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Surface-enhanced Raman scattering (SERS) tags have been actively explored

as a multiplexing platform for sensitive detection of biomolecules. Here, we

report a new type of SERS tags that was fabricated by sequentially functiona-

lizing dimers made of 50 nm Ag nanospheres with 4-mercaptobenzoic acid as

the Raman reporter molecule, silica coating as a protective shell and antibody

as a targeting ligand. These dimer-based tags give highly enhanced and

reproducible Raman signals owing to the presence of a well-defined SERS

hot spot at the junction between two Ag nanospheres in the dimer. The

SERS enhancement factor (EF) of an individual dimer tag supported on a

glass slide can reach a level as high as 4.3 � 106. In comparison, the EFs

dropped to 2.8 � 105 and 8.7 � 105, respectively, when Ag nanospheres and

nanocubes with sizes similar to the spheres in the dimer were used to fabricate

the tags using similar procedures. The SERS signals from aqueous suspensions

of the dimer-based tags also showed high intensity and good stability. Poten-

tial use of the dimer-based tags was demonstrated by imaging cancer cells

overexpressing HER2 receptors with good specificity and high sensitivity.
1. Introduction
Surface-enhanced Raman scattering (SERS) [1–4] has a number of advantages for

analytical applications: high sensitivity, narrow spectral bandwidth, absence of

photobleaching and single laser excitation for detection of multiple labels [5–9].

A common use of SERS for quantitative analysis is based on SERS tags [10–14],

which can be fabricated by placing Raman reporter molecules on the surface of a

metal nanoparticle (typically made of Ag or Au) to provide a simple way to code

the surface property (e.g. the type of receptor or ligand) of tag with a known

SERS spectrum. A protective shell (made of SiO2, or polymers) is then coated on

the particle surface to prevent undesired interactions between the metal core and

the environment. Finally, targeting ligands (e.g. antibodies and biotin) are conju-

gated to the protective shell. Quantitative analysis of a specific analyte, using a

SERS tag, relies on the specific binding between the analyte and the targeting

ligand and the detection of SERS signals from the Raman reporter molecules.

Among various components of a SERS tag, the metal core is responsible

for Raman signal enhancement and thus mainly determines the detection sensitivity

and reproducibility of a tag. A number of SERS tags have been reported in the litera-

ture, demonstrating the benefits of different metal cores. Spherical Ag and Au

nanoparticles are the most commonly used cores owing to their facile synthesis

and commercial availability [7,12,15–17]. However, these spherical nanoparticles

produce relatively weak Raman signals (with an enhancement factor (EF) on the

order of 104–106) [18,19] and thus offer relatively low detection sensitivity when

used for SERS tags. In general, this limitation in enhancement can be overcome

by coupling the spherical nanoparticles to form aggregates, such as dimers and tri-

mers. In comparison with single nanoparticles, coupled nanoparticles can further

increase the Raman signal by several orders of magnitude (up to 1010–1014)

owing to the hot spots, which are extremely small regions with drastically
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intensified E-fields located at the junctions between nanoparti-

cles [20–23]. In this regard, different types of coupled

nanoparticles have been prepared for the use of fabricating

highly sensitive SERS tags [24–29]. In most cases, preparation

of coupled nanoparticles relies on the random aggregation of

metal nanoparticles as induced by Raman reporter molecules

or other linker molecules. The random aggregation, however,

always leads to poor controllability and reproducibility for the

resultant SERS tags. Furthermore, the linker molecules bridging

the two adjacent nanoparticles tend to prevent the Raman repor-

ter molecules from entering the hot spot regions. Therefore,

preparation of coupled nanoparticles with well-defined hot

spots that can ensure both sensitivity and reproducibility for a

SERS tag remains a challenge.

