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ABSTRACT

A magnetically controllable dual-mode optical probe is demonstrated for cellular imaging with an onion-
liked structure, which can exhibit both surface enhanced Raman scattering (SERS) and fluorescence
signals. For obtaining such a nanoprobe, Fe;04 nanoparticles were first encapsulated into an inner layer
of silica, which were then coated with a second layer of gold nanoshell (designated as Fe30,@Si0,@Au).
By adjusting the thickness of the gold shell, the surface plasmon resonance (SPR) of Fe;0,@SiO,@Au
nanoparticles can be easily tuned from visible to near-infrared (NIR) region. Afterwards, the prepared
Fe;0,@Si0,@Au nanoparticles were tagged with a third layer of Raman reporters to exhibit SERS signals
and further coated with an outmost layer of dye-doped silica to generate fluorescence. When being
excited at different wavelengths as 515 nm and 633 nm, the distinct fluorescence and SERS signals can be
separately observed. More interestingly, an enhanced cellular uptake of the presented nanoprobes was
observed in the presence of a magnetic field, which was proved by both fluorescence and SERS images.
This onion-liked multi-modal nanoplatform has great potential in bio-imaging, targeted delivery

Cell imaging

applications and biological separations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Monitoring interactions in living cells is crucial to understand
the cellular dynamics or organismal developments for achieving
the ultimate goal of cancer therapy. In recent years, fluorescence
microscopy has been widely used for real-time, high-speed, and
non-invasive imaging of live cells. A large number of fluorophores
with distinctive spectral characteristics are available, providing
many possibilities for multi-color biological labeling, including
organic dyes [1], inorganic nanoparticles [2], lanthanide coordina-
tion complexes [3] and bioluminescent proteins [4]. Since the
intracellular delivery of organic dyes is relatively easy, organic
fluorophores are most commonly used for bio-imaging. However,
their relative broad emission profiles sometime limit their appli-
cations, especially in those considering multiplex labeling.

Recently, surface enhanced Raman scattering (SERS) spectro-
scopy has become another powerful method for biomolecular
sensing and imaging [5-9]. The richness of SERS spectroscopic
information with a high resolution, a much narrower bandwidth
and non-photobleaching characteristics make it very intriguing.
Up to now, a variety of tailored geometries of nanoparticle-based
SERS substrates have been reported, which are mainly composed
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of gold or silver, including hollow nanospheres [10], nanorods
[11,12], nanorings [13] and so on. As one type of the gold
nanostructures, gold nanoshells have attracted much attention in
recent years. By regulating the relative dimensions between cores
and shells, the plasmon resonance of gold nanoshells can be easily
tuned from visible to NIR region [14]. More recently, we have
developed a kind of dual mode nanoprobe which integrates the
fluorescence and SERS signals into a single composite nanoparticle,
using organic dyes or quantum dots as the fluorescence
generators and gold NPs as the SERS substrates [15,16]. However,
the nanoprobes have some limits for in vivo imaging because the
position and distribution of these probes are random. In fact,
controllable nanoparticles have been used in biomolecular and
cellular sensing by means of magnetic control tools. Magnetically
modulated fluorescent probes have been demonstrated to achieve
enhanced cellular uptake of the probes in the presence of
a magnetic field in vitro [17] and magnetically guided two-photon
cellular imaging [18]. So, it is significant that we design a kind of
nanoprobe which is not only acts as a standalone SERS substrate
with integrated hot-spots or a fluorescence based geometry, but can
also be controlled magnetically to produce orientational and
translational motion.

Here, we demonstrate a magnetically controllable dual mode
optical nanoprobe, which contains a Fe304 core with multiple
layers. For obtaining such a nanoprobe, Fe304 nanoparticles were
first encapsulated into an inner layer of silica, which were then
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Scheme 1. Schematic representation of the preparation of Fe30,@SiO,@Au/
DTNB@RhBITC/SiO, nanocomposites.

coated with a second layer of gold nanoshell. Afterwards, the
prepared Fe;0,@SiO,@Au nanoparticles were tagged with a third
layer of Raman reporters to exhibit SERS signals and further coated
with an outmost layer of dye-doped silica to generate fluores-
cence. Scheme 1 shows a schematic representation of the
synthetic procedure to prepare the magnetic dual-mode nano-
composites. The presented nanoparticles show superparamagnetic
properties and dual-mode optical signals as strong fluorescence
and intense SERS signals. Our experimental results show that after
entering the living cells, the fluorescence and SERS signals of the
nanoparticles were well retained and no obvious cytotoxicity was
observed. Interestingly, the distribution of nanoprobes in cells
could be manipulated through an external magnetic field. Our
results indicate that such a kind of multi-mode probe has potential
applications in cellular imaging.

