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Abstract In this paper, a facile approach has been developed
to synthesize the novel multifunctional Ag@Fe;0,@C-Au
magnetic core-shell microspheres that display a highly effi-
cient surface-enhanced Raman scattering (SERS) substrate
with high stability and reproducibility. The morphology, size,
chemical component, and magnetic property of as-prepared
composite microspheres were characterized by scanning
transmission electron microscopy (SEM), transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), thermogra-
vimetric analysis (TGA), X-ray photoelectron spectra (XPS),
and vibrating sample magnetomerter (VSM), respectively.
The enhancement effect on the Raman active was investigated
by using rhodamine-b (RdB) as a probe molecule. The result
shows that the well-designed Ag@Fe;0,@C-Au core-shell
microspheres have uniform sphere size and high magnetiza-
tion, and the SERS signals of RdB on the Ag@Fe;0,@C-Au
microspheres were much stronger than those on both
Ag@Fe;0,4 and Fe;0,@C-Au microspheres.
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Introduction

Surface-enhanced Raman scattering spectroscopy (SERS) is a
highly sensitive and selective tool that provides fine details of
molecules through high-quality spectra, primarily due to the
large electromagnetic enhancement (EM) of the localized sur-
face plasmon resonance (LSPR) in nanostructures. Since its
first observation in the 1970s [1], SERS has been employed
increasing toward microanalytical applications in various fields
due to it being 10°~10°® times more sensitive than conventional
Raman. Generally, substrates based on metals such as Au, Ag,
and their composites are required to realize a substantial SERS
effect [2-5]. But, it is widely known that surface plasmon effi-
ciency is greater for Ag than it is for Au [6]. In addition, Ag is
more mobile and more easily oxidized than Au. If Ag nano-
structures can be stabilized by a chemically and electrically inert
shell, these weaknesses can be managed. So, Kim et al. devel-
oped an Ag-silica-Au hybrid device that displayed a long-range
plasmon transfer of Ag to Au leading to enhanced Raman scat-
tering of molecules largely separated from the optically excited
Ag surface [7]. On the other hand, despite there are many ad-
vantages of long-range plasmon transfer of Ag to Au leading to
enhanced Raman scattering, it must be emphasized that most of
these SERS substrates are thrown away after detecting proba-
bly. Thus, it is of considerable importance to develop an effi-
cient SERS substrate that can not only provide strong enhance-
ment factors but also show high stability and reproducibility. To
resolve this problem, magnetic materials such as Fe;0, were
introduced usually with Au or Ag nanoparticles to form com-
posite structures for SERS substrates. In the past few years,
various research groups have shown that such magnetic-core
noble metal-shell composites not only are biocompatible but
also facilitate large-scale Raman scattering enhancements
[8—11]. For instance, Shen et al. report a novel multifunctional
Fe;0,@ Ag/SiO,/Au core-shell nanoparticles that display
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long-range plasmon transfer of Ag to Au leading to enhanced
Raman scattering [6]. Wang et al. synthesized Fe;04/Ag/Au
composites for immunoassay based on surface plasmon reso-
nance biosensor [12].

In this work, we report the fabrication of a new kind
of multifunctional Ag@Fe;0,@C-Au magnetic core-
shell microspheres. The detailed protocol for the prepa-
ration of the Ag@Fe;0,@C-Au magnetic core-shell mi-
crospheres and detection of the rhodamine-b (RdB) is
shown in Scheme 1. The well-designed microspheres
have high magnetization and uniform sphere size. The
SERS activities of these microspheres have been tested
by using RdB as a probe molecule. The unique nano-
structure makes the microspheres novel stable, reproduc-
ible, and a high-enhancement effect for Raman detection.

