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Hu Yong(#] 5), LiJing-Chao(Z=&#i#), Shen Ming-Wu(ZLIHE)T, and Shi Xiang-Yang( 5 [ fH)*

College of Chemistry, Chemical Engineering and Biotechnology, Donghua University, Shanghai 201620, China

(Received 1 May 2014; revised manuscript received 26 May 2014; published online 5 June 2014)

Recent advances with iron oxide/gold (Fe304/Au) composite nanoparticles (CNPs) in dual-modality magnetic reso-
nance (MR) and computed tomography (CT) imaging applications are reviewed. The synthesis and assembly of “dumbbell-
like” and “core/shell” FezO4/Au CNPs is introduced. Potential applications of some developed Fe;O4/Au CNPs as contrast
agents for dual-mode MR/CT imaging applications are described in detail.
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1. Introduction

Molecular imaging is considered to be a powerful tech-
nology for disease diagnosis. Due to the fact that each imaging
modality displays its inherent limits and drawbacks,!!! it is es-
sential to perform dual- or multi-mode imaging for accurate
disease detection. In this context, development of multifunc-
tional nanoparticulate systems that are able to integrate two or
more imaging contrast agents within one particulate system is
necessary. Recent advances in nanotechnology have enabled
the generation of various nanoparticle (NP) systems for dual-
modality imaging applications, such as 71- and 7>-weighted
MR imaging,>> MR/CT imaging,[6-8] ultrasonic/MR

MR/PET imaging,!''-13  MR/fluorescence
17-20]

imaging, 19!
imaging,!'*-1) and MR/optical imaging.|

Among these different dual-mode combinations for
molecular imaging, MR/CT imaging has attracted widespread
attention. MR imaging is a powerful and non-invasive tech-
nique with high spatial resolution, tomographic capabilities,
and a non-ionizing type of radiation. Meanwhile, CT imag-
ing technology is also recognized as another reliable molec-
ular imaging mode because its spatial and density resolution
are greater than those of other imaging modes. Therefore, the
combination of MR and CT imaging is of great clinical signif-
icance.

For MR imaging applications, superparamagnetic iron
oxide (Fe304) NPs have been widely used as negative contrast
agents in recent decades due to their ability to affect the MR
signal by dephasing transverse magnetization and reducing

s [21-23

the T, value of water proton ] Recently, some Fe304-
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based multifunctional composite NPs (CNPs) have been ex-
plored for multi-modal imaging applications through integra-
tion with other imaging elements, such as Gd complexes, Ag
NPs, Au NPs/rods, Cu compounds, etc.[>%24231 On the other
hand, gold (Au) NPs have been widely applied in many dif-
ferent fields, ?%-2%! especially as a kind of novel contrast agent
for CT imaging, because of their higher X-ray absorption co-
efficient and good biocompatibility after appropriate surface
modification. 39341 Therefore, synthesis of Fe3O4/Au CNPs
for MR/CT dual-mode imaging has received a surge of inter-
est. Likewise, the versatility of nanotechnology has enabled
the preparation of Fe304/Au “core/shell” CNPs via direct de-
position of Au NPs onto the surface of FezO4 NPs, [33:36] ep-
abled the formation of Fe3O4/Au “core/shell” CNPs by a sono-
chemical method,3”) and enabled the creation of Fe;04/Au
CNPs via decomposition of Fe(CO)s on the surface of the Au
NPs, followed by oxidation.?3#% Some of these Fe;04/Au
CNPs have been used for dual-modality MR/CT imaging ap-
plications.

This review mainly reports recent advances in the syn-
thesis of Fe304/Au CNPs and the applications of these CNPs
for MR/CT dual-mode imaging. This review will not cover
all aspects of the Fe3O4/Au CNPs. Rather, it will introduce
some key developments in the synthesis of several kinds of
Fe304/Au CNPs for MR/CT imaging applications. This re-
view starts from a brief introduction, and then discusses dif-
ferent approaches to preparing Fe3O4/Au CNPs with different
structures and the uses of these CNPs for dual-mode MR/CT
imaging applications. The paper ends with a brief conclusion
and a future perspective discussion.
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2. Synthesis or formation of Fe;O4/Au CNPs

Fe304/Au CNPs can be categorized into “dumbbell-like”
vs “core/shell” structures. In this part, we will introduce the
synthesis or formation of both.