2. Experimental section
2.1. Materials

Ferric chloride (FeCls - 6H20) and iron(Il) chloride tetrahydrate
(FeCl, - 4H,0) were purchased from Aladdin. Ammonia solution
(NH3 - Hy0), trisodium citrate dehydrate (TSCD), sodium hydroxide
(NaOH), absolute ethanol and potassium carbonate (K,CO3) were
purchased from Shanghai Zhongshi Chemical Co., Ltd. n-Butyla-
mine, and tetraethyl orthosilicate (TEOS) were purchased from
Alfa Aesar. (3-Aminopropyl)triethoxysilane (APTES), hydrogen tet-
rachloroaurate(Ill) trihydrate (HAuCl,-3H,0), tetrakis(hydroxy-
methyl) phosphonium chloride solution (THPC), (3-aminopropyl)
trimethoxysilane (APTMS), 5,5’-dithiobis-(2-nitrobenzoic acid)
(DTNB) and rhodamine B isothiocyanate (RhBITC) were purchased
from Sigma-Aldrich. All the reagents were used as received.
Deionized water (Millipore Milli-Q grade) with resistivity of
18.2 M2 was used in all the experiments.

2.2. Fabrication of Fe30,@SiO, nanospheres

First, FesO4 nanoparticles were prepared by the co-pre-
cipitation method [19]. Then, a layer of silica was coated on the
surfaces of Fe30, nanoparticles by the Stober process [20,21].
Briefly, 1 g of FeCl, -4H,0 and 2.7 g of FeCls - 6H,0 were mixed in
40 mL of water and heated to 80 °C under argon in a three-necked
flask. While vigorously stirring the reaction mixture, 6 mL of
NHs-H,0 was introduced by a syringe, and the heating was
continued for 30 min. After that, 4 g of TSCD in 10 mL water was
added and the temperature was increased to 90 °C while stirring
was continued for an additional 90 min. The Fe304 precipitates
were separated centrifugally at 12,000 rpm for 10 min and washed
three times with deionized water. Then, the precipitate was
re-dispersed in 10 mL of water.

Silica coated Fe304 nanoparticles were prepared by the hydro-
lysis of TEOS using the Stober method. In a typical experiment,
60 pL of the as-prepared Fe;O4 aqueous solution were added to
the mixture of 25 mL of ethanol and 4 mL water under vigorous
stirring, and then 0.60 mL of NH; - H,O solution was added. 5 min
later, 0.60 mL of TEOS were added dropwise and the mixture
solution was stirred overnight. Then, the silica coated Fe304
nanoparticles were obtained and the thickness of the silica coating
can be controlled by changing the amount of TEOS.

2.3. Synthesis of Fe30,@Si0,@Au nanocomposites

Fe;0,@SiO,@Au nanocomposites were prepared according to
the method of Liu et al. [22]. First, gold seeds were adsorbed to the
surfaces of APTES-functionalized silica (Fe;0,@SiO,-APTES), nano-
shells were then grown by reacting the seed particles with HAuCl,
in the presence of a reducing agent, such as formaldehyde, to
produce a smooth and uniform gold layer.

To prepare gold seeds of 1-3 nm in diameter, 0.5 mL of 1M
NaOH and 12 pL of THPC in 1 mL water were mixed with 50 mL of
deionized water, and 2.0 mL of 1% HAuCl, was added quickly to the
mixed solution [23]. The colloid solution was stored in a refrig-
erator maintained at 4 °C for 5-30 day.

To prepare the APTES-modified silica core particles (Fe30,@-
SiO,-APTES), an excess of APTES (300 pL) was added to 10 mL of
the ethanol solution of Fe30,@SiO, core particles with vigorous
stirring for 2 h. To enhance the covalent bonding of the APTES
groups to the silica surfaces, the solution was diluted to 100 mL
and gently stirred at 70 °C for 1 h. After several times of centrifu-
gations, Fe30,@SiO,-APTES was redispersed in 10 mL of ethanol.

To attach the gold nanoparticles, 3.0 mL of the Fe30,@SiO,-
APTES particles was added to the concentrated gold colloids and
mixed thoroughly. The resulting Fe30,@SiO,@Au-seeds (seed
particles) were washed by centrifugation and redispersed by an
ultrasonic bath in 10 mL of water.

