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Nanoparticles are attracting considerable interest in biomed-
ical research owing to their significant potential to offer new
opportunities for early diagnosis and therapeutics. For
example, magnetic nanoparticles[1–3] have been widely inves-
tigated in the application of magnetic resonance imaging
(MRI),[4,5] magnetic bioseparation,[6–8] and targeted drug/gene
delivery.[9–11] Furthermore, nanoparticle-mediated photother-
mal ablation therapy,[12] in which nanoparticles absorb
radiation and convert it into thermal energy to kill nearby
malignant cells, is also drawing increasing attention for cancer
therapy owing to the minimally invasive nature of the
procedure compared to conventional surgery, relatively
simple operation, as well as short recovery times and reduced
complication rates.[13] Among various forms of photothermal
ablation technologies, near-infrared (NIR) absorption photo-
thermal therapy is particularly interesting because of the low
scattering and low absorption by blood and soft tissue in this
spectral region and the resulting lower extent of collateral
damage.[13,14] The combination of MRI diagnosis, targeted
delivery, and NIR photothermal ablation would greatly
increase the treatment efficacy and simultaneously minimize
the damage to normal cells and tissues. Herein, we demon-
strated the synthesis of Fe3O4@polymer@Au shell multifunc-
tional nanoparticles that display both magnetism and NIR
absorption. The as-prepared nanoparticles can simultane-
ously offer promising possibilities for movement control using
an external magnetic field to direct the nanoparticles to
cancer tumors, MRI imaging diagnosis, as well as strong NIR
absorption for photothermal ablation.

Over the past few years, owing to the biocompatible
surface and novel optical properties of gold nanostructures,[15]

many research efforts have been focused on developing gold
nanostructures to exploit these properties,[16,17] especially
regarding surface plasmon resonance (SPR) in the NIR
region[13,14,18–24] for biomedical applications. To date, gold
nanocages,[14,19] nanorods,[23,24] nanorings,[25] and polymer-
supported gold nanoshells[13,20–22] with NIR absorption have
been synthesized, and their application in photothermal

ablation of cancer cells and tissues has been demonstrated.
Recently, magnetic-core gold-shell nanoparticles have cap-
tured particular attention, owing to the combined functions of
magnetic and optical properties from the two components,
which can lead to exciting opportunities for integrated
imaging, diagnosis, targeted drug delivery, and therapeu-
tics.[20,26,27] A few examples have been reported that combine
the NIR optical properties of gold with magnetic properties.
However, the reported nanoparticles either form aggregates
with gold coatings, that is, do not form individual core–shell
nanostructure, or have magnetization too low to be directed
by an external magnetic field.[20,26,27] To our knowledge, it
remains a grand challenge to develop magnetic, NIR-absorp-
tive bifunctional gold-shell nanostructures to facilitate tar-
geted delivery and MRI diagnosis while retaining a strong
NIR absorption. Herein, we report a new class of potential
photothermal therapeutic agents based on gold-shell-coated
magnetite nanoparticles. In brief, as shown in Scheme 1,

magnetite nanoparticles[28] were prepared with a thin polymer
coating,[29] and gold nanoshells were then introduced to form
the core–shell nanostructure. It is important to note that
direct coating of magnetic nanoparticles with gold nanoshells
does not produce NIR absorption (see the Supporting
Information, Figure S1), which is consistent with similar
structures reported previously.[30,31] Therefore, the polymer
shell here, although very thin, is believed to help maintain the
NIR absorption of the gold nanoshell, possibly by interrupt-
ing the interactions between the gold shell and the magnetite
core.