Experimental
Materials

Ethylene glycol (EG), anhydrous sodium acetate (NaOAc),
iron nitrate (Fe(NO3)3-9H,0), silver nitrate (AgNO3), poly(-
vinyl-pyrrolidone) (PVP MW = 30,000), and polyetherimide
(PEI) were obtained from the Tianjin Guangfu Fine Chemical
Research Institute. Chloroauric acid (HAuCl,-4H,0), ethanol,
and RdB were purchased from Sinopharm Chemical Reagent
Co.; 1-[3-(dimethylamino)propyl]-3-ethylcarbodii-mide hy-
drochloride (EDC), and N-hydroxy-succinimide (NHS) were
purchased from Sigma Aldrich Co. All reagents were used as
received without further purication. The pure water was ob-
tained from a Milli-Q synthesis system.

Synthesis of Ag@Fe;04 nanospheres

Functionalized Ag@Fe;0,4 nanoparticles were synthesized
via a versatile solvothermal reaction reported with a slight
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modification [13]. Briefly, Fe(NO3)3-9H,O (1.5 g), NaOAc
(3.5 g), PVP (1.0 g), and AgNO; (0.15 g) were dissolved in
EG (70 ml) with magnetic stirring, followed by the transfer of
the resulting mixture into a 100-ml Teflon-lined stainless-steel
autoclave and heated at 200°C for 8 h. Finally, the products
were collected with a magnet and dried in a vacuum oven at
60°C for further use.

Synthesis of Ag@Fe;0,@C nanospheres

The carboxyl and negative charge-functionalized magnet-
ic Ag@Fe;04,@C nanospheres were obtained following
the method reported [14]; 0.1 g Ag@Fe;0,4 nanoparticles
and 1.0 g glucose were immersed in 70 ml deionized
water by ultrasonication for 30 min. Then, the solution
was transferred to a 100-ml Teflon-sealed autoclave for
treated at 200°C for 12 h. The products were separated
by a magnet, and washed several times with ethanol and
deionized water. Last, the as-obtained products were dried
at 60°C for further use.

Loading Au nanoparticles to obtain Ag@ Fe;0,@C-Au
nanospheres

Citrate-stabilized Au nanoparticles of about 16 nm were
prepared according to the reported methods [15]. The de-
position of Au nanoparticles onto Ag@Fe;0,@C was per-
formed as follows. First, 0.1 g of Ag@Fe;0,@C was dis-
persed into 100-ml (0.5 mg/ml) PEI aqueous solution under
magnetic stirring for 2 h; then, EDC (0.83 mmol) and NHS
(0.83 mmol) were added into the solution under magnetic
stirring for 12 h. The residual PEI was removed by magnet-
ic separation, and the composites were rinsed with water at
least three times. Last, Ag@Fe;0,@C-PEI microspheres
was dispersed into 100-ml Au NP solution (0.48 mmol/l),
and the dispersion was stirred for 4 h. Then, the precipitate

PEI o

AuNPs

Ag@Fe,0,@C-Au

Scheme 1 The preparation procedure of the Ag@Fe;0,@C-Au microspheres and detection of the RdB
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Fig. 1 SEM and TEM images of Ag@Fe;0, (a, d), Ag@Fe;0,@C (b, e), and Ag@Fe;0,@C-Au (¢, f) nanocomposites, respectively.

was collected by magnetic separation, washed several times
with deionized water.

Measurements of SERS activity of the Ag@Fe;0,@C-Au
microspheres

RdB was used as a model molecule and Raman label for
examination of the SERS activity of the Ag@Fe;0,@C-Au,
Ag@Fe;0,, and Fe;0,@C-Au microspheres, respectively. In
a typical experiment, 10 mg of the as-prepared microspheres
were dispersed in 10-ml ethanol solution of 10 M concen-
trations of RdB aqueous solution for 12 h under ambient tem-
perature with vigorous shaking. Then, in situ SERS activity of
the solution at the position of the magnet was detected, and a
633-nm laser was used for the Raman measurements.

