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a b s t r a c t

We report a dual mode cancer cell targeting probe based on CdTe quantum dots (QDs) conjugated, silica

coated Au@Ag core–shell nanorods (Au@Ag NRs), which can generate both surface enhanced Raman

scattering (SERS) and fluorescence signals. In such a probe, folic acid (FA) is used as a targeting ligand

for folate receptors (FRs) overexpressed cancer cells. To synthesize the probe, Au@Ag NRs were first

prepared to serve as the SERS substrates by coating an Ag shell on the gold nanorods. Then the Au@Ag

NRs were labeled with 4-mercaptobenzoic acid (4MBA) to generate SERS signals, followed by being

coated with a silica shell through a modified Stöber method. Finally, CdTe QDs and FA were conjugated

to the silica coated Au@Ag NRs by the carbodiimide chemistry to yield fluorescence and the targeting

ability, respectively. To validate the targeting capability of the probe, in vitro experiments were

conducted, using HeLa cells with overexpressed FRs as the model target cells and MRC-5 cells with a

low folate receptor expression level as the negative control. Both the fluorescence imaging and the SERS

mapping results confirmed that the proposed probe can be used as an efficient cancer cell targeting

agent. This kind of multifunctional probe has great potential in the diagnosis and therapeutics of

cancerous diseases due to its specific targeting and multiplex imaging abilities, especially in the

simultaneous tracking of multiple components in a hybrid bio-system.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Today, selective targeting and imaging of malignant cells are
becoming more and more crucial for the diagnosis and treatment
of the cancerous diseases [1]. Functionalized nanoprobes based
mesoporous silica [2], metal nanoparticles [3] and carbon nano-
tubes [4], have attracted massive attention concerned with their
design and fabrication. The selective targeting of these nano-
probes to the cancer cells is realized by modifying their surfaces
with specific antibodies or ligands [5–8]. Folic acid (FA) has
emerged as a popular ligand for the cancer cell targeting, because
folate receptors (FRs) are often overexpressed on the membranes
of many kinds of human cancer cells [9]. As a result, FA
conjugated nanoprobes are capable of distinguishing the cancer
cells from the healthy ones and triggering the specific cancer cell
uptake via the FRs mediated endocytosis [2,10,11].

In the design of a targeting probe, it is desirable that the abilities
to target the specific cancer cells and generate observable optical
signals are combined together into one single targeting system,
making it possible to directly track and monitor the targeting events.
In the past years, fluorescence based imaging technique is widely
ll rights reserved.
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employed in the investigation of the cancer cell targeting [12,13].
A vast variety of materials, such as organic fluorophores [14],
upconverting nanoparticles [15] and semiconductor nanocrystals
(quantum dots) [16,17], have been employed as the contrast agents
for the fluorescence imaging. Among these, quantum dots (QDs)
species have been considered as a promising luminescent candidate
[18,19], because of their tunable fluorescence emission properties
with a high quantum yield and photostability.

Recently, Raman scattering enhanced by novel metal nano-
particles (NPs) has opened up a new avenue towards the field of
bioimaging and biosensing [20–23]. Since its discovery, surface
enhanced Raman scattering (SERS) has been used as a molecular
and cellular analytical technology with an extremely high sensi-
tivity [24–26]. The intriguing potential bio-applications of SERS
have boosted the design and fabrication of new efficient SERS
substrates, such as nanocages [27], nanorods [28,29], alloy nano-
shells [30], hollow nanospheres [31] and so on, which are mainly
composed of silver and gold. An interesting approach to prepare
silver NPs with well tailored morphology is to use the preformed
gold NPs as the templates for silver coating [32–36]. It has been
reported that the Au@Ag core–shell nanorods (Au@Ag NRs) with a
good shape and size monodispersity can be obtained by coating
the gold nanorods (GNRs) with a layer of silver [32,34,36].

