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In this paper, we study the relationship between nanoparticles’ structure/composition and the

chemical nature of the molecules to be identified in surface enhanced Raman scattering (SERS)

spectroscopy. Three types of nanoparticles (NPs) were synthesized, including Ag, Au, and silver

coated by gold (Ag@Au), in order to study the resulting enhancement effects. When a rhodamine

6G dye molecule was used to assemble the NPs, it was found that Ag NPs exhibited the highest

enhancement activity. However, when a thiol containing 3-amino-1,2,4-triazole-5-thiol molecule

was used to assemble the NPs, it was found that the Ag@Au NPs exhibited high Raman activity as

well as the Ag NPs. The results give insight into how the chemical properties of the molecules to

be analyzed play an important role in the SERS detection. An additional parameter of the analysis

reveals the relative stability of the three types of NP probes synthesized with regard to oxidation in

the presence of different mediating molecules and varying salt concentrations. The results are of

interest in designing and employing NP probes to detect biological molecules using colorimetric

and SERS based approaches. VC 2011 American Institute of Physics. [doi:10.1063/1.3579445]

I. INTRODUCTION

Nanoparticles (NPs) have received much attention due

to their potential applications in various fields, for example,

catalysis, thermoelectric materials, drug delivery, microelec-

tronics, sensing, and many other emerging areas of nanotech-

nology.1–4 Specifically, metal NPs have garnered interest as

biologically sensitive probes to detect molecules such as

DNA, RNA, proteins, amino acids, etc. Silver and gold are

well known in this field. The optical properties of silver NPs

make it an exceptional candidate for use in biodiagnostics

and sensing.2,5,6 Gold is highly desirable as a nanoscale

probe because of its resistance to oxidation and beneficial

reactivity with the sulfur component of many biomole-

cules.5,6 In order to take advantage of the beneficial proper-

ties of both silver and gold in a single functional

nanoparticle probe, many researchers have tried to couple

silver and gold as a single core@shell structure (Ag@Au)

with enhanced optical properties from the Ag core and resist-

ance to oxidation/sulfur reactivity from the Au shell.7 The

optical properties of these metal NPs can be tuned by chang-

ing the size of the Ag core and the thickness of the Au shell,

etc., leading to tailorable Ag@Au NP bioprobes.

An important aspect in harnessing the novel properties

of this class of NPs for biomolecular sensing and recognition

is the manipulation and control of the interparticle proper-

ties, i.e., NP surface properties, interparticle distance, assem-

bly, etc. There are several studies that focus on exploiting

the interfacial properties of nanostructures such as place-

exchange reactions of ligands,8 layer-by-layer stepwise as-

sembly,9 DNA linked assembly,10 polymer or dendrimer

mediated molecular recognition,11,12 hydrogen-bonding

mediated assembly,13 and multidentate thioether mediated

assembly.14 For applications in chemical sensing (see Zheng

et al. in Ref. 13; Refs. 15–17), nanoelectronics (see Musick

et al. in Ref. 9; Ref. 18), and medical diagnostics,10,19 the

molecularly mediated assemblies of NPs are often used as a

detection route. As one increasingly important class of nano-

structures, the immobilization of dye molecules onto NPs

has captured recent interest with regard to exploiting its opti-

cal properties for chemical and biological applications,

including the fluorescence quenching of small dye molecules

on NPs,20,21 complementary oligonucleotides for single

stranded DNA linked metal NPs or bar-coded metal nano-

wires,22–24 and fluorescent-dye-doped NPs for medical diag-

nostics and labeling.25 Although extinction, absorption, and

scattering are still the primary optical properties of interest,

other spectroscopic techniques are also beginning to take

advantage of the novel properties of metal NPs.

Recently, various metal NP based biosensors using

localized surface plasmon resonance (LSPR) have been pro-

posed.26–30 One of the most attractive extensions of LSPR

sensors is their biosensing application using surface

enhanced Raman scattering (SERS).31–37 SERS is a surface

sensitive phenomenon that results in the enhancement of

Raman scattering by molecules adsorbed on rough metal

surfaces. The significant amplification of Raman scattering

intensity occurs because of the electric field enhancement

present in the vicinity of small, interacting metal NPs that

are illuminated with light resonance at or near the LSPR fre-

quency. SERS is of great importance because of its ability to

detect extremely low concentrations of analytes, even at the

single-molecule level, for biological diagnostics.38 SERS has
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been employed in nanodiagnostics to detect biological mole-

cules such as proteins, DNA, etc. with high selectivity and

sensitivity by using Raman labels conjugated to NPs, as

SERS based biosensors are highly sensitive.39–42 However,

despite this excitement and interest, there have been few

studies that identify which type of metallic NP probe is opti-

mal for use in a given application, as the interaction of the

molecule to be detected with the Raman probe is one of the

keys to the observed enhancement.