Recently, our group has successfully synthesized dimers of

Ag nanospheres with a uniform distribution in terms of both

size and shape by controlling the colloidal stability with the

addition of ionic species [30]. Experimental data have shown

that Raman reporter molecules, such as 4-methylbenzenethiol,

could be readily trapped in the hot spot region, ensuring

a highly enhanced Raman signal [30,31]. In this study, we

further demonstrated the use of this well-defined dimer of

Ag nanospheres for the preparation of a new SERS tag by

sequentially functionalizing the surface of the dimers with

4-mercaptobenzoic acid (4-MBA) as the Raman reporter mol-

ecule, silica coating as a protective shell and antibodies as

targeting ligands. To better understand how the geometric

shape of a metal role influences the performance of a SERS

tag, we also performed a comparison study by using Ag nano-

spheres and nanocubes with roughly similar sizes to the metal

cores for SERS tags. In the following discussion, the three

different types of SERS tags fabricated from dimers of Ag nano-

spheres, Ag nanospheres and Ag nanocubes will be referred to

as dimer tags, sphere tags and cube tags, respectively, for the

purpose of simplicity. We found that the dimer tags gave the

strongest Raman signal compared with the other two types of

tags in both substrate-supported and solution-phase measure-

ments. Potential use of the dimer tags was demonstrated by

imaging cancer cells, which overexpress HER2 receptors on

the surfaces, with high sensitivity and good specificity.
2. Methods
2.1. Chemicals and materials
4-MBA (99%), 1,4-benzenedithiol (1,4-BDT, 99%), poly(vinyl

pyrrolidone) (PVP, MW � 55 000), ferric nitrate nonahydrate

(Fe(NO3)3
.9H2O, 99.99%), tetraethylorthosilicate (TEOS � 99.0%),

(3-aminopropyl) trimethoxylsilane (APTMS, 97%), dextran 500

(MW � 500 000) were ordered from Sigma-Aldrich (St. Louis, MO,

USA). Mouse anti-HER2 antibody (clone no. CB11) was purchased

from Invitrogen (Carlsbad, CA, USA). SK-BR-3 human adenocarci-

noma cells and U-87 MG human glioblastoma cells were obtained

from ATCC (Manassas, VA, USA). All aqueous solutions were pre-

pared using deionized (DI) water with a resistivity of 18.2 MV.cm.

All the reactions for etching of Ag nanocubes and silica coating

were carried out in glass vials (20 ml, VWR International).
2.2. Synthesis of silver nanoparticles
Silver nanocubes of 50 and 60 nm in edge length were synthe-

sized, using the recently reported polyol method, with ethylene

glycol serving as the solvent and CF3COOAg as a precursor to

elemental silver [32]. Dimers of Ag nanospheres were prepared
by etching 60 nm Ag nanocubes with Fe(NO3)3 solution in

ethanol as reported in our recent publication with some modifi-

cations [30]. Briefly, 20 ml of 60 nm Ag nanocubes (5 nM in

particle concentration) was added into 3 ml of ethanol containing

20 mg of PVP. The suspension was then mixed with 50 ml of

10 mM Fe(NO3)3 aqueous solution under stirring. After 1 h, the

final product was washed three times with ethanol. The Ag nano-

spheres of 50 nm in diameter were prepared by etching 60 nm Ag

nanocubes with a low concentration of Fe(NO3)3 in an aqueous

solution, according to our previously reported procedure [33].

2.3. Preparation of surface-enhanced Raman
scattering tags

Preparation of the dimer tags is schematically illustrated in figure 1.

The procedure can be divided into the following major steps:

(i) Functionalization with 4-MBA: 4-MBA ethanol solution (50 ml,

1 mM) was added into 3 ml of ethanol containing 3 mg of PVP

and approximately 3.5 � 1010 dimers of Ag nanospheres. After

incubation for 1 h, the product was washed with ethanol once

and re-dispersed in 3 ml of ethanol. (ii) Silica coating: 250 ml of

H2O, 70 ml of 29 per cent ammonia solution and 4 ml of TEOS

were sequentially added into the 4-MBA-functionalized dimers.

After stirring for 3 h, the resultant silica-coated dimers were

washed twice with DI water. (iii–v) Antibody conjugation: prior to

conjugation, amino groups were introduced to the surface of silica-

coated Ag dimers by treatment with APTMS. Anti-HER2 antibodies

were then covalently linked to the aminated dimers through oxi-

dized dextran 500 [34]. Detailed protocol for antibody conjugation

is provided in the electronic supplementary material. The sphere

and cube tags were prepared by using a procedure similar to the

one used for the dimer tags, except for the use of 50 nm Ag nano-

spheres and nanocubes as the metal cores, respectively.

2.4. Cell culture and targeting
SK-BR-3 cells were maintained in McCoy’s 5A medium (ATCC),

supplemented with 10 per cent foetal bovine serum (FBS, ATCC)

and 1 per cent penicillin–streptomycin (P/S, Invitrogen). U-87

cells were maintained in Eagle’s minimum essential medium

(ATCC), supplemented with 10 per cent FBS and 1 per cent P/S.

