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Abstract Silver-coated gold nanoshells with 1,4-

BDT molecules as the spacer (Ag/BDT/Au) were

synthesized on the surface of SiO2 nanospheres. The

surface plasmon resonance of Au/SiO2 and Ag/BDT/

Au/SiO2 nanoparticles with single and double shells

were tuned by adjusting the thickness of Au and Ag

nanoshells. The enhanced local field in the gap of Au

and Ag shells is demonstrated by measuring Raman

scattering and nonlinear refraction. The results show

that the Raman intensity is enhanced by 17 times and

the nonlinear refractive index is enhanced by 30 %

due to the growth of Ag shells.
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Introduction

Metallic nanoparticles have fascinated researchers for

several decades because of their wide range of

potential applications (Patolsky et al. 2004; Narayanan

and El-Sayed 2005; Park et al. 2007; Aslan et al. 2007;

Le et al. 2008; Ashayer et al. 2010; Nghiem et al. 2010;

Pyne et al. 2011; Chu et al. 2011; Sun et al. 2014a, b).

The properties of metallic nanoparticles are critically

dependent on their composition, shape, geometry

(Link and El-Sayed 2000; Jackson et al. 2003; Sosa

et al. 2003; Cui et al. 2006; Karvianto and Chow

2012). In previous works, various morphologies have

been developed, such as rods, cubes, triangles, cages,

and so on (Busbee et al. 2003; Shankar et al. 2005;

Chen et al. 2007; Li et al. 2010; Liu et al. 2013; Sun

et al. 2014a, b). In particular, metal nanoshell is a

subject with intensive experimental and theoretical

studies in last two decade since the first report about

Au/SiO2 nanostructures by Oldenburg et al. (1998).

The silica-metal nanoshells exhibit tunable surface

plasmon resonances ranging from visible to infrared

region by varying the composition, core size, and shell

thickness. (Oldenburg et al. 1998; Pham et al. 2002;

Lu et al. 2003; Phonthammachai et al. 2008; Liang

et al. 2011; Gomez et al. 2012; Brito-Silva et al. 2013;

Nghiem et al. 2013) Furthermore, the metal nanoshells

have been widely used for plasmon-exciton coupling

(Fofang et al. 2008, 2011), catalysis (Deng et al. 2007),

chemical sensing (Raschke et al. 2004), biosensor

(Shen et al. 2012), drug delivery (Bikram et al. 2007),
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photothermal therapy (Coughlin et al. 2014), surface-

enhanced Raman scattering (SERS) (Jackson and

Halas 2004; Zhang and Guo 2009), and all-optical

magnetic recording (Mayergoyz et al. 2009).

Surface plasmon resonance (SPR) of metal nanoshells

strongly enhances the local electric field, which can be

significantly improved by multishell coating. For in-

stance, Da-Jian Wu et al. studied the plasmon coupling in

a three-layered Au/SiO2/Ag nanoshell by means of Mie

scattering theory and found strong near-field enhance-

ments in infrared region (Wu et al. 2011). Zhao’s group

studied the SPR properties of Au–Ag bimetallic multi-

shell nanostructures theoretically and employed this

nanostructure for SERS and surface-enhanced fluores-

cence (SEF) (Zhu et al. 2012). Sun’s and Yao’s groups

prepared Fe3O4/Au/Ag multi-core/shell nanoparticles

and used them for SERS and magnetic separation (Zeng

and Sun 2008; Han et al. 2012). Furthermore, Shen et al.

prepared Fe3O4@Ag/SiO2/Au core–shell microspheres

that display long-range plasmon transfer of Ag to Au, the

novel multifunctional microspheres have proved to be

efficient SERS-active substrate (Shen et al. 2013). The

nonlinear optical responses of gold nanoshells also have

been studied in recent years (Gordel et al. 2014);

however, the nonlinearity optical properties enhanced

by the plasmonic multishells have been seldom explored.

In this article, we described a facile method to

prepare water-soluble silver-coated gold nanoshells.

Tunable plasmon band arise from various silver

thicknesses have been achieved. SERS activities and

third-order nonlinear optical properties of Au nano-

shells and Ag-coated Au nanoshells were obtained and

compared for investigating the local field enhance-

ment in the gap region between the Au shells and the

Ag coating. It was found that the Raman intensity of

1,4-BDT was enhanced 17 times while the maximum

effective nonlinear refractive (NLR) coefficient was

enhanced by 30 %.