Therefore, we propose an easy approach to study the

fundamental interactions between the NP based SERS probes

and the molecules to be detected. The analysis relies on the

assembly of the NPs using two kinds of molecular linker sys-

tems with vastly different chemical properties, and then

quantifying and comparing the resulting Raman enhance-

ment observed for the different particle–molecule combina-

tions. The study is designed to address the question of

whether Ag@Au NPs (which are expected to show the high-

est Raman enhancement) are superior to Ag or Au monome-

tallic NP probes. For the first linker system, rhodamine 6G

dye (R6G) is used to assemble the NPs, relying on electro-

static interactions in the adsorption of the molecule to the

NP surface. The second linker system used is a thiol contain-

ing molecule, 3-amino-1,2,4-triazole-5-thiol (ATT), which

adsorbs to the NP surface via the sulfur functionality. Both

molecules lead to the spontaneous assembly of the different

nanoparticle systems. The resulting assemblies exhibit

Raman enhancement, which is quantified to determine the

effectiveness of the individual NP probes. We then compare

the Raman enhancement for the three different NPs, i.e., Ag,

Au, and Ag@Au. The results show that the chemical nature

of the molecule used in the assembly plays an important role

in the exhibited enhancement. As an additional parameter,

the relative stability of the different NP probes was found to

vary significantly in varying salt concentrations, which also

has implications with regard to using these probes in practi-

cal biomolecular detection systems.

II. EXPERIMENTAL DETAILS

A. Chemicals

Silver nitrate (AgNO3) 99.9999%, sodium acrylate 97%,

trisodium citrate (SC) 99.0%, sodium chloride (NaCl)

99.0%, gold tetrachloroaurate trihydrate (HAuCl4�3H2O)

99.9%, and common solvents were obtained from Aldrich.

R6G (practical grade) was obtained from Wako Chemical.

We obtained 3-amino-1,2,4-triazole-5-thiol (ATT) 98.0%

from Tokyo Chemical Industry. Water was purified with a

Millipore Direct-Q system (18.2 MX). Dialysis membranes

with molecular weight pore size of 10,000 Da were obtained

from Spectra/Por and were rinsed in pure water before use.

B. Instrumentation and measurements

Techniques including transmission electron microscopy

(TEM), high-resolution TEM (HR-TEM), Raman spectros-

copy, energy dispersive x-ray spectroscopy (EDS), and UV-

visible spectroscopy (UV-Vis) were used to characterize the

size, shape, composition, and other properties of the NPs.

TEM analysis was performed on a Hitachi H-7100 instru-

ment operated at 100 kV. HR-TEM was performed on an

Hitachi H-9000NAR operated at 300 kV. Raman spectra

were obtained with an Arþ ion laser (wavelength 514.5 nm,

power 50 mW), using a Horiba-Jobin Yvon Ramanor

T64000 triple monochromator equipped with a CCD detec-

tor. The nonpolarized Raman scattering measurements were

set under a microscope sample holder using a 180� backscat-

tering geometry at room temperature. The laser spot diame-

ter was 1 lm. An acquisition time of 60 s per spectrum was

used with averaging of three spectra per analysis area. EDS

mapping was performed on a JEOL JEM-ARM200F scan-

ning TEM (STEM) operated at 200 kV. Samples for TEM,

HR-TEM, and EDS mapping were prepared by dropping the

suspended NPs onto a carbon coated copper grid and drying

overnight in air. UV-Vis spectra were collected in the range

of 300 to 1100 nm using a Perkin-Elmer Lambda 35 UV-Vis

spectrometer.

C. Ag NP synthesis

Ag NPs were synthesized via the citrate reduction

method.43 We prepared 50 ml of a 1 mM solution of AgNO3

in a 100 ml round flask. This solution was then purged with

argon and stirred with heating until reflux was achieved.

Next, 1 ml of a 3.4� 10�3 mM aqueous solution of SC was

added to the refluxing AgNO3 solution. The solution was

refluxed for 1 h. After about 3 min of boiling, the solution

turned yellow, and after about 5 min it turned gray-yellow

and became opaque. The reaction solution was cooled to

room temperature after 1 h of refluxing, and then the opaque

dispersion was centrifuged at 4000 rpm for 30 min. After the

centrifugation, the upper part of the solution became a trans-

parent yellow color. The upper part of the solution was

removed and contained the final Ag NPs.