All cultures were kept in an incubator at 378C in a humidified

atmosphere containing 5 per cent CO2, and the medium was chan-

ged every other day. The SK-BR-3 and U-87 cells were seeded onto

sterile cover glasses in the wells of a 24-well plate, at a density of

5 � 103 cells/well and left to attach overnight. The cells were

then fixed with 4 per cent formaldehyde for 10 min. After washing

with phosphate-buffered saline (PBS, Invitrogen) twice, the cells

were blocked with 2 ml of PBS solution containing 1.5 per cent

bovine serum albumin (BSA, Sigma) for 1 h. The cells were then

incubated with SERS tags (50-fold dilution, i.e. 1.4 � 1010 tags/

well) in the above-mentioned blocking solution for 2 h. After rin-

sing with PBS buffer twice, the cover glasses were finally sealed

with a glass coverslip prior to the SERS measurements.

2.5. Surface-enhanced Raman scattering measurements
SERS spectra were recorded using a Renishaw in via confocal

Raman spectrophotometer coupled to a Leica microscope with a

50� objective (NA ¼ 0.90) in backscattering configuration. The

light sources at 514 and 785 nm were generated from an argon con-

tinuous wave (CW) laser and a semiconductor CW diode laser,

respectively, and used with a holographic notch filter based on a

grating of 1200 lines per millimetre. SERS spectra from individual

SERS tags supported on a glass slide were acquired with lex¼

514 nm, t ¼ 20 s and Plaser¼ 0.4 mW; SERS spectra from aqueous

suspensions of SERS tags were acquired with lex¼ 514 nm, t¼
20 s and Plaser ¼ 2 mW. Sample cells for the suspensions were
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Figure 1. Schematic of the major steps involved in the preparation of the dimer-based SERS tag: (a) a dimer of Ag nanospheres was functionalized with a self-
assembled monolayer of 4-MBA to be used as the Raman reporter molecule; (b) the 4-MBA-functionalized dimer of Ag nanospheres was then coated with a silica
shell; (c) the surface of the silica shell was derivatized with amino groups using APTMS; and (d,e) antibodies were covalently conjugated to the surface of aminated
silica shell through the Schiff reaction with oxidized dextran 500 as a linker.
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constructed by attaching the cap of a microcentrifuge tube to a glass

slide. The cap served as a vessel for the liquid sample, and a glass

coverslip (approx. 0.15 mm) was carefully placed on top to prevent

solvent evaporation and to serve as a reference point from which the

focal point was lowered to a depth of 0.2 mm into the sample; SERS

imaging of cancer cells was acquired using a point-mapping

method. This procedure generated a spectral image by measuring

the Raman spectrum of each pixel of the image, one at a time,

to obtain a SERS image showing the distribution of the SERS tags

attached to the cancer cell. SERS signals were collected by point

mapping 24� 24 mm areas, with 2.0 mm steps, and lex ¼ 514 nm,

t ¼ 10 s and Plaser¼ 2 mW for each point measurement. The inten-

sities of SERS peak at 1588 cm21 were chosen for generating SERS

mapping image with user-defined Matlab (MathWorks) programs.

ORIGINLAB software (Northampton, MA, USA) was used for SERS

spectra baseline correction.

2.6. Instrumentation
Transmission electron microscopy (TEM) images of nanoparti-

cles were taken using a Tecnai G2 spirit twin microscope (FEI,

Hillsboro, OR, USA) operated at 120 kV. Scanning electron

microscopy (SEM, Nova NanoSEM 230, FEI) was used to character-

ize SERS tags supported on substrates after SERS measurements.

Prior to SEM imaging, the samples were sputter-coated with gold

for 60 s. The concentration of Ag was determined using inductively

coupled plasma mass spectrometry (ICP-MS; Perkin-Elmer Elan

DRC II ICP-MS), and then converted to the concentration of Ag

nanoparticles once the particle size and morphology had been deter-

mined by TEM imaging. Extinction spectra of all the nanoparticles

were recorded, using a UV–vis spectrometer (Varian, Cary 50).
3. Results and discussion
3.1. Preparation and characterization of the dimer tags
The dimer tags were prepared by sequentially coating dimers

of Ag nanospheres that were 50 nm in size (defined by the
average diameter of the two constituent spheres; electronic