For growing the gold nanoshell on the seed particles, a solution
of 25 mg of anhydrous potassium carbonate was added to 100 mL
of water containing 1.5 mL of 1% HAuCl, solution, which is called
PCG in short. To determine the effect of PCG on the formation of
gold nanoshells, different amounts of PCG were rapidly stirred
with 1 mL of the seed solution followed by the addition of the
formaldehyde solution. The resultant nanoparticles were washed
by centrifugation and re-dispersed in water.

2.4. Synthesis of Fe30,@Si0,@Au/DTNB@RhBITC/SiO,
nanocomposites

Fe30,@Si0,@Au/DTNB@RhBITC/SiO, nanoparticles were fabri-
cated through a modified Stober method. SERS-activated Fe30,@-
SiO,@Au/DTNB complex was pre-prepared by adding 12 pL of
1072M DTNB into 5mL of Fe;0,@SiO,@Au solution. 2 h later,
1 mL of PVP solution (30 mg/mL) was added and then reacted for
another 12 h under continuous stirring [24]. The resultant Fe;0,@-
Si0,@Au/DTNB@PVP nanoparticles were washed by centrifugation
and re-dispersed in ethanol. Then, in a typical experiment, 5 mL of
the as-prepared Fe;0,@SiO,@Au/DTNB solution was added with
11 mL of ethanol and 4 mL of water, followed by the successive
addition of RhBITC-APTES complex, 20 pL of TEOS and 190 pL of
ammonium hydroxide. The mixture was continuously stirred for 5 h.
Here, the RhBITC-APTES complex was pre-prepared by adding 5 pL
of APTES solution to 100 pL of RhBITC solution in ethanol, which
was then reacted for 12 h in dark under continuous stirring. Finally,
the as-prepared composite magnetic dual mode nanoparticles were
washed by centrifugation and re-dispersed in ethanol.
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2.5. Instruments

Extinction spectra were measured by a Shimadzu UV-3600 PC
spectrophotometer with quartz cuvettes of 1 cm path length. Photo-
luminescence emission spectra were measured by an Edinburgh
FLS920 spectro-fluorimeter. Transmission electron microscope (TEM)
images were obtained with an FEI Tecnai G*T20 electron microscope
operating at 200 kV. SERS and fluorescence measurements were
performed with a confocal microscope (FV1000, Olympus). Fluores-
cence images of the cells were recorded at 515 nm excitation, and
SERS spectra were obtained at 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

The typical morphologies, structures, and dispersivity of
Fe30,@SiO, were analyzed by TEM images. As shown in Fig. 1a,
the average size of Fe30,@Si0O, nanoparticles is about 140 nm. It is
worth noting that for the successful adsorption of the gold seeds
to Fe;0,4@SiO,-APTES, the surface electric properties of Fe;0,@-
SiO, nanoparticles and pH value of the gold seeds solution are
crucial. Therefore, an excess amount of APTES is required to offer
enough amino groups to saturate the surfaces of the silica cores

(a)

2100nm_ k 50nm

and subsequently led to a uniform attachment of the gold seeds
which show a small SPR band (Fig. S1, Supporting information).
The TEM image of Fe;0,@SiO, absorbed with gold seeds is shown
in Fig. 1b. It can be seen that the gold seeds have been uniformly
attached on the surfaces of Fe;0,@SiO, spheres.

Further, to grow a complete gold shell, HAuCl, was reduced by
formaldehyde and deposited on the gold seeds, which serve as the
nucleation sites during the formation of rough gold nanoshell.
In our experiments, different volumes of the freshly prepared PCG
solution and 0.5 mL of the seed solution were mixed and stirred
for 10 min, and then a fixed amount of formaldehyde solution as
200 pL of 37% formaldehyde was added. Over the first course of
10-30 min, the solution changed from colorless to blue, which is
the characteristic of the formation of nanoshells. The extinction
spectra of different batches of Fe30,@SiO,@Au nanoparticles are
shown in Fig. 2a, which were prepared with different amounts of
PCG solutions during the experiments. With the increased amount
of PCG from 10 to 80 mL, the extinction peak experienced a red
shift. And the extinction spectrum peaks at around 750 nm when
80 mL of PCG solution was used. TEM images of the formed
nanoshells using different volumes of PCG as 10, 30, 60 and
80 mL, respectively, are shown in Fig. 3a, b, ¢ and d. It can be
seen that the shell growth was gradually completed on the silica
particle surfaces with increased volume of PCG solution. Specifi-
cally, in our experiments, the shell growth was almost complete
when 80 mL of PCG solution was used. The thicknesses of the gold
shells was about 10 nm, 13 nm, 15 nm, and 20 nm calculated from