Experimental section

Materials

All chemicals were used as obtained without further

purification. Potassium carbonate (K2CO3, 99.0 %), aque-

ous ammonia (NH3�H2O, 25–28 %), polyvinylpyrroli-

done (PVP, average Mw–55,000), anhydrous toluene

(99.8 %), silver nitrate (AgNO3, 99.8 %), L-ascorbic acid

(99.7 %), hexadecyltrimethylammonium (CTAC,

98.0 %), anhydrous ethanol, chloroauric acid (HAuCl4-

3H2O, 99.999 %), and 1,4-benzenedithiol (1,4-BDT,

98.0 %) were purchased from Sinopharm Chemical

Reagent Co. Ltd. (Shanghai, China). Sodium borohydride

(NaBH4, 98.0 %) and tetraethyl orthosilicate (TEOS,

99.0 %) were obtained from Aldrich (America). 3-amino-

propyltrimethoxysilane (APTES, 99 %) was purchased

from Aladdin. (Shanghai, China). Ultrapure water with a

resistivity of about 18.25 MX cm was used as the solvent

in all experiments.

Preparation of Au/SiO2 nanoshells

The Au/SiO2 nanoshells were prepared according to

the method described by Alexandre and co-workers

(Brito-Silva et al. 2013) with some modifications.

Specifically, silica nanospheres were prepared by

mixing NH3�H2O (28 %), anhydrous ethanol, and

TEOS in a 50 mL plastic tube. The solution was

sonicated for 2 h and the clear solution gradually

turned opaque white due to the formation of silica

suspension. The average diameter of silica spheres

prepared by this method is about 110 nm. After

centrifugation, the silica nanospheres solution was

poured into a 100 mL round-bottom flask, and 2 mL

of APTES was injected. The mixture was mingled

under vigorous magnetic stirring at 110 �C for 12 h.

Then, the amino-terminated silica nanoparticles

(silica–NH2 nanoparticles) were centrifuged at

6000 rpm for 13 min for three times. To prepare

aqueous solution of gold colloids (2–3 nm in di-

ameter), fresh prepared ice-cold NaBH4 aqueous

solution was poured into the mixture of PVP and

HAuCl4 rapidly, and stirring vigorously for 15 min.

The resulting solution was stored in the refrigerator at

4 �C.

To link gold colloids on silica nanosphere, 30 mL

of gold colloids was mixed with 5 mL of the as-

prepared silica–NH2 particles in a 100 mL glass

beaker. The mixture was magnetic stirred for 2 h

and centrifuged at 5500 rpm for 12 min. The pre-

cipitate was redispersed in 3 mL ultrapure water by

sonication and mixed with 30 mL gold colloids under

magnetic stirring for 2 h. The process was repeated

four times to ensure the adsorption of AuNPs was

completely accomplished. The precipitate was washed

by water to remove the unabsorbed gold colloids and
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redispersed in 2 mL of ultrapure water. The resulting

solution (denoted by silica-Au precursor) was stored in

a dark brown glass tube at 4 �C.

To prepare the growth solution, 50 mg of K2CO3

was dissolved in 200 mL of ultrapure water in a

250 mL beaker. After shaking gently, 3 mL of 20 mM

HAuCl4 was added and gently swirled. The resulting

solution was stored in dark at room temperature and

used within 2–5 days.

To grow Au nanoshells, different volumes of silica–

Au precursor were injected into 5 mL of the growth

solution. After the solution was mixed by agitation,

150 lL of 10 mM freshly prepared ice-cold NaBH4

was added dropwise. The solution changed from

colorless to green within 10 min, indicating the

formation of Au nanoshells. After 2 h incubation,

the products (named by Au/SiO2 nanoshells) were

centrifuged at 3800 rpm for 8 min and redispersed in

ultrapure water for further use.