However, both of the fluorescence and SERS based techniques
exhibit some intrinsic disadvantages. For example, the spectral



Scheme 1. The synthesis procedure of the cancer cell targeting probe.
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overlap of fluorescence restricts its further applications in multi-
plexed bioimaging and biosensing. Meanwhile, compared with
fluorescence, SERS requires a relatively long acquisiton time due
to its weak intensity, which hinders its applications in high-speed
and real-time analysis. As a result, the combination of the two
techniques could be an attractive solution. Recently, a new
strategy which integrates the fluorescence and SERS signals into
a single composite nanoparticle has emerged, using organic dyes
as the fluorescence generators and gold NPs as the SERS sub-
strates [8,37–39]. However, the sensitivity and multiplexing
capability of such nanocomposite particles are limited by the
generally wide emission bands of the organic dyes.

Herein, we demonstrate the synthesis of a SERS and fluorescence
dual mode imaging probe with the capability of targeting cancer
cells. The proposed probe consists of three main functional compo-
nents, including CdTe QDs served as the contrast agents for fluores-
cence imaging, 4-mercaptobenzoic acid (4MBA) labeled Au@Ag NRs
served as the generator of SERS signals for SERS mapping, and FA
served as the targeting ligand. In such a designed structure, QDs have
much narrower emission spectra than the organic dyes while the
Au@Ag NRs can provide a much stronger SERS enhancement than
gold NPs. Using human cervical cancer cells (HeLa cells) with
overexpressed FRs as the model target cells, the cancer cell targeting
ability of the proposed probe was examined. Experimental results
revealed that the biorecognition towards specific cancer cell lines can
be fulfilled by the presented targeting probe. This kind of multi-
functional probe with prospective multiplexing capability has great
potential in the tracking and verification of the biological procedures
in living cells, such as the interaction between the NPs and cells in
the specific recognition or targeted drug delivery systems.
2. Experimental section

2.1. Materials

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4 �3H2O), silver
nitrate (AgNO3), sodium borohydride (NaBH4), poly(vinylpyrroli-
done) (PVP, MW 8000), poly(ethyleneimine) (PEI, MW 10,000),
tetraethoxysilane (TEOS), cetyltrimethylammonium bromide (CTAB)
and absolute ethanol were purchased from Alfa Aesar. Poly (allyla-
mine hydrochloride) (PAH, MW 15,000), 4-mercaptobenzoic acid
(4MBA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) were purchased from Sigma
Aldrich. Folic acid (FA) was purchased from Aladdin Reagent Co.,
Ltd. Ascorbic acid (AA) was purchased from Shanghai Shisihewei
Chemical Co., Ltd. Ammonia water was purchased from Shanghai
Zhongshi Chemical Co., Ltd. Sodium hydroxide (NaOH) and sodium
chloride (NaCl) were purchased from Guangdong Xilong Chemical
Co., Ltd. Phosphate buffered saline (PBS, pH 7.4) was purchased
from Nanjing Bookman Biotechnology Co., Ltd. All the reagents were
used as received. Deionized water (Millipore Milli-Q grade) with
resistivity of 18.2 MO cm�1 was used in all the experiments.

2.2. Synthesis of the cancer cell targeting probe

The synthesis procedure of the targeting probe, which is well
established and quite reproducible, is illustrated in Scheme 1.
In the structure of such a probe, the 4MBA labeled Au@Ag NRs are
encapsulated by a silica shell while the CdTe QDs and FA are
covalently linked to the surface of the silica shell.

2.2.1. Synthesis of the Au@Ag core–shell nanorods (denoted as

Au@Ag NRs)

The Au@Ag NRs were synthesized according to a previously
published literature, using GNRs as the seeds [36]. GNRs were
prepared by the seed-mediated growth method [40]. To remove
excess reagents, 24 mL of the as-prepared GNRs solution was
centrifuged twice at 10,000 rpm for 30 min. The precipitate was
dispersed in 12 mL of deionized water. This purified GNRs solu-
tion was then added to 60 mL of 0.04 M CTAB aqueous solution
under vigorous stirring with the temperature being kept at 30 1C.
Then 1.56 mL of 0.1 M AA, 2.5 mL of 10 mM AgNO3 and 3.48 mL of
0.1 M NaOH solution were added sequentially. The color of the
solution changed rapidly from brown to rose, indicating the
formation of the Au@Ag NRs.