2.1. “Dumbbell-like” structured CNPs

The “dumbbell-like” structured Fe;O4/Au CNPs have
generally been synthesized by one of two strategies. In the
first, iron pentacarbonyl is decomposed on the surfaces of Au
NPs in the presence of oleic acid and oleylamine (Fig. 1),
followed by subsequent functionalization via a surfactant ex-
change process.[*”] The CNPs so formed possess a unique
structure: one Fe304 NP is linked to one Au NP (Fig. 2).38]
These CNPs can be further modified through different tech-

(a) EGFRA-NH-CO-PEG(3000)-CO-NH

(b) g

niques for various applications. In the second strategy, iron-
oleate and gold-oleylamine are mixed in oleylamine and 1-
octadecene, followed by thermal decomposition of these pre-
cursors to yield the unique “dumbbell-like” CNPs.[#1:42] The
CNPs so formed may display interesting catalytic, magnetic,
and optical properties.[*>**! Fe304/Au “dumbbell-like” CNPs
have been proven to be biocompatible in a certain concentra-
tion range and may be used for magnetic and optical applica-
tions in biomedicine. 43461

Fe(CO)s (1) decomposition
@ e,

(2) oxidation

Fig. 1. Schematic illustration of the preparation of “dumbbell-like”
Fe304/Au CNPs. [40]

Fig. 2. (a) Schematic illustration of surface functionalization of the Fe304/Au CNPs. TEM images of the 8-20 nm
Fe304/Au CNPs before (b) and after (¢) surface modification. 38!

2.2. “Core/shell” structured CNPs

Besides the formation of Fe3O4/Au “dumbbell-like”
CNPs, “core/shell” type Fe3Os/Au CNPs have also been

CHO 0
H,C—C—C—-O—N-CH C-OH
CH,
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Fig. 3. Schematic illustration of bifunctional Fe304/Au CNP synthesis.
Amino-functionalized Fe3O4 NPs (a, simplified as b for the convenience
of illustration) were first modified by Boc-L-cysteine to have surface thiol
groups (c, simplified as d). Gold NPs were then conjugated onto the sur-
face of Fe304 NPs to form the expected bifunctional Fe304/Au CNPs (f,
simplified as e).[4”]

formed via a simple assembly process. In a recent effort, Bao
et al.1*"] fabricated biofunctional “core/shell” Fe;04/Au CNPs
by simply linking two separately prepared NPs via chemical
bonds (Fig. 3). Compared to the Fe304 NPs (4-20 nm) used
for formation of “dumbbell-like” Fe304/Au CNPs,*8! the par-
ticles they used in this study were much larger. Furthermore,
the Fe304/Au CNPs can be easily modified with other func-
Unfor-
tunately, this type of larger CNPs is prone to precipitate and

tional molecules to realize various bio-applications.

lacks sufficient colloidal stability, which may not be suitable

for in vivo biomedical applications.

To improve the colloidal stability of the Fe3O4/Au CNPs,
it is essential to select smaller sized Fe3O4 NPs as core par-
ticles for the formation of “core/shell” structured Fe;O4/Au
CNPs. In a recent study, Caruntu et al. reported the successful
attachment of 2-3 nm Au NPs onto the surface of Fe304 core
NPs (10 nm) through a simple “two-step” chemically con-
trolled procedure. ] In this approach, Fe30, NPs were syn-

thesized from a stable colloidal methanolic solution, followed
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by coating with amino-terminated silane to render the particles
with positive charges. Then, the Fe304 NPs were treated with
a colloidal solution of negatively charged Au NPs (Fig. 4). The
transmission electron microscope (TEM) results clearly indi-
cate the successful formation of Fe304/Au CNPs (Fig. 5). The

Q
QQY——-
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Fe;0,
nanoparticles

O~ =-NH;

colloidal Fe304/Au CNPs were highly stable against separa-
tion and exhibited magnetic properties similar to those of the
parent Fe3O4 nanocrystals, suggesting that the coating of Au
NPs does not appreciably compromise the magnetic properties
of the Fe3Oy4 core particles.
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@Au/THPC
v,
Il ’
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Fig. 4. Schematic illustration of bifunctional Fe304/Au CNP synthesis. 3]

Fig. 5. Typical TEM images of the as-prepared Fe304 NPs obtained from a mixture of DEG and NMDEA (3:1, w/w) (a), the
colloidal Au particles (b), the freshly prepared Fe3;O4/Au CNPs (c), and the Fe304/Au CNPs aged for 2 (d) and 5 months (e),

and sonicated for 60 min.®!