Preparation of silver-coated gold nanoshells (Ag/

BDT/Au/SiO2 nanoshells)

5 mL of the as-prepared gold nanoshell aqueous

solution was mixed with 5 mL of 20 lM 1,4-BDT

ethanol solution. The incubation time was kept for

1 hour in order to facilitate conjugation of 1,4-BDT

onto the surface of gold nanoparticles. The resulting

solution was centrifuged at 3800 rpm for 8 min and

redispersed in 5 mL of ultrapure water (denoted by

BDT/Au/SiO2 nanoshells). The silver-coated gold

nanoshells (Ag/BDT/Au/SiO2 nanoshells) were pre-

pared via reduction of AgNO3 on gold by ascorbic

acid. First of all, solution A and solution B were

prepared. Solution A is formed by mixing 0.1 M

ascorbic acid and 0.2 M CTAC together (the volume

ratio is 3:2). Solution B is the aqueous solution of

0.01 M AgNO3. 2 mL of solution A and certain

volume of solution B were injected drop by drop into

the 5 mL of Au nanoshells solution simultaneously.

The mixture was stirred for 3 h at room temperature.

The resulting solution was centrifuged at 3400 rpm for

7 min and redispersed in 5 mL of ultrapure water.

Characterization

Transmission electron microscopy (TEM) images

were taken on a JEOL 2010 HT transmission electron

microscope at an accelerating voltage of 200 kV.

Absorption spectra were taken on a TU-1810 UV–

Vis–NIR spectrophotometer (Purkinje General Instru-

ment Co. Ltd. Beijing, China). Dynamic light scatter-

ing (DLS) measurements were performed with a Zeta

sizer (Nano ZS90, Malvern Instruments, UK) at

25 �C. Raman spectra were obtained using a Confocal

Raman Microspectroscopy (RM-1000), the excitation

wavelength was 514.5 nm from an Ar? laser. Nonlin-

ear optical properties of the obtained nanoshells were

characterized using a home-made femtosecond Z-scan

experiment. The excitation laser of 100 fs pulse with

76 MHz repetition rate was generated by a mode-

locked Ti: sapphire laser (Coherent, Mira 900).

Results and discussion

Nanostructures and plasmon resonances of Ag/

BDT/Au/SiO2 nanoshells compositions

As schematically shown in Fig. 1, the preparation of

the Ag/BDT/Au/SiO2 nanoshells can be divided into

four steps: (i) the synthesis of silica–Au precursor by

the modification of Au colloids outside the silica–NH2

nanoparticles; (ii) the formation of gold shell onto

SiO2 core by the epitaxial growth of Au shells; (iii) the

conjugation of 1,4-BDT onto Au/SiO2 nanoshells; and

(iv) the coating of silver shell with different thick-

nesses onto BDT/Au/SiO2 nanoshells.

The formation of Au nanoshells onto SiO2 core was

firstly introduced by Halas group (Oldenburg et al.

1998). The synthesis, properties, and applications of

Au nanoshells have been studied for decades. The

SiO2 cores were firstly modified by the small Au

colloids (silica–Au). Then, the epitaxial growth of Au

shells was performed by injecting the silica–Au

precursors into the growth solution. For tuning the

thickness and plasmon resonance band of the Au/SiO2

nanoshells, different volumes of silica-Au precursors

(2.5–30 lL) was injected into 5 ml growth solution

(Fig. 2). TEM images of three different growth stages

illustrate the progression in metal nanoshells growth.

The low-magnification TEM images demonstrate that

the samples are well dispersed. The SiO2 and Au could

be distinguished easily because the contrast is obvious.

The gold colloids covered the silica cores partially

when the precursor is 15 lL (Fig. 2b, e) and the

average thickness of gold shell layer is about 12 nm.

As the volume of silica–Au precursor decreases to
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Fig. 1 A schematic illustration of the fabrication process of the samples

Fig. 2 a Extinction spectra

of Au nanoshells growth on

silica nanospheres with

various precursor volumes.

b–g Corresponding TEM

images of the Au/SiO2

nanoshells. The volumes of

silica–Au precursor are b,

e 15 lL, c, f 4 lL, and d,

g 2.5 lL
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4 lL, the gold network becomes more densely inter-

connected (Fig. 2c, f) and the average thickness of

gold shell layer is about 29.5 nm. The nanoshells are

nearly completed and the SiO2 is hard to see except

few of small pores when the silica-Au precursor is

2.5 lL and a uniform gold shell with thickness of

42 nm is formed (Fig. 2d, g). The controllable thick-

ness of gold nanoshells results in tunable surface

plasmon extinction bands in a wide range of wave-

lengths. As the gold nanoparticles coverage on the

surface of SiO2 increases, the plasmon resonance

extinction spectra broaden and the main peak red

shifts. Once the grown gold reaching a complete shell,

the extinction spectra red shifts to a longer wavelength

(902 nm). The similar phenomenon was observed and

was explained by Averitt and the coworkers (Averitt

et al. 1997).