2.2.2. Adsorption of the Raman reporter molecules onto Au@Ag NRs

Raman reporter molecules (4MBA) were adsorbed onto the
surfaces of the Au@Ag NRs to make these NPs SERS active. First,
5 mL of the as-prepared Au@Ag NRs solution was centrifuged
at 10,000 rpm for 30 min to remove the excess reagents. The
precipitate was dispersed in 5 mL of deionized water. Then 5 mL
of 10 mM 4MBA ethanol solution was added and agitated for 3 h at
45 1C. Unbonded 4MBA molecules were removed by centrifugation
once at 8000 rpm for 30 min. After discarding the supernatant, the
precipitate was suspended in 5 mL of 2 mg/mL PAH (in 2 mM NaCl)
solution and gently stirred for 1 h. Excess PAH was removed by
centrifugation once at 8000 rpm for 30 min and the precipitate
was dispersed in 5 mL of deionized water. The PAH used here can
prevent the aggregation of the Au@Ag NRs caused by 4MBA.
The 4MBA tagged and PAH wrapped NPs were denoted as Au@Ag
NR@4MBA@PAH.

2.2.3. Silica encapsulating of the SERS active Au@Ag NRs

The as-prepared Au@Ag NR@4MBA@PAH NPs were coated
with an outer silica shell by a modified Stöber method [41].
1 mL of 25 mg/mL PVP aqueous solution was added to 5 mL of the
Au@Ag NR@4MBA@PAH solution and gently agitated for 15 h.
The mixture was centrifuged once at 8000 rpm for 30 min and the
precipitate was dispersed in 5 mL ethanol. Then 350 mL of
ammonia water was added. The growth of the outer silica shell
was initiated by 6 injections of 2 mL TEOS into the above mixture
with an interval of 30 min. The reaction was further continued for
3 h. Finally the silica coated SERS active Au@Ag NRs (denoted as
Au@Ag NR@4MBA@SiO2) were collected by centrifugation at
7000 rpm for 20 min and washed repeatedly with ethanol and
deionized water. The purified Au@Ag NR@4MBA@SiO2 NPs were
finally suspended in 5 mL of deionized water.

2.2.4. Conjugation of CdTe QDs and folic acid

3-mercaptopropionic acid (MPA) stabilized water soluble
green luminescent CdTe QDs were synthesized as described
elsewhere [42]. The cancer cell targeting probe was acquired by
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covanlently adsorbing FA and CdTe QDs onto the surfaces of the
Au@Ag NR@4MBA@SiO2 NPs. 25 mL of 10% PEI aqueous solution
was added to 5 mL of the as-synthesized Au@Ag NRs@4MBA@-
SiO2 solution and gently stirred for an hour. Afterwards, the
excess PEI was removed by centrifugation thrice at 7000 rpm
for 20 min. The pellet was suspended in 5 mL of PBS. 300 mL of
CdTe QDs solution was added to 5 mL of PBS solution containing
1 mg FA under stirring. For the synthesis of the FA free probe
(denoted as Au@Ag NR@4MBA@SiO2@QDs), the CdTe QDs solu-
tion was added to the PBS solution without FA. Then 200 mL of
10 mM EDC (in PBS) and 40 mL of 0.1 M NHS aqueous solution
were added to activate the carboxyl groups of FA as well as those
of the MPA on CdTe QDs. 15 min later, 1 mL of the PEI functio-
nalized NPs were added and the reaction was allowed to proceed
for 12 h in the dark at room temperature. The excess CdTe QDs
and FA were removed by centrifugation twice at 7000 rpm for
20 min. The pellet was dispersed in 1 mL of deionized water,
yielding the cancer cell targeting probe (denoted as Au@Ag
NRs@4MBA@SiO2@QDs/FA).
2.3. Cell culture and in vitro experiments