supplementary material, figure S1a) with 4-MBA, silica shell

and antibodies, as shown in figure 1. We chose 4-MBA as

the Raman reporter molecule (figure 1a) because (i) it is

known to form a stable, well-defined monolayer on Ag sur-

faces with a known molecule footprint through the Ag–S

linkage [35,36]; (ii) it has a relatively large Raman scattering

cross section and SERS peaks that have been well character-

ized [37]; and (iii) these molecules are expected to be able

to penetrate the hot spot regions between the two Ag

spheres owing to their relatively small size [30,31]. After the

4-MBA-functionalized dimers of Ag nanospheres had been

coated with silica shells (figure 1b), amino groups were intro-

duced into the surface by treating with APTMS under gentle

conditions (figure 1c) [34,38]. The existence of amino groups

on the silica shell was confirmed by using the salicylande-

hyde-mediated yellow colour change [38]. Finally, antibodies

were covalently conjugated to the aminated surface by using

oxidized dextran 500 as a linker (figure 1d ), with which the

silica shell and antibodies were coupled through the Schiff

reaction (figure 1e). We decided to use oxidized dextran 500

for two reasons: (i) it offers a large number of active groups

for antibody conjugation and (ii) it can help increase hydrophi-

licity of the resultant dimer tags, rendering it more easily

dispersible in aqueous solution [34,38].

Figure 2a shows a TEM image of the as-prepared dimer

tags with a uniform size and shape. A magnified TEM

image of an individual dimer tag (inset of figure 2a) clearly

shows that the metallic core of the tag consists of two Ag

spheres with a smooth surface. No obvious change in both

shape and size was observed for the dimers of Ag nano-

spheres before (see the electronic supplementary material,

figure S1a) and after surface coatings (figure 2a). The strong

contrast difference between Ag and SiO2 suggests that the

silica shell had a thickness of approximately 15 nm over the
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entire surface of the dimeric core. By counting over 200 par-

ticles on TEM images with lower magnifications (see the

electronic supplementary material, figure S2), we found that

the yield of the dimer tag (the number of tags with dimeric

cores divided by the total number of tags with either dimeric

or spherical cores) was approximately 65 per cent. For com-

parison studies, we also used 50 nm Ag nanospheres (see

the electronic supplementary material, figure S1c) and nano-

cubes (see the electronic supplementary material, figure S1d )

as metal cores for the preparation of sphere and cube tags,

respectively, by using the same procedures for surface silica coat-

ing and conjugation. Figure 2b,c shows TEM images of the

sphere and cube tags, respectively. The magnified TEM images

of individual sphere and cube tags in the insets of figure 2b and c,

respectively, indicated that the core of the sphere tag had a

smooth and round profile, whereas the core of the cube tag con-

tained relatively sharp edges and corners. Silica shells with

thicknesses of approximately 15 nm were also observed for

both the sphere and the cube tags.

It is worth pointing out that the thickness of the silica shell

could be easily controlled by simply varying the amount of

TEOS added during the coating process. For example, the

use of 1, 2, 5 and 10 ml of TEOS in a standard procedure for

coating Ag nanospheres resulted in the formation of silica

shells 5, 10, 20 and 45 nm, respectively, in thickness (electro-

nic supplementary material, figure S3). Also, we found that

addition of PVP is critical to the formation of a uniform silica

shell. Using the coating of Ag nanocubes as an example, we

found that irregular silica layers were formed over the
nanocubes (electronic supplementary material, figure S4a) in

the absence of PVP. In the presence of PVP, however, a rela-

tively smooth and homogeneous silica shell was observed on

the surface of the same type of nanocubes (see the electronic

supplementary material, figure S4b). These observations indi-

cate that PVP can serve as both stabilizing and coupling

agents in coating Ag nanoparticles with silica shells [39,40].

Figure 2d shows UV–vis spectra of the three different types

of SERS tags. The localized surface plasmon resonance (LSPR)

peaks of the three tags were all slightly red-shifted compared

with the spectra of pristine Ag particles (see the electronic

supplementary material, figure S1d). The positions of the

major LSPR peaks of the SERS tags were located in roughly

the same region (420–450 nm). In contrast to the sphere tags,

a small shoulder peak near 520 nm (next to the major peak)

can be resolved for the dimer tags, indicative of dimerization.

This observation is consistent with our previous LSPR study

on Ag dimers consisting of 30 nm Ag spheres [31].