Due to the existence of –SH group, 1,4-BDT

molecules could be easily bonded onto the Au/SiO2

nanoshells. The extinction spectra of Au/SiO2 nano-

shells show slight red-shift after the conjugation with

1,4-BDT (the absorption of 1,4-BDT is in the range of

250–350 nm). The as-prepared BDT/Au/SiO2 nano-

shells are used as seeds for the further growth of Ag

shell. Due to the similar lattice constant between Au

and Ag, the nucleation of Ag could be easily occured

on the Au surface to form the external metallic shell.

The thickness of Ag shell could be controlled by the

amount of AgNO3 in the reaction mixture. Various

Ag/BDT/Au/SiO2 nanoshell samples were synthe-

sized and their extinction spectra were recorded, as

presented in Fig. 3. Three representative TEM images

from these samples are also shown in Fig. 3. Figure 3b

and e is the TEM images of the initial BDT/Au/SiO2

nanoshells, and they present maximum extinction in

the long wavelength side (832 nm). Some pores that

are not covered by Au nanoparticles are apparent in the

TEM images. After the coating of Ag, the plasmon

band exhibits blue-shift with enhanced extinction

intensity, and an extinction shoulder is appeared at

around 400 nm corresponding to Ag. The dielectric

function of silver is different from gold; therefore, the

variation of effective dielectric function accounts for

the blue-shift phenomenon (Liu and Guyot-Sionnest

2004). After the coating of silver, the Au shells are

hard to distinguish but the surface morphology of

nanoshells becomes smoother. As shown in the TEM

images, the pores in the starting BDT/Au/SiO2 nano-

shells gradually disappear and the overall diameter of

nanoparticles become larger (the average diameter

increase from 192.27 to 311.39 nm) and irregular. The

Ag coverage increased from Fig. 3c, reaching the

larger and more irregular nanoshells in Fig. 3d and g.

Meanwhile, their SP extinction peak blue shifts to

600 nm and the band at 400 nm red shifts a little to

410 nm with the intensity being much stronger.

Meanwhile, DLS measurement was performed in

order to determine the main particle size and the

polydisperse property of the samples (see Fig. 4).

From the results of DLS measurement, we can see that

the average hydrodynamic diameter and polydisperse

index (PDI) of Au/SiO2 nanoshells sample shown in

Fig. 2g are about 210 nm and 0.095 and that of the Ag/

BDT/Au/SiO2 nanoshells sample shown in Fig. 3f are

about 300 nm and 0.241, which indicates that the

samples have a good dispersion and the results are

coincident with that measured by TEM.

Linear optical response with enhanced Raman

signals

It is reported by Xu that the electric field could be

enhanced in the gap region between a Ag core and a

Ag shell (Xu 2005). In the present work, we use 1,4-

BDT molecules located in the gap regions as Raman

analytes to demonstrate the intense local field confined

in the gaps between the Au and Ag layers. Figure 5

shows the Raman signals of 1,4-BDT modified Au/

SiO2 nanoshells before and after the Ag deposition.

Since the two types of nanoshells are derived from the

same BDT/Au/SiO2 nanoshells sample, the coverage

and density of 1,4-BDT are the same. It should be

noted that all the samples labeled with 1,4-BDT are

must be cleaned by centrifugation at least two times to

discard the unbound molecule. The SP absorption

bands of these two samples are 832 nm (BDT/Au/

SiO2 nanoshell) and 600 nm (Ag/BDT/Au/SiO2 nano-

shell). The Raman patterns corresponding to 1,4-BDT

in Fig. 5 agree well with the previous report (Joo et al.

2001). The strongest peak at 1567 cm-1 attributed to

the benzene ring mode was chosen for the calculation

of enhancement factor of SERS. The Raman intensity

of the Ag/BDT/Au/SiO2 nanoshells is almost 17 times

against than that from the BDT/Au/SiO2 nanoshells.