D. Au NP synthesis

For the synthesis of the Au NPs, the general procedure

followed was the same as that for the synthesis of the Ag

NPs. An aqueous solution of HAuCl4�3H2O (50 ml, 0.25

mM) was vigorously stirred and heated to reflux at 100 �C.

Then, an aqueous solution of SC (0.5 ml, 3.4� 10�5 mM)

was added to the reaction solution. Refluxing was continued

for 1 h. The light yellow Au solution turned immediately

clear; after 5 min the color changed to purple, and then

slowly to dark purple, and over time the solution became a

wine red color. After the refluxing, the mixture was cooled

to room temperature and used for experiments without fur-

ther processing.

E. Ag@Au NP synthesis

The as-synthesized citrate-capped Ag NPs were used as

core particles in the synthesis of the Ag@Au NPs.7 The Ag

NP dispersion (50 ml) was brought to reflux with stirring,

and then HAuCl4�3H2O (8.31� 10�7 moles, 10 ml, 0.0831

mM) and SC (8.49� 10�4 moles, 10 ml, 0.8466 mM) were

simultaneously added dropwise. The reaction solution was

refluxed for 1 h. The yellow colored solution turned slightly
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orange after the coating of Au onto the Ag core. After reflux-

ing, the mixture was cooled to room temperature and used

for further experiments.

F. Creation of Raman active NP assemblies

For the three sets of as-synthesized NPs, including Ag,

Au, and Ag@Au NPs, the relative concentration of all three

samples was made uniform by diluting the concentrated dis-

persions. The final NP concentration used to create the

assemblies was 7.0� 10�11 M. In a cuvette, 3 ml of the NP

dispersion was taken for creating the assemblies using R6G

or ATT. In the case of assembly using R6G, NaCl was added

to partially screen the negative charge on the NP surfaces.

First, 50 ll of 0.1 mM R6G was added. Then, 100 ll of 0.1

M NaCl was added to the NP dispersion, and after 5 min a

UV-Vis spectrum was collected to monitor the start of parti-

cle assembly. The reaction was monitored for 1 h by taking

UV-Vis spectra every 15 min in the range of 300–1100 nm.

After 1 h, the UV-Vis spectrum reached a pseudosteady

state. In the case of ATT, 10 ll of 1 mM ATT aqueous solu-

tion was added to 3 ml of NP dispersion in a cuvette. An im-

mediate change in color was observed—from red to purple

for the Au NPs and from yellow to green for the Ag NPs—

which indicates a fast interaction of ATT with these NPs. In

the case of Ag@Au NPs, the color gradually changed from

orange to green. UV-Vis spectra were collected every 15

min for a total of 1.5 h. After 1 h, the UV-Vis spectrum

reached a pseudosteady state.

III. RESULTS AND DISCUSSION

A. Assessment of the core@shell structure

The Ag NPs are coated with a layer of Au to form

Ag@Au NPs by following a general seeded growth mecha-

nism. Briefly, first the Ag NPs are brought to reflux, and then

dilute aqueous Au and SC solutions are added simultane-

ously so that gold can reduce on the Ag NP surface, causing

a layer of Au to form over the Ag cores. The challenges

faced in this reaction include the galvanic replacement

between Ag and Au, which is partially suppressed by adding

additional reducing agent in the coating procedure.7 Figure 1

shows the normalized UV-Vis absorption spectra of the as-

synthesized Ag, Au, and Ag@Au NPs. The LSPR peak

wavelengths occur at 403, 525, and 423 nm for Ag, Au, and

Ag@Au NPs, respectively. Both the Ag and Au NPs display

SPR bands at characteristic frequencies. For the Ag@Au

NPs, a single nonsymmetrical peak is observed between

those for Ag and Au (only slightly shifted from the orginal

Ag peak position), indicating the coating of Au onto the Ag

NPs. Figure 2 shows the TEM images of the Ag, Au, and

Ag@Au NPs. The TEM images show that all NPs have

roughly spherical morphologies (a minor fraction of nano-

rods forms in the Ag NP synthesis, but the occurrence is too

low to significantly impact the optical properties). In addi-

tion, slightly darker rings outside the lighter spherical centers

are observed in the case of Ag@Au NPs [Fig. 2(c)], indicat-

ing the formation of a Au shell on the Ag NP surfaces.7 The

mean size and size distributions are 39.4 6 6.5 nm for Ag,

43.1 6 4.3 nm for Au, and 43.9 6 7.9 nm for Ag@Au NPs.