HeLa cells and human embryonic lung fibroblasts (MRC-5)
cells were purchased from China Type Culture Collection and
cultured in medium (DMEM) under standard cell culture condi-
tion (5% CO2, 37 1C). Media were supplemented with 10% fetal
bovine serum (Biochrom) and 1% penicillin–streptomycin (Nanjing
KeyGen Biotech. Co., Ltd.).
Fig. 1. TEM images of (a) GNRs, (b) Au@Ag NRs, (c) targeting p
To examine the SERS and fluorescence performance of the
targeting probe inside living cells, HeLa cells were seeded into
culture dish (Corning) and incubated for 24 h. Then the targeting
probe solution was added to the cell culture dish (volume ratio
probe solution:culture media¼1:5). Three hours later, the culture
media were discarded and the culture dish was gently washed
with PBS before the SERS and fluorescence measurements.

To test the targeting capability of the cancer cell targeting
probe, HeLa and MRC-5 cells were seeded into culture dishes and
incubated for 24 h. Then the targeting probe solution and the FA
free probe solution were added to the cell culture dishes (volume
ratio probe solution:culture media¼1:5), respectively. An hour
later, the culture media were discarded and the culture dishes
were gently washed with PBS before the SERS and fluorescence
measurements.
2.4. Instruments

Extinction spectra were measured by a Shimadzu UV-3600 PC
spectrophotometer with quartz cuvettes of 1 cm path length.
Photoluminescence emission spectra were measured by an Edinburg
FLS920 spectrofluorimeter, the spectrum linewidth was 1.5 nm for
the selected slit width at the excitation and emission of the
spectrofluorimeter. Transmission electron microscope (TEM) images
and energy dispersive X-ray (EDX) spectra were obtained with
an FEI Tecnai G2T20 electron microscope operating at 200 kV. SERS
and fluorescence measurements were performed with a confocal
microscope (FV 1000, Olympus). Fluorescent images of cells were
recorded at 488 nm excitation and SERS spectra were obtained at
robes, (d) enlarged TEM image of a single targeting probe.
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633 nm excitation. The laser power was 2.3 mW at the sample
position. Rayleigh scattering light was removed by a holographic
notch filter. The Raman scattering light was directed to an Andor
shamrock spectrograph equipped with a charge-coupled
device (CCD).
3. Results and discussion

3.1. Characterization of the cancer cell targeting probe (denoted as

Au@Ag NR@4MBA@SiO2@QDs/FA)

To achieve silver NPs with a uniform size distribution to be used
as the SERS substrates, the Au@Ag NRs were fabricated according to
the strategy of Xiang et al. [36], which uses GNRs as the template for
silver coating. The initial GNRs were synthesized through the seed-
mediated growth method [40]. Comparing the TEM images of the
GNRs and the Au@Ag NRs (shown in Fig. 1), the Au@Ag NRs seem to
be fatter than GNRs, due to the coating of the silver shell. The average
size of the GNRs is (37 nm73 nm)� (12 nm72 nm) while that of
the Au@Ag NRs is (46 nm75 nm)� (24 nm72 nm). The epitaxial
growth of the silver shell can also be confirmed by the extinction
spectra (Fig. 2a). Upon the silver deposition, the longitudinal surface
plasmon resonance (LSPR) band of GNRs peaked at 690 nm under-
Fig. 2. (a) Extinction spectra obtained during the synthesis of the cancer cell targeting p

from the copper mesh.

Fig. 3. (a) SERS signals obtained from 4MBA labeled GNRs and Au@Ag NRs; (b) SERS sp

the baseline of the SERS spectrum of the targeting probe. The spectra were placed in p
went a significant blue shift, whereas a new band arose at shorter
wavelength around 400 nm. This result is consistent with that
reported by Xiang et al. [36]. It has been shown that the LSPR band
of the Au@Ag NRs can also be tuned from the visible to the near
infrared region of the optical spectrum, similar to that of GNRs
[32,36]. Thus, with corners and edges presented on their surfaces and
the tunable optical properties, such silver coated core–shell nanorods
can be employed as excellent candidates for SERS applications.