& |

|

Fig. 1. TEM images of (a) Fe;0,@SiO, nanoparticles with a core diameter of about 140 nm and (b) Fe;0,@SiO, absorbed with gold seeds.
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Fig. 2. (a) Extinciton spectra of the Fe30,@SiO,@Au nanoparticles, which were prepared with 10 mL, 30 mL, 60 mL, and 80 mL of the freshly prepared PCG solution.
The volume of the seed solution was fixed as 1 mL. (b) Extinction spectra of Fe30,@Si0,@Au and Fe;0,@Si0,@Au/DTNB@RhBITC/SiO-.
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Fig. 3. TEM images of the Fe;0,@SiO,@Au nanoparticles using (a) 10 mL; (b) 30 mL; (c) 60 mL; (d) 80 mL of PCG solution. The volume of added seed solution was fixed as
0.5 mL. TEM images of (e) Fe30,@SiO,@Au and (f) Fe30,@SiO,@Au/DTNB@RhBITC/SiO, nanoparticles.

the TEM image in Fig. 3a, b, c and d, respectively. Further increase
of PCG only increased the shell thickness, which led to a blue-shift
of the maximum peak in the extinction spectra.

Then, DTNB molecules were adsorbed on the surfaces of the
gold nanoshells through Au-S bonds to generate SERS signals.
Many approaches can be used to investigate the interaction of gold
and thiol groups [25-31]. More exactly, upon interaction with gold
nanoshells, DTNB molecules tend to dissociate into two 2-nitro-5-
thiobenzoate (TNB), which will be spontaneously immobilized
onto the surface of gold via thiol groups (Fig. S2, Supporting
information) [32-35]. The SERS spectrum is shown in Fig. 4a,
which is characterized by peaks at 1333, 1067, 1152, and
1558 cm !, assigned to the symmetric stretch of the nitro groups,
the succinimidyl N-C-0O stretch overlapping with aromatic ring
modes, the C-H deformation modes and the aromatic ring C-C
stretching modes, respectively [16].The SERS spectra (shown in
Fig. 4a) of DTNB-tagged gold nanoshells with a structure in Fig. 3a,
b, and d, are shown. It can be observed that the intensities of SERS
signals differ with different thicknesses of nanoshells. Specifically,
the intensity of SERS signals increases as the growth of the gold
nanoshell gradually completes. This is reasonable since more
hotspots are presented on the complete gold nanoshell. In our

following experiments, gold nanoshells with a structure shown in
Fig. 3d were employed due to its stronger SERS signals.

Further, to obtain a SERS and fluorescence dual mode probe,
the as-prepared SERS-activated Fe;0,4@SiO,@Au/DTNB nanoparti-
cles were coated with a layer of RhBITC-doped silica shells.
The TEM images (shown in Fig. 3f) of Fe30,@Si0,@Au/DTNB@
RhBITC/SiO, nanoparticles, which exhibit a spherical shape as well
as a uniform size. The thickness of the silica shell can be tuned by
changing the amount of tetraethyl orthosilicate (TEOS) or the
amount of ammonia solution. In our experiments, the thickness of
the silica-shell is 40 nm on average and an average diameter of
Fe30,@Si0,@Au/DTNB@RhBITC/SiO, NPs is about 260 nm. More-
over, after the silica coating process, the SPR band of the Fe;0,@-
SiO,@Au NPs red-shifted from 750 nm to 798 nm as shown in
Fig. 2b. This is reasonable since the silica layer increased the
refractive index around the gold nanoshells [36]. As shown in
Fig. 4b, Fe30,@Si0,@Au/DTNB@RhBITC/SiO, exhibits representa-
tive Raman bands of DTNB molecules which were well assigned
previously. After the gold shell being coated with RhBITC-doped
silica layer, the SERS spectra of the probes remained well except
that the intensity decreased a little. On the other hand, the
fluorescence of RhBITC was also kept strong after being doped
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Fig. 4. (a) SERS spectra of Fe30,@SiO,@Au nanocomposites using DTNB as SERS reporters. Gold nanoshells with different thicknesses obtained using different volumes of
PCG as 10 mL, 30 mL, and 80 mL. (b) SERS spectra of Fe30,@SiO,@Au/DTNB and Fe;0,@Si0,@Au/DTNB@RhBITC/SiO, nanoparticles.
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Fig. 5. (a) PL spectrum of Fe30,@SiO,@Au/DTNB@RhBITC/SiO-, the excitation wavelength was 515 nm. (b) Photographs of Fe;0,@Si0,@Au/DTNB@RhBITC/SiO, solution (left)

before and (right) with and without an external magnetic field.