EDS mapping analysis was conducted to study the rela-

tive positions of Ag and Au within the individual Ag@Au

NPs. Figure 3 shows the high angle annular dark field

(HAADF) image and the elemental mapping images for Ag

and Au, as well as an overlay of both. In general, the dark

field image reveals NPs with a dense outer shell and a rela-

tively less dense inner area. When comparing this image to

the Au map, it is shown that a majority of the gold exists at

the periphery of the NPs, which is expected for the formation

of a Au shell. However, the Ag map also shows several par-

ticles with relatively less Ag in some particle centers. This

can be attributed to partial etching of the silver cores as Au

is added in the coating procedure. While some etching may

take place, a majority of the Ag remains, with a coating of

Au forming over it, as can be observed in the overlay map of

Ag and Au showing many particles with a majority of Ag

concentrated inside the NPs and a majority of the Au concen-

trated at the periphery (shell) of the NPs.

B. Assembly of NPs using Raman active molecules

The as-synthesized NPs are capped with citrate ions,

and so the surfaces of the NPs are negatively charged. There-

fore, two types of positively charged Raman active mole-

cules (R6G and ATT; structures shown in Fig. 4) were used

to assemble the different NPs. Moreover, the ATT molecule

exists in thiol or thione tautomeric forms, and thus a metal–

thiol interaction is expected to play a key role in the assem-

bly of the NPs. By assembling NPs, hot spots can be created

between adjacent NPs. At the same time, R6G and ATT can

act as Raman reporters as well as assembling agents.

FIG. 1. (Color online) Normalized UV-Vis spectra for as-synthesized Ag,

Au, and Ag@Au NPs.

FIG. 2. TEM images of as-synthesized (a) Ag, (b) Au, and (c) Ag@Au NPs.
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Because R6G carries a positive charge and ATT has an

amine group that is protonated and also carries a positive

charge, the NPs are expected to assemble by the following

two mechanisms. For the assembly using R6G, the negative

charge on the surface of the NPs electrostatically interacts

with the positive charge on the R6G molecules, allowing

R6G to adsorb to the NP surface. As the R6G molecules

adsorb to the NPs, the negative charge begins to be screened,

decreasing the electrostatic repulsive forces between NPs,

allowing adjacent NPs to move closer together and begin to

assemble. Simultaneously, p–p stacking occurs between dye

molecules on adjacent NPs, creating the NP linkage.44 As

this process continues, the NP assembly is formed. In this

interaction, the screening effect of only R6G is not enough

to cause a kinetically fast assembly of NPs. For this reason,

NaCl is added to increase the assembly rate. For the ATT

linker molecule, which has a thiol moiety, the assembly

mechanism can be explained as follows. The sulfur function-

ality will adsorb directly to the NP metal surface, forming a

metal–sulfur bond (an interaction that is strong for the Au

surface and relatively weaker for the Ag surface). Next, the

positively charged ATT molecule will interact electrostati-

cally with the negative surface charge (induced by the citrate

capping layer) of an adjacent NP, forming a link. As more

and more NPs are linked, the assembly is formed. The elec-

trostatic attraction between the amine groups of ATT and ci-

trate ions on the NP surfaces seems to be kinetically fast.

Therefore, the assembling process might depend strongly on

the metal–sulfur interaction strength. As discussed above,

the path of assembly in the cases of R6G and ATT are very

different from each other. Hereafter we refer to these assem-

bling processes as van der Waals driven assembly (vdWA)

and thiol-mediated Coulomb driven assembly (TMCA) for

the cases of R6G and ATT, respectively. One interesting pa-

rameter of the experiment is that the thiol component of the

ATT molecule is expected to bind to the Au surface (i.e., Au

and Ag@Au NPs) more strongly than to the Ag surface (i.e.,

Ag NPs). In this case, it would be logical to think that the Au

containing NPs would have more ATT molecules adsorbing

to the surface, leading to heightened enhancement of the

Raman signal. Studying this question is part of the objective

of this work.

The assembly of the NPs is confirmed by the UV-Vis

spectra, as shown in Figs. 5 and 6. Figure 5 shows the UV-

Vis spectra of NP dispersions before and after adding R6G.