3.2. Surface-enhanced Raman scattering properties of
the dimer tag

We first measured the SERS spectra of individual dimer tags

supported on a glass slide with 514 nm laser excitation. After

SERS measurements, we used SEM to obtain information

about the size, shape and orientation of each tag, in a process

known as SERS–SEM correlation [41]. Figure 3a shows the

SERS spectra taken from a single dimer tag, with the angles

between laser polarization and longitudinal axis of the
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dimer being at 08 (top trace), 458 (middle trace) and 908
(bottom trace). The two strong peaks of the spectra located

at 1080 and 1588 cm21, assigned to the 8a and 12 vibrational

mode of phenyl ring-stretching motion, respectively, are the

characteristic peaks for 4-MBA [37]. The 4-MBA signals

were strongly dependent on laser polarization. It can be

observed that the 4-MBA peaks were maximized when the

laser was polarized parallel to the longitudinal axis of the

dimer tag. The 4-MBA signal was gradually reduced when

the laser was rotated by 458 and 908 away from the longitudi-

nal axis of dimer tag. At 908, the intensity of the peak at

158821 cm was reduced by a factor of approximately 15.

In comparison, the 4-MBA signal from an individual

sphere (figure 3b) or cube tag (figure 3c) was much weaker

than that from the dimer tag (figure 3a). For the cube tag, we

found that the 4-MBA signal from a cube orientated with a

side diagonal axis parallel to the laser polarization was about

two times higher than the configuration when the cube was

oriented with one of the edges parallel to the laser polariza-

tion. This observation is consistent with the results for Ag

nanocubes obtained in our previous work [42]. It can be

concluded that the intensities of 4-MBA signals from individ-

ual tags supported on glass slides decreased in the order

of dimer tag ( parallel)� cube tag ðdiagonalÞ . sphere tag:

We also recorded the SERS signals from the tags in aqueous

suspensions with the same particle concentrations. In this

case, the acquired SERS signals represent an average from all

different particle orientations. As shown in figure 4, the inten-

sities of the 4-MBA signals from the aqueous suspensions of

tags were found to follow a similar trend in the order of

dimer tag� cube tag . sphere tag:
To quantitatively compare the SERS enhancements

between these tags, we used the peak at 1588 cm21 (the stron-

gest band in the 4-MBA spectra) to calculate the SERS EF for
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Table 1. The EFs of individual SERS tags supported on glass slides
(EFsubstrate) and EFs of different tags in aqueous suspensions (EFsolution).
Each value of EF represents an average of the data from six independent
experiments. The double arrow above the drawings of tags denotes the
direction of laser polarization.

$ EFsubstrate EFsolution

4.3 � 106

9.8 � 1051.7 � 106

6.6 � 105

2.8 � 105 1.4 � 105

4.5 � 105

2.4 � 105

8.7 � 105
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each tag using the following equation [43,44]

EF ¼ ISERS �Nbulk

Ibulk �NSERS
;

where ISERS and Ibulk are the intensities of the same band for

the SERS and bulk spectra, Nbulk is the number of molecules

probed for a bulk sample and NSERS is the number of mol-

ecules probed with SERS. Nbulk was determined based on

the ordinary Raman spectrum of a 0.1 M 4-MBA solution in

12 M aqueous NaOH and the focal volume of our Raman

system (1.48 pl). When determining NSERS, we assumed that

the 4-MBA molecules were adsorbed as a monolayer with a

molecular footprint of 0.33 nm2 [36], and a surface area of

15 700, 7 850, 15 000 nm2 was calculated for dimer, sphere

and cube tags, respectively, based on their shape and size

(figure 1a–c). Table 1 summarizes the EFs for these tags
with various laser polarizations. The EFs of dimer tags for

both substrate-supported and solution-dispersed configur-

ations were much higher than that of sphere tags. In

addition, the EFs of cube tags were slightly larger than that

of sphere tags. If we take into account the differences in inter-

particle gaps, corners and edges in the metal core of a tag

where SERS hot spots tend to be formed [45], the observed

differences in EF are easy to understand. The dimer tag

with a dimer core contains an interparticle gap and is thus

expected to offer intense hot spot enhancement. Therefore,

it should give the strongest SERS signals. Hot spots could

also be created at the corner sites of a cubic core of the

cube tags [42,46], leading to a higher EF than the sphere

tags with spherical cores. Because the three types of tags

had a similar major LSPR peak (figure 2d ), the possibility

of wavelength-dependent enhancement [43], where the

SERS activity is maximized when the excitation source

matched the LSPR peak of the tags, could be neglected.