Characterization

Transmission electron microscopy (TEM) images were ob-
tained on a JEM-2100 TEM (Jeol Ltd., Tokyo, Japan). X-ray
powder diffraction (XRD) analysis was performed using a
Dmax-2500 (CuK« = 1.5406 A; Rigaku Corporation,
Tokyo, Japan). Magnetic characteristics were studied using a
vibrating sample magnetometer (VSM) (Lake Shore
Company, Westerville, OH, USA) at room temperature.
Scanning transmission electron microscopy (SEM) was car-
ried out on an S-4800 microscope (Hitachi Limited, Tokyo,

Japan). Thermogravimetric analysis (TGA) of nanocomposite
was performed on the TGA Q500 from TA Instruments (New
Castle, DE, USA). Analyzed samples were heated from 100 to
800°C at a heating rate of 10°C/min. X-ray photoelectron
spectra (XPS) were recorded by Thermo ESCALAB 250XI
X-ray photoelectron spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA, USA) with nonmonochromatized Al Ko
radiation as excitation source. Raman spectra were recorded
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Fig.2 TGA curves of naked Fe;0,4 nanospheres (a) and Ag@Fe;0,@C
nanospheres (b)
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Fig. 3 Wide-angle XRD patterns of naked Fe;O4 nanospheres (a),
Ag@Fe;0,4 nanospheres (b), Ag@Fe;0,@C nanospheres (c¢), and
Ag@ Fe;0,@C-Au nanospheres (d)

on a HR800 Raman microprobe (Horiba Jobin Yvon
LabRAM, France) with 633-nm laser excitation.

Fig. 4 a—e The elemental

mappings of C, O, Fe, Ag, and Au

in the area shown in f. g EDX

spectrum of Ag@Fe;0,@C-Au
nanospheres

Results and discussion

The shape and size of the as-prepared microspheres were
examined by SEM and TEM. Figure 1a shows SEM image,
which clearly indicates that the as-prepared Ag@Fe;0,
nanocomposite has a typical spherical nanostructure. All
the particles are uniform and well dispersed without any
large aggregations. The average diameter of the nano-
spheres is around 90 nm, and the surface of the particles
is rough. The morphology of the Ag@Fe;0,4 nanospheres is
also clearly demonstrated from the TEM image. As shown
in Fig. 1d, the Ag@Fe;04 composite nanospheres are com-
posed of two distinct components: the Fe;O,4 shell com-
posed of many fine primary magnetite nanocrystals was
about 40 nm, and the black of Ag cores was about 45 nm.
These nanostructures of Ag@Fe;04 can overcome the ag-
gregation of Ag nanoparticles, because the magnetic shell
acts as a physical barrier to protect the Ag cores from irre-
versible aggregation [6]. As seen in Fig. 1b, e, it is obvious
that the carbon-coated Ag@Fe;0,4 composite nanospheres
are perfectly spherical in shape with smooth surfaces and
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the shell layer of carbon is about 8 nm in thickness. The
surface of the obtained Ag@Fe;0,@C composite micro-
spheres was further modified by PEI to form sufficient
amounts of amine functional groups, and the strong chem-
ical bonding between Au atoms and N atoms in the amino
groups ensures the grafting of Au NPs on the surface of
Ag@ Fe;0,@C. After loading Au nanoparticles, the corre-
sponding SEM and TEM images were shown in Fig. Ic, f;
the whole Ag@Fe;0,@C-Au composite microspheres
with the rough surface (a size of approximately 150 nm)
are coated with about 16 nm Au nanoparticles. Thus, this
triple core-shell-structured Ag@ Fe;0,@C-Au has a Fe;0,
magnetic embedded Ag core, an amorphous carbon coat,
and a layer of Au nanoparticle shell.

The TGA curves of naked Ag@Fe;0, and Ag@Fe;0,@C
nanospheres were shown in Fig. 2. For naked Ag@Fe;0,, the
TGA curve showed that the weight loss over the temperature
range from 100 to 800°C was about 7.2%. This might be due
to the loss of the removal of the remaining water and agents.
Compared with the TGA curves of the naked Ag@Fe;0,, the
Ag@Fe;0,@C nanospheres show that the main mass of the
as-synthesized occurred about 40.0% decrease attributed to
the decomposition of carbon coated on the surface of the
Ag@Fe;0,4 nanospheres.