The as-prepared Au@Ag NRs are positively charged due to the
surfactant molecules (CTAB) used in the synthesis process. After
being tagged with the SERS reporter molecules (4MBA) through
their thiol groups, the positive surface charge of the Au@Ag NRs
will be disturbed, leading to the aggregation of the Au@Ag NRs. In
our experiments, to avoid this aggregation, a layer of PAH is
coated on the 4MBA-tagged Au@Ag NRs. As a result, monodis-
perse silica NPs were obtained with a single Au@Ag NR core inside
each (shown in Fig. 1c). The extinction spectra in Fig. 2(a) also
reveal that the Au@Ag NRs did not aggregate. The SPR band
positions of the PAH wrapped 4MBA-tagged Au@Ag NRs (Au@Ag
NR@4MBA@PAH) remained exactly the same to those of the
Au@Ag NRs. Besides, no obvious tailing of the LSPR in the longer
wavelength region was observed.

After the Au@Ag NR@4MBA@PAH NPs were prepared, an outer
silica layer was achieved by a modified Stöber method [41].
robe. (b) EDX spectrum of the cancer cell targeting probe. The Cu signal originates

ectra of Au@Ag NR@4MBA@PAH and the targeting probe, the dashed line indicates

arallel for clarity. The integrating time of each SERS spectrum was 60 s.
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For obtaining a more smooth silica shell, the Au@Ag NR@4MBA@-
PAH NPs were first coated by the amphiphilic, nonionic polymer
PVP and then transferred to a mixed solution of ammonia and
ethanol. After the injection of a proper amount of TEOS, a
homogeneous silica shell with a thickness of �40 nm was
formed. As shown in Fig. 2(a), the silica coating process only
induced red shift of the whole extinction spectrum of the NPs due
to the increase in the refractive index, while no further tailing of
the LSPR band was observed. This result corresponds well with
the fact that only a single Au@Ag NR was encapsulated in each
silica nanoparticle. Finally, after modifying the surfaces of the
Au@Ag NR@4MBA@SiO2 NPs with amino groups by PEI, FA and
CdTe QDs were conjugated to the silica shell using EDC and NHS
as the zero length cross-linkers. Thus the cell targeting probe
(denoted as Au@Ag NR@4MBA@SiO2@QDs/FA) was obtained,
whose TEM images were shown in Fig. 1(c and d). The average
diameter of the final probe is 115 nm76 nm. It can be observed
from Fig. 1(d) that the targeting probe has a roughened surface,
which indicates the successful attachment of CdTe QDs. Besides,
the EDX spectrum of the targeting probe clearly demonstrates the
signals of Au, Ag, Si, Cd and Te (shown in Fig. 2b), which also
proves that the fabricated probe exhibits a structure as expected.
3.2. SERS and fluorescence performance of the targeting probe

The Au@Ag NRs are chosen as the SERS substrates because they
possess not only a superior SERS enhancing capability but also a
Fig. 4. Photoluminescence spectra of the targeting probe excited at 400 nm. Inset

shows the digital photograph of the (A) GNRs, (B) Au@Ag NRs, (C) targeting probes,

(D) targeting probes illuminated by 365 nm UV-light.