The large enhancement indicates that the region

between Au and Ag layer may behave as a cavity to

concentrate electromagnetic field. The results suggest

that the Ag/BDT/Au/SiO2 nanoshells are more
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Fig. 3 a Extinction spectra

of Ag/BDT/Au/SiO2

nanoshells synthesized by

different volumes of

AgNO3. b–g Corresponding

TEM images of Ag/BDT/

Au/SiO2 nanoshells

prepared by the addition of

AgNO3 with different

volumes: b, e 0 lL; c,

f 250 lL; d, g 500 lL

Fig. 4 a The size distribution of (a) Au/SiO2 nanoshells sample shown in Fig. 2g and b Ag/BDT/Au/SiO2 nanoshells sample shown in

Fig. 3f determined by DLS
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suitable than BDT/Au/SiO2 for using as SERS probe.

In addition, it is known that the size of the nanopar-

ticles is an important parameter of the field enhance-

ment which has been studied in detail (Sant’Ana et al.

2009; Amendola and Meneghetti 2012; Shaw et al.

2013). Because the average size of Ag/BDT/Au/SiO2

nanoshells is larger than that of BDT/Au/SiO2 nano-

shells, the size enlargement will also lead to the SERS

enhancement. Furthermore, the excitation wavelength

also is a possible factor for the enhanced SERS signal,

because the plasmon band of Ag/BDT/Au/SiO2 nano-

shells is closer to 514.5 nm than that of Au/SiO2

nanoshells.

Nonlinear optical response with enhanced

nonlinear refraction

The field enhancement in these two samples used in

Raman measurement can also be characterized using

femtosecond Z-scan experiment. A mode-locked Ti:s-

apphire laser tuned to the resonance wavelength of the

samples and delivering pulses of about 150 fs at a

repetition rate of 76 MHz was focused into a 1-mm-

thick quartz cuvette containing the sample solution.

The photodegradation of the metal nanostructure under

laser irradiation is a frequent problem and is more

frequent for large particles. When the fluence of pulsed

laser is larger than 200 mJ/cm2, the laser-induced

fragmentation of colloidal nanoparticles appears (Fu-

jiwara et al. 1999; Mafuné et al. 2002; Besner et al.

2006; Amendola et al. 2009). To avoid the photodegra-

dation of nanoshells, the laser power density was used

as low as 0.63 GW/cm2 for the Z-scan measurements.

Power-dependent refractive index n of materials could

be described as n(I) = n0 ? cI, where n0 represents the

linear refractive index, c is the nonlinear refraction

coefficient, and I is the excitation laser power. Figure 6

presents the normalized TCL/TOP Z-scan curves related

to c of BDT/Au/SiO2 nanoshells and Ag/BDT/Au/SiO2

nanoshells samples with different excitation wave-

lengths. NLR index c can be calculated by open-

aperture transmittance TOP and close-aperture trans-

mittance TCL as following relationships though the Z-

scan theory:

TCL

TOP

¼ 1þ 4D/0z=z0

z=z0

� �2

þ9

� �
z=z0

� �2

þ1

� � ;

where D/0 = ckI0Leff. I0 is the peak irradiance at the

focus (z = 0). Leff is the effective thickness of the

samples, k = 2p/k is the wave vector of the laser

radiation, z0 is the Rayleigh length of the Gaussian

incident beam.

Self-defocusing effect curves of both BDT/Au/

SiO2 nanoshells and Ag/BDT/Au/SiO2 nanoshells

represent the negative values of NLR index. The

values of c in BDT/Au/SiO2 nanoshells and Ag/BDT/

Au/SiO2 nanoshells samples are calculated to be about

-0.7 9 10-4 and -0.91 9 10-4 cm2/GW, indicating

that the local field was enhanced due to the interaction

between Au and Ag coating. In order to exclude the

effect of the 1,4-BDT, we measured the Z-scan signals

of 1,4-BDT with different concentrations and no

Fig. 5 SERS spectra of 1.0 9 10-5 mol L-1 1,4-BDT ad-

sorbed on Au/SiO2 nanoshells nanoparticles before (black) and

after (red) the addition of AgNO3. (Color figure online)

Fig. 6 Normalized TCL/TOP curves of BDT/Au/SiO2 nano-

shells nanoparticles before (black) and after (red) the addition of

AgNO3. The scattered dots are experimentally data while the

solid lines are theoretically fitting curves. (Color figure online)
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obvious nonlinear signals were observed; moreover,

the NLR index of nanoshells with or without 1,4-BDT

is similar. This demonstrates that the NLR index

increase as high as 30 % is mainly contributed to the

enhancement of electromagnetic field. However, the

field enhancement is much lower than that calculated

by SERS, the reason may be that the large scattering of

Ag/BDT/Au/SiO2 nanoshells decreased the effective

irradiance energy and the equalization induced by the

water solution.