Another “two-step” protocol for direct coating of Au onto
the Fe304 core NPs was reported by Carril ef al.*°! In brief,
Fe304 NPs (3.2 nm) were obtained by thermal decomposition
of Fe(acac)s in the presence of oleic acid and oleylamine at
a high temperature. Under similar conditions, the obtained
Fe304 NPs were further covered with a gold layer by thermal
decomposition of gold (IIT) acetate and protected by a coating
of oleic acid to afford the formation of Fe304/Au CNPs with
a size of 6.1 nm. The NPs underwent a ligand exchange step
with a 1:1 mixture of carboxy-terminal ligand and glucose-

terminal ligand to yield water-soluble Fe304 @ Au NPs.

To generate “core/shell” Fe304/Au CNPs, seed-mediated
growth methods have also been developed.*2! In this pro-
cess, preformed Ag- or Au-decorated Fe3;Os hybrid NPs
are used as seeds, and Fe3O4/Au CNPs with a core/shell
structure can be formed by dropping the seeds into the
gold growth solution. For instance, Hu er al.PY first pre-
pared Fe3;04 @polyphosphazene@Au seeds with the help of
NaBH4, and then exposed the seed particles to chloroau-
ric acid (HAuCly) solution to form Au shell on the surface
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of the seeds via sodium citrate reduction at 100 °C. In an-
other work,!! Ag-decorated Fe304 NPs were injected into
the growth solution of HAuCly, cetyltrimethylammonium bro-
mide (CTAB), and silver nitrate (AgNO3) for subsequent for-
mation of pin-like “core/shell” Fe3O04/Au CNPs using ascor-
bic acid as a reducing agent. The added Ag ions play an im-
portant role in the Au shell growth process because they can
block the crystal growth in some direction, similar to the for-
mation of star-shaped “core/shell” Fe3O4/Au CNPs reported

in the literature.[>?!

Beyond the above-mentioned approach to synthesiz-
ing Fe3O4/Au CNPs, a polymer-mediated self-assembly
approach can also be used to generate Fe3;Os/Au CNPs
with good water dispersibility, colloidal stability, and

biocompatibility.[>12333-35] In a recent report, Cai et al.lf]

developed a convenient approach to assembling dendrimer-
entrapped Au NPs (Au DENPs) onto FezO4 core NPs through
a layer-by-layer (LbL) self-assembly technique and dendrimer
chemistry. In this work, positively charged Fe3;O4 NPs
were first prepared by a controlled co-precipitation approach,
and then were used as core particles for subsequent elec-
trostatic LbL assembly of poly(y-glutamic acid) (PGA) and
poly(L-lysine) (PLL) to form PGA/PLL/PGA multilayers, fol-
lowed by assembly with Au DENPs formed using amine-
terminated generation 5 (G5) poly (amidoamine) dendrimers
as templates (Fig. 6). Similarly, Zhang et al.’® prepared
Fe304/polypyrrole (PPy)/Au core/shell NPs by coating PPy
onto the preformed Fe3O4 NPs through the chemical oxidative
polymerization of pyrrole and subsequent assembly of plenti-
ful Au NPs on the surface of Fe3O04/PPy.