Fig. 5. (a) Fluorescence imaging, (b) SERS mapping and (c) bright field imaging of HeLa

fluorescence imaging was 488 nm while that of the SERS mapping was 633 nm.
well monodisperse morphology [35]. Fig. 3(a) shows the measured
SERS signals from 4MBA-labeled GNRs and Au@Ag NRs under the
same experimental conditions. The SERS spectrum of 4MBA has
been well assigned previously [43]. The two dominant peaks at
1076 cm�1 and 1586 cm�1 are assigned to the ring-breathing
modes. The Raman band at 849 cm�1 is attributed to the COO�

bending mode (d(COO�)) and that at 1144 cm�1 is attributed to a
mixed mode (13b(CCC)þn(C–S)þn(C–COOH)). Besides, the one at
1432 cm�1 is ascribed to the ns(COO�) stretching mode. Compar-
ing the two spectra in Fig. 3(a), it is obvious that the Au@Ag NRs
can generate much stronger SERS signals than the GNRs, resulting
in an increased SERS activity as expected.

The influence of the silica coating, QDs and FA conjugation
over the SERS performance of the targeting probe was carefully
investigated, using the excitation wavelength of 633 nm. As
shown in Fig. 3(b), the intense and robust SERS signal of the
probe was well maintained through both the silica coating and
the surface modification procedures. Moreover, no fluorescence
background from CdTe QDs was observed.

In the structure of our presented targeting probe, the FA
molecules and CdTe QDs were both anchored to the outmost
silica surfaces. Here, FA serves as the targeting ligand while CdTe
acts as the fluorescent contrast agent. In the experiments, amino
groups were first introduced onto the surfaces of the Au@Ag
NR@4MBA@SiO2 NPs by the electrostatic adsorption of branched
PEI molecules. PEI functionalized NPs have a much higher surface
concentration of amino groups compared to those prepared by
classical co-condensation using amino silanes [2,44]. Then the
CdTe QDs and FA were covalently conjugated to the amino groups
via standard carboxyl-amine conjugation chemistry using EDC
and NHS as the coupling agents [2]. As is well known, the
fluorescence of QDs or organic dyes will be quenched upon the
direct contact with a metal surface due to the nonradiative energy
transfer from the fluorophores to the metal. However, in our
probe, the silica shell can virtually prevent the occurrence of
quenching. The photoluminescence spectrum of the targeting
probe is shown in Fig. 4, using an excitation wavelength of
400 nm. Obviously, the fluorescence of CdTe QDs was well kept
and no SERS signals were observed. When illuminated by the
UV-light, the targeting probe was able to generate bright green
light (see the inset of Fig. 4). All the above experimental results
demonstrate that the multifunctional cancer cell targeting probe
can generate both SERS and fluorescence signals, which can be
switched by using different excitation wavelengths. The strong
SERS signals supported by the Au@Ag NRs and fluorescence
signals generated by QDs reveal that the proposed targeting
probes possess a superior sensitivity during the cancer cell
targeting process. Besides, more than 30 batches of the targeting
probes have been synthesized, which all presented excellent
cells incubated with the targeting probes for 3 h. The excitation wavelength of the
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SERS and fluorescence properties with a uniform morphology,
indicating the well reproducibility of the targeting probes.

3.3. In vitro experiments

To evaluate the performance of the proposed probe inside
living cells, HeLa cells were incubated with the targeting probes
Fig. 6. SERS spectrum acquired from the targeting probe loaded HeLa cells.

The excitation wavelength was 633 nm with an integrating time of 60 s. The

Raman peaks pointed by the arrows belong to the bottom of the culture dish.

Fig. 7. (a, b) Fluorescence image and (c, d) SERS mapping of HeLa cells incubated with t

incubated with FA free probe; (i, j) fluorescence image and (k, l) SERS mapping of MRC
for 3 h to allow a sufficient cellular uptake of the probe. Then
the targeting probe loaded HeLa cells were subjected to the
fluorescence and SERS imaging. The results are shown in Fig. 5.
According to Fig. 5(c), the probes incorporated by HeLa cells can
clearly be observed as the black dots. When excited at 488 nm,
strong fluorescence was obtained from these HeLa cells (Fig. 5a).
However, no obvious fluorescence was observed from the HeLa
cells without the probes inside, indicating that the strong fluor-
escence was not the cellular auto fluorescence. Then, SERS
mapping of the same HeLa cells was also acquired by changing
the excitation wavelength to 633 nm (Fig. 5b). The SERS signal
of 4MBA was well preserved and no fluorescence background
was detected, as shown in Fig. 6. The results indicate that the
proposed probe is capable of keeping their distinct SERS and
fluorescence performances after being taken up by living cells.