The X-ray diffraction (XRD) patterns of the synthesized
naked Fe;O,4 nanospheres, Ag@Fe;0,4, Ag@Fe;0,@C, and
Ag@Fe;0,@ C-Au composite microspheres are shown in
Fig. 3. For all the samples, six diffraction peaks at 30.08°,
35.42°, 43.08°, 53.56°, 57.0°, and 62.7° were indexed to the
(220), (311), (400), (422), (511), and (440) planes of the
Fe;0, cubic inverse spinel phase. As shown in Fig. 3b for
Ag@Fe;0,@C composite microspheres, four extra diffrac-
tion peaks at 38.2°, 44.3°, 64.4°, and 77.6° were indexed to
the (111), (200), (220), and (311) planes of the Ag cubic phase
(JCPDS no. 04-0783). As shown in Fig. 3¢, d, these charac-
teristic peaks can be seen in the composite magnetic nanopar-
ticles, while the broad peak at 17-27° was ascribed to an
amorphous carbon. According to the literature [6], the charac-
teristic peaks for Au and Ag were too close to distinguish.

In order to further identify the formation of Ag@Fe;0,@C-
Au microsphere composite, the samples were analyzed by elec-
tron mapping image analysis (Fig. 4). As can be seen in
Fig. 4a—e, the Au, Ag, Fe, C, and O are distributed over the
entire structure: Ag atoms are located in the core, Fe and O
atoms are located in the shell of the Ag@Fe;0, core-shell
nanostructure, and C and Au nanoparticles are located in the
outer surface of the Fe;0,4 microspheres, respectively. Energy-
dispersive X-ray spectroscopy (EDX) of an individual

Fig. 5 XPS spectra of a b
Ag@Fe;0,@C-Au composite Fe2p,, Fep,,
microspheres: wide scan spectra
(a), Fe 2p spectra (b), Ag 3d
spectra (c), and Au 4f spectra (d)
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Fig. 6 UV-vis spectra of Au NPs (a), Ag@Fe304 (b), and
Ag@Fe;0,@C-Au (¢) microspheres

nanosphere in Fig. 4g shows that Ag, Au, Fe, C, and O peaks
are presented in the spectra.

XPS analysis was performed on the Ag@Fe;0,@C-Au
core-shell composite microspheres to gain a better understand-
ing of the phase surface chemistry. Figure 5a shows the full
scan spectra, which reveals the presence of silver, iron, oxy-
gen, carbon, and nitrogen elements in the Ag@Fe;0,@C-Au
composite microspheres. In the spectrum of Fe 2p (Fig. 5b),
the peaks of Fe 2p,, and Fe 2p;), are located at 724.6 and
711.2 eV, respectively. In the Ag 3d spectrum (Fig. 5¢), the
binding energies of Ag 3ds/, and Ag 3ds,, with a peak splitting
of 6 eV are 374.1 and 368.1 eV, respectively, which matches
the standard reference XPS spectrum of metallic Ag. The 4f°
and 4f" peaks of Au at 87.7 and 84.1 ¢V in Fig. 5d can be
assigned to the metal Au.

IS
S

[\*)
fen]

Magnetization/emu.g”
5 8 o

o
S

-80

-4000  -2000 0 2000 4000 6000

Applied field/Oe

Fig. 7 Magnetization curves measured for Ag@Fe;04 (a),
Ag@Fe;0,@C (b), and Ag@Fe;0,@C-Au (¢) microspheres.
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Fig. 8 SERS spectra of 10°® M RdB on Ag@Fe;0,@C-Au
microspheres (A), Ag@Fe;0, microspheres (B), and Fe;0,@C-Au
microspheres (C)

