTT-treated thiolated DNA was purifi ed 
by NAP-5 column (GE Healthcare, USA). Thiolated DNA was then 
conjugated to the Cy3-20 nm gold nanoparticles by sequentially increasing 

      Figure 3.  a) Raman intensities obtained from DNA-antibody versus DNA-phage after reacting with DNA1-Cy3-Au@Ag NPs and DNA2-Cy3-Au@Ag 
NPs. The intensity values were obtained at 1580 cm −1  (fi ngerprint peak of Cy3). Each data point represents the sum of Raman intensities measured from 
nine individual silicon microbeads. The Raman intensity values were calibrated by subtracting the background signals of no antigen. b) Representative 
SERS spectra. Comparison plot of Raman spectra obtained between the DNA-phage system and the DNA-antibody sensing system after conjugation 
with DNA2-Cy3-Au@Ag nanoparticles. In both cases, 10 n M  of model antigen was used. 
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15 m M  citrate, and 0.025% Tween, pH 7.0), and after 45 min, the DNA1-
Cy3-Au@Ag NP-bound silica micro particles were centrifuged at 1000 g, 
and the supernatant was discarded. The centrifugation purifi cation was 
repeated. The solution of DNA1-Cy3-Au@Ag NPs were fi ltered using 
a 0.22  μ m fi lter (polyvinylidene fl uoride (PVDF) membrane, Millipore, 
USA), and washed with 0.025 % SSCT twice. The particles were 
dispersed in 250  μ L 0.025 % SSCT, and 1  μ L of the solution was diluted 
10-fold and adsorbed to UVO-treated hydrophilic Si substrate for Raman 
measurement. The remaining solution of DNA1-Cy3-Au@Ag NPs 
bound micro particles was reacted with complementary DNA2-Cy3-Au@
Ag NPs (10  μ L of 10 n M ) for 45 min. And washing, Raman samples 
were prepared as described above. Micro Raman measurements were 
carried out with separated single silica micro particles with 130  μ W, 30 s 
accumulation time.  
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