Conclusion

In summary, we investigated enhanced linear and

nonlinear optical responses of silver-coated gold

nanoshells. The Au nanoshells were firstly grown on

SiO2 spheres by injecting the silica-Au precursors into

the K3CO3–HAuCl4 growth solution. The SPR could

be tuned form 646 to 902 nm by adjusting the volume

of silica-Au precursors. After the modification of 1,4-

BDT molecules onto the surface of Au/SiO2 nano-

shells, Ag layer was deposited by reducing AgNO3

with AA. The SPR of silver-coated gold nanoshells

could be tuned from 832 to 600 nm by adjusting the

amount of AgNO3. Compared with the BDT/Au/SiO2

nanoshells, the Raman intensity is enhanced by 17

times and the nonlinear refractive index is enhanced

by 30 % for the Ag/BDT/Au/SiO2 nanoshells.
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CB, Galembeck A, Brolo AG (2013) Improved synthesis of

gold and silver nanoshells. Langmuir 29:4366–4372.

doi:10.1021/la3050626

Busbee BD, Obare SO, Murphy CJ (2003) An improved syn-

thesis of high-aspect-ratio gold nanorods. Adv Mater

15:414–416. doi:10.1002/adma.200390095

Chen JY, Wang DL, Xi JF, Au L, Siekkinen A, Warsen A, Li

ZY, Zhang H, Xia YN, Li XD (2007) Immuno gold

nanocages with tailored optical properties for targeted

photothermal destruction of cancer cells. Nano Lett

7:1318–1322. doi:10.1021/nl070345g

Chu VH, Fort E, Nghiem THL, Tran HN (2011) Photolumi-

nescence enhancement of dye-doped nanoparticles by

surface plasmon resonance effects of gold colloidal

nanoparticles. Adv Nat Sci 2:045010. doi:10.1088/2043-

6262/2/4/045010

Coughlin AJ, Ananta JS, Deng NF, Larina IV, Decuzzi P, West

JL (2014) Gadolinium-conjugated gold nanoshells for

multimodal diagnostic imaging and photothermal cancer

therapy. Small 10:556–565. doi:10.1002/smll.201302217

Cui Y, Ren B, Yao JL, Gu RA, Tian ZQ (2006) Synthesis of

AgcoreAushell bimetallic nanoparticles for immunoassay

based on surface-enhanced Raman spectroscopy. J Phys

Chem B 110:4002–4006. doi:10.1021/jp056203x

Deng ZW, Chen M, Wu LM (2007) Novel method to fabricate

SiO2/Ag composite spheres and their catalytic, surface-

enhanced Raman scattering properties. J Phys Chem C

111:11692–11698. doi:10.1021/jp073632h

Fofang NT, Park TH, Neumann O, Mirin NA, Nordlander P,

Halas NJ (2008) Plexcitonic nanoparticles: plasmon–ex-

citon coupling in nanoshell–J-Aggregate complexes. Nano

Lett 8:3481–3487. doi:10.1021/nl8024278

Fofang NT, Grady NK, Fan ZY, Govorov AO, Halas NJ (2011)

Plexciton dynamics: exciton-plasmon coupling in a J-Ag-

gregate–Au nanoshell complex provides a mechanism for

nonlinearity. Nano Lett 11:1556–1560. doi:10.1021/

nl104352j

Fujiwara H, Yanagida S, Kamat PV (1999) Visible laser induced

fusion and fragmentation of thionicotinamide-capped gold

nanoparticles. J Phys Chem B 103:2589–2591. doi:10.