Figure 6 shows the UV-vis spectroscopy of Au,
Ag@Fe;04, and Ag@Fe;0,@C-Au composite micro-
spheres. The Ag@Fe;0,4 microspheres have an absorption
peak at 409 nm because of the typical surface plasmon reso-
nance of silver nanoparticles; the peak at 524 nm observed on
Au nanoparticles was caused by the surface plasmon coupling
between closely spaced Au nanoparticles. The absorption
peak leads to a redshift to 570 nm after coating Au nanopar-
ticles on the Ag@Fe;0,@C microspheres. Thus, SERS mea-
surements with 633-nm excitation have been extended to ad-
sorbents on Au surfaces.

In addition, to gain a better understanding of the magnetic
properties of the as-synthesized microspheres, the room-
temperature magnetization saturation of the as-prepared
Ag@Fe;0,4, Ag@Fe;0,@C, and Ag@Fe;0,@C-Au particle
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Fig. 9 SERS spectra of 10" M and 10~° M RdB on Ag@Fe;0,@C-Au
microspheres (A), Ag@Fe;0,4 microspheres (B), and Fe;0,@C-Au
microspheres (C)
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values were measured in Fig. 7. The values of Ms of
Ag@Fe;0,4, Ag@Fe;0,@C, and Ag@Fe;0,@ C-Au parti-
cles were decreased to 76.3, 65.8, and 53.3 emu/g, successive-
ly. These phenomena can be explained by the diamagnetic
contribution of the carbon shell and the Au nanoparticles sur-
rounding Ag@Fe;0,@C microspheres.

On the other hand, the Ag@Fe;0,@C-Au microspheres can
be readily used as SERS substrates for molecular sensing with
sensitivity and specificity. Because the core-shell microspheres
have the Fe;O4 with magnetic properties and the novel metals
were well-known SERS active materials, the Ag@Fe;0,@C-Au
microspheres would be collected by magnet and also have SERS
activity. In order to evaluate their performance as SERS sub-
strates, we used RdB as the model SERS marker. Figure 8 pre-
sents the SERS spectra of 107 M RdB adsorbed on the surface
of the Ag@Fe;0,, Fe;0,@C-Au, and Ag@Fe;0,@C-Au mi-
crospheres, respectively. As shown in Fig.8(A—C), the character-
istic bands including vcyyp) (1193 em V) and v e (1356, 1503,
1580, and 1652 cmfl) are observed, which is the Raman spectra
of RB [6]. The Ag@Fe;0, core-shell microspheres exhibit weak
enhancement because of the electromagnetic damping of Fe;O4
shells on Ag (Fig. 8(B)), and the Fe;0,@C-Au microspheres
possess weaker enhancement, which display that surface plas-
mon efficiency is greater for Ag than that for Au (Fig. 8(C)). The
Ag@Fe;0,@C-Au microspheres cause a large increase in the
intensity, which is larger than the other structure microspheres
(Fig. 8(A)). In addition, compared with the Fe;04@C-Au micro-
spheres and Ag@Fe;0, microspheres, the levels of SERS en-
hancement of these microspheres were measured. As shown in
Fig. 9, it is clearly seen that the low concentrations of RdB (10"
in the solution can be detected by the Ag@Fe;0,@C-Au micro-
spheres, but the other samples under the same concentration was
almost undetectable. And the results are consistent with Fig. §,
which shows the SERS signals of RdB on the Ag@Fe;0,@C-
Au microspheres were much stronger than those on both the
Ag@Fe;0,4 and Fe;0,@C-Au microspheres.

Conclusion

In conclusion, we have successfully synthesized novel multi-
functional Ag@Fe;0,@C-Au magnetic core-shell micro-
spheres that exhibit good sensitivity performance in SERS.
The high SERS activities of the Ag@Fe;0,@C-Au compos-
ite microspheres have been utilized for the detection of low
concentrations of RdB. Furthermore, due to their excellent
magnetic properties, the microspheres can be reused with con-
venient magnetic separability.
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