Acetic |
anhydride

Fig. 6. Schematic representation of the fabrication of Fe304/Au CNPs.[6]

Although the polymer-mediated assembly approach is
powerful to generate Fe3O4/Au CNPs, the approach usu-
ally involves multiple assembly steps and requires preformed
Fe3;04 NPs and Au NPs. Recently, “one pot” hydrother-
mal route has been widely used to synthesize different NPs,
such as Fe3O4 NPs, 3-aminopropyltrimethoxysilane (APTS)-
coated Fe30y4 (Fe304/APTS) NPs,57] and polyethyleneimine
(PEID)-coated Fe30y4 (Fe304-PEI) NPs.*l In a recent report,
Li et al.’® developed a “one pot” hydrothermal approach
to synthesizing Fe3O04/Au CNPs with good water dispersibil-
ity and colloidal stability. In this work, PEI partially mod-
ified with poly(ethylene glycol) monomethyl ether (mPEG-
PEL.NH,) was used as a stabilizer to synthesize Au NPs via
NaBH, reduction chemistry to form mPEG-PEL.NH;-Au NPs.
Then, those NPs were mixed with Fe (II) salt in a basic aque-
ous solution and autoclaved at elevated temperature and pres-
sure. This process led to the formation of Fe304/Au CNPs
with abundant PEI surface amines. After further acetylation
of the PEI amines, the final Fe;04/Au CNPs were formed.
The mPEG modification and the final acetylation are intended
to improve the biocompatibility of these CNPs for biomedical
imaging applications.

3. Dual-mode MR/CT imaging applications of
Fe3O4/Au CNPs

Fe304/Au CNPs have been used in a wide range of appli-
cations such as protein separation, ! cell separation,>*! drug
delivery and hyperthermia, 69921 catalysis,[6*! and biomedical
imaging.!%84 Herein, we will not introduce all of their ap-

plications; rather, we will discuss only their uses as contrast
agents for dual-mode MR/CT imaging.

Although there are many reports related to the synthesis
and characterization of the “dumbbell-like” Fe;04/Au CNPs,
only one report up to now attempted to use them for dual-
mode MR and CT imaging.!!! By coating with amphiphilic
poly(DMA-r-mPEGMA-r-MA) polymer, the particles were
able to be imparted with water-dispersibility and antibiofoul-
ing properties. The Fe304/Au CNPs displayed a better X-ray
attenuation property than pure Au NPs at the same Au concen-
tration, which should be attributed to the presence of Fe;Oy4
NPs that also have an X-ray absorption property. Surprisingly,
the T, relaxivity (rp) of the Fe304/Au CNPs was measured
to be 245 mM~!.s~!, much higher than that of the commer-
cial 7> contrast agent (150 mM~!.s~!). This increased r; is
likely due to the synergistic effect when more than one Fe304
NP is linked to each Au NP, whereby the surrounding water
molecules can be effectively influenced by the tiny multiple
magnets in their vicinity. This synergistic effect in both X-
ray attenuation and r, enabled this kind of “dumbbell-like”
Fe304/Au CNPs to be used as an ideal dual-mode MR/CT
imaging agent. Intravenous injection of the hybrid Fe3;O4/Au
CNPs into hepatoma-bearing mice resulted in high contrast be-
tween the hepatoma and normal hepatic parenchyma in both
MR and CT imaging modes.

Different from the “dumbbell-like” Fe304/Au CNPs, the
core/shell CNPs have been widely used as contrast agents for
dual-mode MR and CT imaging applications. It is interesting
to note that core/shell CNPs usually have a lower r; relaxiv-
ity when compared with Fe3O4 NPs because of the uniform
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surface coating of Au. In an early work,%! biocompatible
core/shell Fe304/Au CNPs contrast agents were synthesized
via green chemistry for MR and CT imaging. Both bare Fe304
and Fe3O4/Au CNPs were dispersed in agar gels with differ-
ent Fe concentrations (0.06, 0.12, 0.24, 0.36, and 0.48 mM),
with plain agar gel as the control. In the 7>-weighted MR
phantom images, a noticeable darkening was observed with
the Fe concentration for both bare Fe304 and FezO4/Au CNPs
(Fig. 7(a)). Meanwhile, they showed similarly decreased MR
signal intensity with the Fe concentration (Figs. 7(b) and 7(c)).
It was further observed that the relaxation rate (1/73) varied
linearly with Fe concentration, and the r, relaxivity was mea-
sured to be 16142.48 mM~!-s~! for bare Fe304 particles and
124.2+3.02 mM~!-s~! for Fe304/Au CNPs (Fig. 7(d)). The