1021/jp984429c

Gomez L, Arruebo M, Sebastian V, Gutierrez L, Santamaria J

(2012) Facile synthesis of SiO2–Au nanoshells in a three-

157 Page 8 of 10 J Nanopart Res (2015) 17:157

123

http://dx.doi.org/10.1002/adfm.201101539
http://dx.doi.org/10.1002/adfm.201101539
http://dx.doi.org/10.1021/jp810921w
http://dx.doi.org/10.1007/s11051-009-9721-z
http://dx.doi.org/10.1021/ja0680820
http://dx.doi.org/10.1103/PhysRevLett.78.4217
http://dx.doi.org/10.1063/1.2402944
http://dx.doi.org/10.1016/j.jconrel.2007.08.013
http://dx.doi.org/10.1021/la3050626
http://dx.doi.org/10.1002/adma.200390095
http://dx.doi.org/10.1021/nl070345g
http://dx.doi.org/10.1088/2043-6262/2/4/045010
http://dx.doi.org/10.1088/2043-6262/2/4/045010
http://dx.doi.org/10.1002/smll.201302217
http://dx.doi.org/10.1021/jp056203x
http://dx.doi.org/10.1021/jp073632h
http://dx.doi.org/10.1021/nl8024278
http://dx.doi.org/10.1021/nl104352j
http://dx.doi.org/10.1021/nl104352j
http://dx.doi.org/10.1021/jp984429c
http://dx.doi.org/10.1021/jp984429c


stage microfluidic system. J Mater Chem 22:21420–21425.

doi:10.1039/C2JM34206E

Gordel M, Olesiak-Banska J, Kolkowski R, Matczyszyn K,

Buckle M, Samoc M (2014) Shell-thickness-dependent

nonlinear optical properties of colloidal gold nanoshells.

J Mater Chem C 2:7239–7246. doi:10.1039/C4TC01210K

Han SY, Guo QH, Xu MM, Yuan YX, Shen LM, Yao JL, Liu W,

Gu RA (2012) Tunable fabrication on iron oxide/Au/Ag

nanostructures for surface enhanced Raman spectroscopy

and magnetic enrichment. J Colloid Interface Sci

378:51–57. doi:10.1016/j.jcis.2012.04.047

Jackson JB, Halas NJ (2004) Surface-enhanced Raman scat-

tering on tunable plasmonic nanoparticle substrates. Proc

Natl Acad Sci USA 101:17930–17935. doi:10.1073/pnas.

0408319102

Jackson JB, Westcott SL, Hirsch LR, West JL, Halas NJ (2003)

Controlling the surface enhanced Raman effect via the

nanoshell geometry. Appl Phys Lett 82:257–259. doi:10.

1063/1.1534916

Joo SW, Han SW, Kim K (2001) Adsorption of 1,4-ben-

zenedithiol on gold and silver surfaces: surface-enhanced

Raman scattering study. J Colloid Interface Sci

240:391–399. doi:10.1006/jcis.2001.7692

Karvianto, Chow GM (2012) Size-dependent transformation

from Ag templates to Au–Ag nanoshells via galvanic re-

placement reaction in organic medium. J Nanopart Res

14:1186. doi:10.1007/s11051-012-1186-9

Le F, Brandl DW, Urzhumov YA, Wang H, Kundu J, Halas NJ,

Aizpurua J, Nordlander P (2008) Metallic nanoparticle

arrays: a common substrate for both surface-enhanced

Raman scattering and surface-enhanced infrared absorp-

tion. ACS Nano 2:707–718. doi:10.1021/nn800047e

Li WB, Guo YY, Zhang P (2010) General strategy to prepare

TiO2-core gold-shell nanoparticles as SERS-tags. J Phys

Chem C 114:7263–7268. doi:10.1021/jp908160m

Liang ZS, Liu Y, Ng SS, Li XY, Lai LH, Luo SF, Liu SY (2011)

The effect of pH value on the formation of gold nanoshells.

J Nanopart Res 13:3301–3311. doi:10.1007/s11051-011-

0244-z

Link S, El-Sayed MA (2000) Shape and size dependence of

radiative, non-radiative and photothermal properties of

gold nanocrystals. Int Rev Phys Chem 19:409–453. doi:10.

1080/01442350050034180

Liu MZ, Guyot-Sionnest P (2004) Synthesis and optical char-

acterization of Au/Ag core/shell nanorods. J Phys Chem B

108:5882–5888. doi:10.1021/jp037644o

Liu XL, Liang S, Nan F, Yang ZJ, Yu XF, Zhou L, Hao ZH,

Wang QQ (2013) Solution-dispersible Au nanocube

dimers with greatly enhanced two-photon luminescence

and SERS. Nanoscale 5:5368–5374. doi:10.1039/

C3NR01170D

Lu LH, Sun GY, Xi SQ, Wang HS, Zhang HJ, Wang TD, Zhou

XH (2003) A colloidal templating method to hollow

bimetallic nanostructures. Langmuir 19:3074–3077.

doi:10.1021/la026521c
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