inside the outer silica shell, as shown in Fig. 5a. This benefits from
the PVP layer which blocks the possible contact between RhBITC
and gold shells. In addition, since the outer silica shell is very thick
(about 40 nm) while usually the effective distance of quenching
between dye and metal is about 10 nm and RhBITC was uniformly
doped in it, even the fluorescence of RhBITC close to gold nano-
shells was quenched, the overall fluorescence of the nanocompo-
sites was still observed which is strong enough to be used for
fluorescence imaging. To further prove this, the silica thickness
dependent fluorescence quenching was investigated (Fig. S3).

To investigate the magnetization of the Fe;0,@SiO,@Au nanop-
robes, an external magnetic field was employed. As shown in Fig. 5b,
these Fe;0,@SiO,@Au nanoparticles were aggregated under an exter-
nal magnetic field within 2 h, which indicates of the superparamag-
netic characteristics of the hybrid NPs. For a comparative study, the
magnetic activity of the individual Fe304 NPs was also investigated
under an external magnetic field. The result shows that Fes0, NPs
aggregated in a shorter period of time as 30 min. This indicates that
the magnetization of Fes0, was reduced after being coated with a
gold nanoshell. For obtaining a stronger magnetization, more Fe;0y4
aggregates or large magnetic sphere could be employed.

Finally, to investigate the magnetic targeting ability of such a
dual mode nanoparticle in living cells, a cellular culture system
including both control and magnetic targeting sites was used as

shown in Fig. 6a. In the experiments, HeLa cells were incubated
with Fe30,4@Si0,@Au/DTNB@RhBITC/SiO, NPs for 2 h and washed
with phosphate-buffered saline (PBS) before SERS and fluores-
cence imaging. Besides, a magnetic field was obtained by fixing a
magnet under the cultural dish. HeLa cells localized within both
the control and the targeting sites were subject to the same cell
culture conditions. As shown in Fig. 6, both fluorescence images
and SERS mapping show that the concentration of Fe;0,@-
Si0,@Au/DTNB@RhDITC/SiO, NPs at the targeting side was higher
than that at control site. Specially, stronger fluorescence (Fig. 6¢)
and SERS signals (Fig. 6e) were observed on the plasma mem-
branes of HeLa cells at the magnetic targeting sites, indicating that
a large number of Fe30,@Si0,@Au/DTNB@RhBITC/SiO, composites
have been delivered into cells after 2 h of incubation. However,
only minor traces of fluorescence (Fig. 6b) and SERS signals
(Fig. 6d) were detected in HeLa cells at the control sites. For a
more accurate comparison, the SERS spectra collected from the
spots located in control and targeting sites were shown in Fig. 6d
and e. The SERS intensity acquired from the targeting spot is about
three times of that measured from the control spot. The above
experimental results indicate the good magnetic targeting ability
of such a dual-mode probe. Thus, this presented nanoprobe has
great potential in bio-imaging due to its strong fluorescence,
distinct SERS signals and good magnetic response.
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Fig. 6. The magnetic targeting studies using HeLa cells incubated with magnetic dual-mode probes at 37 °C for 2 h. (a) Fluorescence image in the regions of both control site
and targeting site. The insets (b) and (c) show the enlarged ones of control and target sites, respectively; (d) SERS mapping, SERS spectrum and the bright-field image of HeLa
cells at the control site; and (e) SERS mapping, SERS spectrum and the bright-field image of HeLa cells at the targeting site. The excitation wavelengths for fluorescence
images and SERS spectra were 515 and 633 nm, respectively. The SERS peak at 1003 cm ™! belongs to the bottom of the culture dish.

4. Conclusion

A kind of magnetically responsive multimode nanoprobes has
been developed with an onion-liked structure. Due to the multi-
layered structure, the strong fluorescence and SERS signals of the
nanoprobes can be well retained without being disturbed from
each other. Besides, by selecting different Raman reporters or
fluorescent agents in corresponding layers, various combinations
of optical signals can be easily achieved, which is important for
multiplexed bio-sensing or bio-imaging. Moreover, by integrating
superparamagnetism characteristics, this nanoprobe can be mag-
netically guided to label specific living cells under a magnetic field.
Thus, this kind of integrated nanoplatform would have a great
potential in the investigation of cellular dynamics or organismal
developments, targeted drug delivery and biological separations.
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