After adding R6G molecules to the NP dispersion, a signifi-

cant reduction in the LSPR intensity and an evolution of an

extended SPR (ESPR) band at longer wavelengths can be

clearly seen for all NPs. R6G has an absorption peak at

around 520 nm, and thus the UV-Vis spectra after adding

R6G also contain the contribution of R6G absorption. The

emergence of an ESPR band is a definitive sign of the assem-

bly of NPs. Figure 6 shows the UV-Vis spectra of NP disper-

sions before and after adding ATT. After adding ATT

molecules to the NP dispersion, a significant reduction in the

LSPR intensity and the appearance of an ESPR band at lon-

ger wavelengths can be clearly seen for all NPs. ATT has no

absorption peak in the range of 300–900 nm, as shown in

Fig. 6.

C. Assessment of the Raman activity

The assemblies were rinsed with pure water and then

were dropped onto a (3-aminopropyl)trimethoxysilane-

coated glass substrate. The deposited NP assemblies were

allowed to dry in air overnight, and then Raman measure-

ments were conducted. Figures 7(a) and 7(b) show the

Raman spectra of the vdWA and the TMCA, respectively. In

the case of vdWA, the primary and secondary peaks were

observed at 1650 and 1357 cm�1 (both of them correspond

to the C–C stretching vibration of the benzene ring), with

several other weak bands. In this case, Ag NPs show the

highest SERS intensity as compared with other NP probes.

In the case of TMCA, the SERS spectra showed an intense

band at 1340 cm�1, along with weak bands occurring at

1080, 1257, and 1417 cm�1. In our study, we used an Arþ

ion laser (wavelength 514.5 nm) to obtain the Raman spec-

tra. Thus, the SPR peak of Au NPs (525 nm) is much closer

to the excitation wavelength than are those of Ag (403 nm)

and Ag@Au (423 nm) NPs. Despite significant overlap

between the SPR band and the excitation wavelength, Au

NPs yielded the lowest SERS intensities in both cases

FIG. 3. (Color online) (a) HAADF-STEM image and EDS elemental map-

ping images of Ag@Au NPs. (b) Overlay of (c) the Ag L edge and (d) the

Au M edge illustrates the core-shell structure of the Ag@Au NPs.

FIG. 4. Chemical structures of (a) R6G and (b) ATT.
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(vdWA and TMCA), indicating that Au NPs are less efficient

probes than are Ag and Ag@Au NPs, as expected. On the

other hand, the SPR peak wavelengths of Ag and Ag@Au

NPs are almost identical, and thus we can compare both

types of NPs consistently. It is noteworthy that the SPR peak

wavelength of Ag@Au NPs can be readily varied and tuned

by changing the Au shell thickness. In this way, the SPR

band can be matched to the fixed frequencies of more eco-

nomical and readily available laser sources in order to

achieve the highest possible enhancement factors.

To quantitatively compare the SERS activities of each

NP assembly, the enhancement factors were estimated

according to the following procedure.45 To calculate the

enhancement factors, some assumptions were made: (i) NPs

form a randomly close-packed structure composed of spheres

with a density limit of 63.4%,46 (ii) the laser spot diameter is

1 lm and the depth (thickness of the deposited assembly) is

1 lm, and (iii) the surfaces of NPs are completely covered

by the R6G or ATT molecules (the projected areas of R6G

and ATT molecules are 2.01 nm2 and 0.283 nm2, respec-

tively). Then, we calculated the number of molecules ana-

lyzed under the laser beam for the Ag and Ag@Au NP

assemblies. By calculating the ratio between the Raman in-

tensity of only a single Raman reporter molecule from the

NP enhanced spectra and the nonenhanced neat spectrum,

we estimated the enhancement factor for the cases involving

Ag and Ag@Au NPs. In the case of vdWA, the enhancement

factor for Ag NPs (4957) was approximately four times

higher than that of Ag@Au NPs (1157). This result suggests

that the Au shell attenuates the Raman enhancement effect

of the Ag core. On the other hand, in the case of TMCA, Ag

and Ag@Au NPs showed nearly equal enhancement factors.

The calculated enhancement factors for Ag and Ag@Au NPs

are 23.5 and 19.5, respectively. These results can be

explained in terms of the different chemical natures of the

FIG. 5. (Color online) From top to bottom, UV-Vis absorption spectra of

as-synthesized, just after adding R6G, after subsequent addition of NaCl,

and R6G assembled NPs after 1 hour for (a) Au, (b) Ag and (c) Ag@Au

NPs. The bottom curve represents the UV-Vis spectrum of an aqueous solu-

tion of only R6G.