Magnetite nanoparticles were synthesized in ethylene
glycol through a solvothermal method using FeCl3·6H2O as
the single iron source and CH3COONa as alkali.[28] As shown
in Figure 1a, the magnetite nanoparticles have a relatively
smooth surface and an average diameter of 258� 18.7 nm. A
thin layer of polymer shell was then formed in situ through

Scheme 1. Schematic depiction of the fabrication of Fe3O4@polymer@
Au shell core–shell nanostructure. PAH=poly(allylamine hydrochlo-
ride).
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copolymerization of methacrylic acid and acrylamide.[29] The
surface of the nanoparticles appeared rougher after polymer
coating (Figure 1b). The thickness of the polymer shell can be
tuned by varying the monomer concentration. Higher mono-
mer concentrations usually lead to thicker polymer shells. A
thin polymer shell is preferred in this case, as thicker polymer
shells usually cause aggregation of magnetic nanoparticles
(see the Supporting Information, Figure S2), making it hard
to achieve individual core–shell nanoparticle structures. It
should be pointed out that this thin layer of polymer is enough
to retain the NIR absorption of the gold nanoshells. After the
formation of the copolymer shell, the nanoparticle surface is
negatively charged owing to the carboxy groups introduced
by methacrylic acid. The copolymer surface was coated with
another thin layer of positively charged polyelectrolyte,
poly(allylamine hydrochloride) (PAH) through electrostatic
interaction.[32] PAH introduces amine groups to the nano-
particle surface, which in turn render a positively charged
surface for electrostatic attachment of gold seeds, which were
stabilized in solution by negatively charged citrate groups.[33]

As shown in Figure 1c, the gold seeds can be clearly seen on
the polymer-coated magnetite surface. After attachment of
gold seeds, the gold nanoshell was formed by selectively
reducing gold onto the surface of the gold seeds through a
surface catalytic reaction using chloroauric acid
(HAuCl4·3H2O, 1.0 wt%) and hydroxylamine hydrochloride
(NH2OH·HCl, 80 mm ; see the Experimental Section).[34]

Repeated reductive deposition led to a continuous gold
nanoshell. Note that all the reducing reactions were con-
ducted under ultrasonication in an ice bath. The ultrasonica-
tion helps prevent the magnetic nanoparticles from aggregat-
ing because of the magnetic interactions. However, at the
same time, ultrasonication increases the system temperature
as well as the reaction rate, which would lead to aggregation
of the particles and a roughened gold-shell surface. The ice
bath is necessary to maintain a lower temperature and hence a

lower reaction rate to achieve a smooth gold coating.
Furthermore, the ice bath could also help diminish nano-
particle aggregation resulting from the elevated temperature
caused by ultrasonication. The TEM image of the as-made
Fe3O4@polymer@Au shell core–shell nanostructures shows
well-separated individual nanoparticle structures with smooth
gold shells with an average diameter of 273� 17.9 nm
(Figure 1d).

The formation of the Fe3O4@polymer@Au shell core–
shell nanostructures was further characterized by Fourier
transform infrared (FTIR) spectroscopy, X-ray powder dif-
fraction (XRD), and energy dispersive X-ray (EDX) spec-
troscopy (see the Supporting Information, Figures S4–S6).
The FTIR spectroscopy results of the polymer-coated nano-
particles indicated the existence of the polymer coating,
showing strong absorption peaks (see Figure S4 in the
Supporting Information). The intensity of the absorption
peaks of the polymer layer greatly decreased with the
formation of the gold shell, which further confirms the
formation of the gold nanoshell on the existing polymer
surface. The XRD pattern of the magnetic nanoparticles is
identical to that of cubic-phase magnetite. After the forma-
tion of the gold shell, gold peaks appeared in the XRD
pattern (see the Supporting Information, Figure S5). EDX
spectroscopy analysis further confirmed the existence of the
gold nanoshell on the surface of the magnetite nanoparticles
(see the Supporting Information, Figure S6).