feasibility to use the FezO4/Au CNPs as CT contrast agents
was also studied using a clinical CT scanner. To show their
better imaging ability, Omnipaque (a popular iodine-based
CT contrast agent currently in clinical use) was also com-
pared. The results showed that the X-ray attenuation inten-
sity of the Fe304/Au CNPs increased with increasing Au con-
centration, and was much higher than PBS, water, and bare
Fe3O4 NPs even at the lowest Au concentration of 0.2 mg/mL
(Fig. 8(a)). Figure 8(b) shows that the Fe304/Au CNPs with
Au concentration of 4.4 mg/mL display an X-ray attenuation
intensity similar to Omnipaque at the iodine concentration of
7.2 mg/mL. The results suggest that these Fe304/Au CNPs
could be used as contrast agents for dual-mode MR and CT
imaging applications.
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Fig. 7. MR imaging. (a) T>-weighted MR phantom images of Fe304 and Fe304/Au CNPs with reference to control.
(b), (c) Signal intensity versus TE plots for Fe304 and Fe3O04/Au CNPs, respectively. (d) 75 relaxation rate (1/73)
versus Fe concentration.
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Fig. 8. CT imaging of CNPs. (a) CT images of the phantoms at 100 kVp with
reference to control samples. (b) Au concentration (in CNPs) versus HU plot
showing linear dependence. 6!

In a recent study, Fe304/Au CNPs prepared via LbL as-
sembly of polymer multilayers and Au DENPs have also been
used as contrast agents for dual-mode MR and CT imaging ap-
plications. In this work, the MR/CT imaging performance of
different particles dispersed in an aqueous solution was evalu-
ated. The results showed that Fe304/Au CNPs and Fe3;04/G5
NPs (Fe;04/PGA/PLL/PGA/G5 NPs without Au NPs) also
had a lower r, relaxivity when compared with the uncoated
Fe3O4 NPs, which is due to the surface coating that limits the
access of water molecules to the surface of Fe;04 NPs. 23! For
CT imaging, Fe304/Au CNPs, Fe304/G5 NPs, and Au DENPs
were all able to induce CT contrast enhancement with the
Au or Fe concentration. Further, Fe304/Au CNPs displayed
much stronger X-ray attenuation intensity than Au DENPs at
the same Au concentration and Fe3;O4/G5 NPs at the same
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Fe concentration, suggesting that the combination of both Au
and Fe elements within one NP system can result in enhanced
X-ray attenuation intensity for sensitive CT imaging applica-
tions. Their good MR and CT imaging performance enabled
their uses as contrast agents for in vivo MR imaging of a mouse
liver after intravenous injection and in vivo CT imaging of the

right back of a mouse after subcutaneous injection (Fig. 9).

Another successful example to use core/shell Fe;04/Au
CNPs for MR/CT dual-mode imaging was reported by
Li et al.B¥ In their work, the “one pot” hydrothermally
formed Fe3zO4/Au CNPs were demonstrated to have a rela-
tively high r; relaxivity (146.07 mM~!-s~!, quite similar to
the hydrothermally synthesized Fe3;O4-PEI NPs without Au

[541) and a good X-ray attenuation property, which al-

coating
lowed them to be used for dual-mode MR/CT imaging appli-
cations. The non-compromised r, relaxivity may be due to
the non-uniform coating of Au shell onto the Fe304 core. On
one hand, the synthesized Fe304/Au CNPs were able to in-
duce MR contrast enhancement of liver as a function of time
post-injection after the particles were intravenously delivered
to the mouse (Fig. 10). At 0.5 h post injection, the mouse
liver showed a significantly reduced 7, MR signal intensity
compared to the initial one before injection. Subsequently,
the signal intensity gradually recovered at 1 h post-injection
due to the further metabolic process. On the other hand, the
Fe304/Au CNPs were able to induce a clear CT contrast en-
hancement of the rat aorta (Fig. 11(a)) as indicated by the red
arrow and the rat liver (as indicated by the white star) at 20 min
post-injection. Quantitative CT value measurements show that
the CT values of the liver and aorta are much higher than the
initial respective values before injection (Fig. 11(b)). In addi-
tion, the CNPs did not display any visible hemolytic effect and
apparent cytoxicity in the studied concentration range. There-
fore, the formed CNPs may be used as a contrast agent for

dual-mode MR/CT imaging applications in vivo.