We also investigated the sensitivity and stability of aqu-

eous suspensions of the dimer tags. As shown in figure 5a,

dimer tags at a certain particle concentration (in the range

of 1–500 pM) produced consistent SERS peaks of 4-MBA

under identical measuring conditions. As shown in the

inset of figure 5a, there is a linear dependence between

the intensity of the band of 4-MBA at 1588 cm21 and the con-

centration of dimer tag. To test the stability of the dimer tag,

we recorded SERS spectra from an aqueous suspension of

the dimer tag as a function of time. As shown in figure 5b,

the SERS spectra recorded at different time points with a

period of three weeks only showed some minor variations in

terms of both intensity (the inset of figure 5b) and peak pos-

ition. It should be pointed out that (i) other small molecules

such as 1,4-benzenedithiol (1,4-BDT) [44], in addition to

4-MBA, can also serve as the Raman reporter molecule for

the dimer tag (see the electronic supplementary material,

figure S5), indicating the capability to label the dimers with

multiple tag molecules; and (ii) an intense signal could be

detected from aqueous suspension of the dimer tag under

785 nm laser excitation with a SERS EF of approximately

1.7 � 105 (see the electronic supplementary material, figure
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images of individual cells, and row (ii) shows the corresponding SERS mapping image based on the intensity of the 4-MBA band at 1588 cm21. The sizes of each
image in (i) and (ii) are 24 � 24 mm. (iii) Typical SERS spectra of the SERS mapping image, corresponding to the spots marked with the same numbers in (ii).
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S6). These data imply that the dimer tag may be applied to

in vivo SERS imaging where near-infrared laser excitation is

preferred to reduce the background signals from tissues [11].
3.3. Dimer tags for imaging cancer cells
We finally examined the feasibility of using the dimer tags for

imaging cancercells. We chose SK-BR-3 human breast adenocar-

cinoma cells that overexpress HER2 as a model to demonstrate

the SERS imaging capability [47,48], whereas U-87 MG human

glioblastoma cells that do not express HER2 were used as a

negative control. Prior to SERS imaging, we performed an

immunofluorescence assay to determine the HER2 levels on

both types of cells, in which HER2 could be resolved through

the fluorescence signals coming from fluorescein isothiocyanate
(FITC)-labelled secondary antibodies (see electronic supplemen-

tary material for experimental details). The images in electronic

supplementary material, figure S7 show that the fluorescence of

FITC could be detected only for SK-BR-3 cells, confirming the

overexpression of HER2 on the surfaces of SK-BR-3 cells and

no expression of HER2 for the negative U-87 cells.

Figure 6 shows SERS imaging data of SK-BR-3 cells, using

the dimer, sphere and cube tags. In figure 6, row (i) shows

bright-field optical microscopy images of individual SK-BR-3

cells; row (ii) shows the corresponding mapping images

based on the intensity of the SERS band of 4-MBA at

1588 cm21; and row (iii) shows typical SERS spectra of different

spots on the SERS mapping images, as indicated by the same

numbers shown in row (ii). Clearly, the Raman signals of

4-MBA could be detected from SK-BR-3 cells after they had
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been incubated with all the three different types of SERS tags.

By contrast, the SERS signals of 4-MBA could not be detected

from U-87 cells owing to the absence of HER2 receptors on

their surface (see the electronic supplementary material,

figure S8), indicating the good specificity of the SERS tags. It

was found that the dimer tags gave the strongest SERS signal

in comparison with the sphere and cube tags in imaging SK-

BR-3 cells. To rule out the difference of binding between differ-

ent tags and cells, we used ICP-MS to determine the number of

each type of tag bound to each SK-BR-3 cell right after SERS

imaging. Based on the ICP-MS data and the density of cells

in each culture well, the average number of tags was roughly

estimated to be 1810, 2440 and 2090 per cell for the dimer,

sphere and cube tag, respectively. These data suggest that the

strongest SERS signal from the dimer-tag-incubated SK-BR-3

cells was mainly caused by the strong SERS enhancement of

the dimer tags rather than by a larger number of tag particles

bound to each cell. This result demonstrates that the dimer-

based tags could be used as a promising SERS imaging agent

for cancer diagnosis with good specificity and high sensitivity.
4. Conclusion
In summary, we have demonstrated a new SERS tag based on

dimers of Ag nanospheres, which is fabricated by coating

dimer of Ag nanospheres with a layer of 4-MBA, a silica

shell and antibodies. The dimer tag showed the highest

SERS enhancement compared with the tags fabricated from

Ag nanospheres and nanocubes with similar sizes. The capa-

bility of quantification and good stability was also validated

for the dimer tags. The prepared dimer tag was successfully

applied to imaging HER2 overexpressing cancer cells with

good specificity and high sensitivity. It is expected that the

dimer tag mentioned in this study will find its application

in SERS imaging for early cancer diagnosis.
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