FIG. 6. (Color online) From top to bottom, UV-Vis absorption spectra of

as-synthesized, just after adding ATT, after 15 min, and ATT assembled

NPs after 1 hour for (a) Au, (b) Ag and (c) Ag@Au NPs. The bottom curve

shows the UV-Vis spectrum of an aqueous solution of only ATT.
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two reporter molecules and of the mechanism of interaction

with the NP surfaces. In the vdWA system, we used R6G

dye molecule for the assembly of NPs utilizing the screening

of electrostatic repulsion. All NPs are capped by negatively

charged citrate ions, and thus the interaction strength

between the NP surfaces and the R6G is the same regardless

of the composition of the NPs. In the TMCA system, how-

ever, we used the thiol-containing ATT molecule, in which

NP assembly occurs via metal–sulfur bonding on the surface

of particles followed by the electrostatic interaction between

the negatively charged citrate ions on the NP surfaces and

the positively charged amine groups in the ATT molecules.

Because the Au–S interaction is stronger than the Ag–S

interaction, the number of ATT molecules adsorbed on the

surface of a single Ag@Au NP is expected to be larger than

that on a Ag NP. When calculating the enhancement factor,

we assumed that the surfaces of the NPs are completely cov-

ered by ATT molecules regardless of the type of NP. In real-

ity, however, the number of ATT molecules in the Ag@Au

NP assembly would be much larger than that in the Ag NP

assembly. That is, Ag NPs essentially have the highest

Raman enhancement factor, and Ag@Au NPs have a lower

enhancement factor than Ag NPs, likely due to the attenua-

tion effect of the Au shell. Nevertheless, Ag@Au NPs ex-

hibit nearly the same SERS intensity as Ag NPs when the

linker molecule contains a thiol group. The most common

means of the conjugation of biorelevant molecules onto

metal NP surfaces is the utilization of metal–sulfur bonding,

which is one reason why Ag@Au NP probes are competitive

with Ag NP probes in terms of sensitivity.

D. Assessment of the stability of NPs

One of the main advantages of Ag@Au NPs is their

enhanced chemical stability as compared to Ag NPs.

Because many kinds of biosensing applications require ambi-

ent biological levels of salt during the detection procedure,

the stability of the NP probes in the presence of salt should

be considered. Therefore, the chemical stability of Ag and

Ag@Au NPs in the presence of NaCl was studied. We added

50 ll of NaCl solution (4.8 mM) to 1 ml of NP dispersion.

After 1 h, TEM images were taken immediately after prepar-

ing the TEM sample. Figure 8 shows TEM images of Ag and

Ag@Au NPs taken before and 1 h after adding NaCl. It can

be clearly observed that the Ag NPs are almost completely

destroyed within 1 h after adding NaCl, while the Ag@Au

NPs are mostly intact. These results qualitatively indicate

that Ag@Au NPs are superior to Ag NPs as biosensing

probes in terms of their interaction with the biological mole-

cule (strong Au–S bonding) and their stability, which makes

Ag@Au NP probes superior to monometallic Ag probes in

the detection of a wide range of sulfur containing

biomolecules.

IV. CONCLUSION

In conclusion, we investigated the SERS activity of Au,

Ag, and Ag@Au NPs using two different kinds of Raman

active linker molecules. Both R6G and thiol-containing ATT

were studied in terms of their activity as Raman probes. It

was found that the Ag@Au NPs always have a much higher

SERS activity than do Au NPs, and have almost the same ac-

tivity as Ag NPs when the Raman active linker molecules

are adsorbed on the surfaces of NPs via metal–sulfur bond-

ing. In addition, Ag@Au NPs are found to be robust in the

presence of salt, whereas Ag NPs are unstable. Based on the

results, Ag@Au NPs can be regarded as the most suitable

probe for the SERS detection of biomolecules for two rea-

sons. First, metal–sulfur bonding is typically used for the

conjugation of biomolecules onto metal NP surfaces.

FIG. 7. (Color online) Raman spectra of NP assemblies created by using (a)

R6G and (b) ATT. From top to bottom, the spectra of Ag, Ag@Au and Au

NP assemblies. Peaks indicated by arrows are used for calculation of

enhancement factor.

FIG. 8. TEM images of (a) Ag and (b) Ag@Au NPs before (left) and 1 h af-

ter (right) adding NaCl.
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Second, biosensing protocols frequently require the addition

of salt during the detection procedure.
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