It was reported that when the FA decorated NPs are subjected to
cells overexpressing folate receptors (FRs), the cellular uptake of the
NPs can be greatly improved by the FRs mediated endocytosis
[45,46]. Thus, HeLa cells which overexpress FRs on their mem-
branes [47] were chosen as the model target cancer cells to
examine the targeting ability of the presented probe. FA free probes
and folate receptor negative MRC-5 cells were chosen as the
negative controls. After being incubated with the corresponding
probes, the cells were subjected to fluorescence imaging and SERS
mapping. As shown in Fig. 7, HeLa cells incubated with the
targeting probes (Fig. 7a–d) generated much stronger fluorescence
and SERS signals than HeLa cells incubated with the FA free control
probes (Fig. 7e–h) and MRC-5 cells incubated with the targeting
probes (Fig. 7i–l). This indicates that more targeting probes were
he targeting probe; (e, f) fluorescence image and (g, h) SERS mapping of HeLa cells

-5 cells incubated with the targeting probe.



Fig. 8. (a) SERS spectrum obtained from HeLa cells incubated with the targeting probe; (b) SERS spectrum obtained from HeLa cells incubated with the FA free probe;

(c) SERS spectrum obtained from MRC-5 cells incubated with the targeting probe; for each situation, the SERS spectra were collected from 10 randomly selected cells and

average results were presented. (d) Intensity of the 1076 cm�1 peak. The error bars represent the standard deviation of 10 measurements.
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taken up by the FRs overexpressed HeLa cells. Thus, both the
fluorescence imaging and the SERS mapping results revealed the
increased cellular uptake of the targeting probe compared with that
of the two negative controls. These results indicate that the over-
expression of FRs on HeLa cells may facilitate the recognition of FA
conjugated NPs and increase the cellular uptake through the FRs
mediated endocytosis. The SERS spectra obtained during the in vitro

comparison experiments were shown in Fig. 8. Fig. 8(a) shows the
SERS spectrum acquired from HeLa cells incubated with the
targeting probes and Fig. 8(b) demonstrates the SERS spectrum
acquired from HeLa cells incubated with the FA free control probes,
while Fig. 8(c) exhibits the SERS spectrum obtained from MRC-5
cells incubated with the targeting probes. HeLa cells incubated with
the targeting probes obviously provided the strongest SERS signals.
As shown in Fig. 8(d), SERS signals measured from HeLa cells
incubated with the targeting probes are about 3 times higher
than those from the two controls. These results showed that the
proposed targeting probe can recognize FRs overexpressed cancer
cells with a high selectivity and greatly improve the cellular uptake
of the targeting probe through the FRs mediated endocytosis.
4. Conclusions

We have demonstrated the successful fabrication of a SERS and
fluorescence dual mode cancer cell targeting probe based on silica
coated Au@Ag NRs conjugated with CdTe QDs and FA. The targeting
probe has the intense SERS signals under the light excitation at
wavelength of 633 nm without the fluorescence background. It also
provides a highly bright and stable fluorescence for cell imaging
when the excitation wavelength is switched to 488 nm. The special
SERS and fluorescence performance of the probe was well pre-
served after being taken up by living cells. Finally, the HeLa cells
with overexpressed FRs were specifically targeted by the presented
probe. With the targeting and multiplex imaging abilities, this kind
of multifunctional probe has unique potential for tracking the
nanoparticle-based systems containing multiple components (such
as drug delivery systems), where the different components (such
as drugs and nanocarriers) can be monitored through fluorescence
or SERS, respectively. Other potential applications of this kind
of multifunctional probe include optical coding, highly sensitive
biosensing and so on. Further experiments are being conducted to
explore those applications.
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