UV/visible absorption spectroscopy experiments were
carried out to confirm that the as-prepared core–shell nano-
particles display the NIR absorption of the gold nanoshells
(Figure 2). All nanoparticles were dispersed in deionized
water for absorption experiments. The gold-coated magnetite
nanoparticles were modified with thiolated poly(ethylene
glycol) (PEG) to increase their hydrophilicity and to maintain
a stable colloidal suspension. From Figure 2, it is clear that the
absorption spectrum of polymer-coated magnetite nanopar-
ticles shows an absorption peak around 540 nm without
absorption in the NIR region (curve 1). After attaching the
gold seeds to the polymer surface (curve 2), the peak position
red shifted slightly; however, still no obvious NIR absorption
was observed. When gold was further reduced onto the
existing surface of the gold seeds to form more complete gold
nanoshells (see the Experimental Section), the absorption in
the NIR range started to appear (Figure 2, curves 3–5).
Curves 3, 4, and 5 show the absorption spectra of the core–
shell nanoparticles after a first, second, and third round of
gold-reducing reaction, respectively (see the Experimental
Section). With the formation of gold nanoshells, the max-
imum absorption peak red shifted and the NIR absorption
increased step by step, consistent with previous studies.[35,36]

The change in the absorption spectra is also reflected in the
colors of the colloidal suspensions of the nanoparticles.
Figure 2b shows how the colors of the Fe3O4@polymer,
Fe3O4@polymer@Au seeds, and Fe3O4@polymer@Au shell
colloidal solutions change from brown to dark brown and
finally to dark blue with the formation of the Au nanoshells.
This picture also demonstrates the uniformity and stability of
the as-made core–shell nanoparticles in aqueous solution,
which is important for biomedical applications.

Figure 1. TEM images of the as-prepared nanoparticles. a) Fe3O4 core;
b) Fe3O4@polymer; c) Fe3O4@polymer@Au seeds; d) Fe3O4@poly-
mer@Au shell. The scale bar is 200 nm in all images. A larger version
of (d) is shown in the Supporting Information (Figure S3).
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The magnetic properties of the as-prepared magnetite
core and the Fe3O4@polymer@Au shell core–shell nanostruc-
ture were studied using a superconducting quantum interfer-
ence device (SQUID) magnetometer at room temperature.
The plots of magnetization versus magnetic field (M–H loop)
at 25 8C are illustrated in Figure 3. The M–H loops show that
both nanoparticles have fairly strong magnetization and that
the saturation magnetization (Ms) is 75.6 emug�1 and
61.0 emug�1 for the Fe3O4 core and Fe3O4@polymer@
Au shell core–shell nanostructure, respectively. The decrease
in Ms may be attributed to the increased mass of the
nanoparticle introduced by the gold nanoshell. The strong
magnetization of the nanoparticles was also revealed by the
fact that they were easily attracted by an external magnetic

field (Figure 4). The strong magnetization of these core–shell
nanoparticles should facilitate MRI and targeted delivery
applications.

In conclusion, we have synthesized multifunctional
Fe3O4@polymer@Au shell core–shell nanoparticle structures
with good dispersibility and stability in aqueous solution. Our
studies demonstrate that both the strong magnetization of the
magnetite core and the NIR optical absorption of the gold
nanoshell are retained in this multifunctional nanoparticle
structure. The combined functionalities will open up many
exciting opportunities in biomedical applications, such as
integrated imaging, diagnosis, targeted delivery, and thera-
peutics.

Experimental Section
Polymer coating of magnetite nanoparticles: The characterization
and preparation of gold nanoseeds are described in the Supporting
Information. The magnetite nanoparticles were prepared according
to the procedure published by Li and co-workers.[28] Then, the as-
prepared magnetite nanoparticle colloidal solution (2 mL,
10 mgmL�1 in ethanol), methacrylic acid (30 mg), acrylamide
(30 mg), ethylene glycol dimethacrylate (EGDMA, 20 mg), and
2,2’-azobis(2-methylpropionitrile) (25 mg) as initiator were dispersed
in acetonitrile (40 mL) and ultrasonicated for 10 min. Then the
mixture solution was heated to boiling for 2 h. During the boiling
process, occasional ultrasonication was used to prevent the nano-
particles from aggregating. The polymer-coated nanoparticles were
magnetically purified with an external magnetic field and washed with
ethanol and with water (three times). Then the nanoparticles were
dispersed in water (4 mL) to form a solution (5 mgmL�1 for Fe3O4