30 min

Fig. 9. (a) Tr-weighted MR images of mouse liver before and after in-
travenous injection of 0.1 mL Fe3O4/Au CNPs ([Fe] = 8.82 mg/mL, and
[Au] = 1.57 mg/mL). In MR image, the black arrow indicates the gallblad-
der, while the white arrow indicates the liver. (b) CT image of a mouse
subcutaneously injected with 0.5 mL Fe304/Au CNPs ([Fe] = 8.82 mg/mL,
and [Au] = 1.57 mg/mL) into its back on the right at 5 min post-injection. (!

(b) 8000
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2000

. Control 0.5h 1h 2h 4h

Fig. 10. 7>-weighted MR images (a) and signal intensity (b) of a mouse liver
before injection and at different time points post intravenous injection of
Fe304/Au CNPs (0.3 mL in PBS, [Fe| = 129.17 mM, [Au] = 68.46 mM).[>8!
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Fig. 11. CT images (a) and CT values (HU) (b) of rat liver and aorta before
injection and at different time points post intravenous injection of FezO4/Au
CNPs (1.0 mL in PBS, [Fe] = 129.17 mM, [Au] = 68.46 mM).[58!

both “dumbbell-like” and
Fe304/Au CNPs have more enhanced X-ray attenuation prop-

In general, “core/shell”
erty than pure Au NPs due to the existence of Fe3Oy4
NPs. Unlike the “dumbbell-like” Fe304/Au CNPs, core/shell
Fe304/Au CNPs always have lowered r; relaxivity when com-
pared to uncoated Fe3O4 NPs due to the uniform coating of
Au shells that limits the water accessibility to the surface of
Fe30O4 NPs. To achieve a non-compromised r; relaxivity, one
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strategy is to design non-uniform Au coating onto the sur-
face of Fe304NPs.’8 The other strategy is to coat thin Au
shells onto the surface of nanoclustered Fes04 NPs.[°!] In a
recent study, Ma et al.[®!] reported a facile approach to form-
ing thin gold shells onto the surface of the nanoclusters of 70
Fe3;04 NPs. The formed nanoclusters with a size of 30 nm
possessed a higher 7, relaxivity (219 mM~!.s~!) than that of
the “dumbbell-like” CNPs, which may be due to the porous
structure of the nanoclusters and the thin gold coatings (3 nm)
that result in short distances between Fe3;O4 surfaces and wa-
ter molecules, favoring high local inhomogeneities in the mag-
netic field.

4. Concluding remarks and outlooks

In summary, this review reports the recent advances
in the synthesis or assembly of Fe3O4/Au CNPs for dual-
mode MR/CT imaging applications. Fe3O4/Au CNPs with a
“dumbbell-like” or “core/shell” type structure can be formed
via controlled thermal deposition of iron precursor onto
preformed Au NPs, direct coating of Au NPs onto pre-
formed Fe3O4 NPs, seed-mediated growth methods, polymer-
mediated assembly of Au NPs onto preformed Fe3;O4 NPs, or
hydrothermal formation of Fe3O4 NPs in the presence of pre-
formed Au NPs. The Fe304/Au CNPs can be rendered with
good biocompatibility after appropriate surface functionaliza-
tion for dual-mode MR/CT imaging applications.

Although much effort has been devoted to the genera-
tion of Fe3O4/Au CNPs for MR/CT imaging applications, the
preparation and development of these NP systems still re-
mains an open area and offers great challenges. For instance,
the formed “dumbbell-like” Fe;O4/Au CNPs have not been
widely used for dual-mode MR/CT imaging applications so
far. The versatility of nanotechnology may make it possible to
synthesize other types of Fe3O04/Au CNPs via polymer-based
approaches. With the rich macromolecular conjugation chem-
istry, the developed Fe304/Au CNPs can be further function-
alized with targeting ligands, affording their uses as a targeted
nanoprobe for dual-mode MR/CT imaging of tumors. Further-
more, it may be possible to conjugate anticancer drugs onto the
surface of Fe304/Au CNPs for cancer theranostic applications.
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