core) and stored for use.
PAH coating of Fe3O4@polymer nanoparticles: The above

Fe3O4@polymer nanoparticle solution (1.0 mL) was injected into
water (20 mL) and ultrasonicated for 5 min in an ice bath. Thereafter,
NH3·H2O (28–30 wt%, 20 mL) was added to produce a weakly basic
solution (pH 8.5). Then aqueous poly(allylamine hydrochloride)
(PAH, 10 mgmL�1, 20 mL) was introduced and the mixture was
ultrasonicated for 15 minutes in an ice bath. Finally, the nanoparticles
were purified by external magnetic field and washed with water three

Figure 2. a) NIR absorption spectra. Curve 1: Fe3O4@polymer nano-
particles; curve 2: Fe3O4@polymer@Au seeds nanoparticles; curve 3:
Fe3O4@polymer@Au shell after first round of gold deposition; curve
4: Fe3O4@polymer@Au shell after second round of Au deposition;
curve 5: Fe3O4@polymer@Au shell after third round of Au deposition.
b) Photographs of the nanoparticle solutions in sunlight. See the
Experimental Section for synthesis details. The concentration of the
nanoparticle suspension is about 0.2 mgmL�1 (for Fe3O4 core).

Figure 3. Room-temperature magnetization curves of a) Fe3O4@poly-
mer@Au shell and b) Fe3O4 core nanoparticles.

Figure 4. Photographs of the Fe3O4@polymer@Au shell nanoparticle
colloidal solution before (a) and after (b) magnetic separation by an
external magnetic field. The arrow highlights the nanoparticles that
were attracted to the side of the vial by a magnet.
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times. The PAH-modified nanoparticles were dispersed in water
(20 mL) for subsequent experiments.

Gold seeds coating: The as-prepared gold nanoparticle colloidal
solution (20 mL) was added to the Fe3O4@polymer@PAH nano-
particle colloidal solution prepared above (20 mL). The mixture was
ultrasonicated for 15 minutes in an ice bath. Owing to the electro-
static interaction, the gold nanoparticles were absorbed onto the
surface of PAH-modified magnetite nanoparticles. Thereafter, the
nanoparticles were purified by external magnetic field and washed
with water three times. The gold-seed-modified magnetite nano-
particles were dispersed in water (20 mL). Subsequently, thiolated
PEG (5 mg) was added, and the solution was ultrasonicated for ten
minutes. The thiolated-PEG-modified nanoparticles were then puri-
fied and washed with water three times. The resulting thiolated-PEG-
modified Fe3O4@polymer@Au seeds nanoparticles were dispersed
into deionized water (40 mL) under ultrasonication.

Gold shell formation: Chloroauric acid solution (HAuCl4·3H2O,
1.0 wt%, 50 mL) was added to the thiolated-PEG-modified Fe3O4@
polymer@Au seeds nanoparticle solution (40 mL) and ultrasonicated
for 2 min. Then hydroxylamine solution (80 mm, 100 mL) was
introduced and the ultrasonication was continued for 15 minuntes
in an ice bath. The core–shell nanoparticles were separated with an
external magnetic field and washed with water at least three times.
Then the particles were dispersed into water (20 mL) under
ultrasonication, and thiolated PEG (5 mg) was added to modify the
surface. The surface-modification reaction with PEG was allowed to
proceed for 10 minutes. Then the particles were purified as described
above. This gold deposition and purification procedure was repeated
one to three times to form the continuous gold nanoshell.
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