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Abstract GoldMag is a kind of bi-functional nano-
particle, composed of a gold nanoshell and an iron
oxide core. GoldMag combines the antibody immo-
bilization property of gold nanoshell with the super-
paramagnetic feature of the iron oxide core. Rabbit
anti-mouse IgG was immobilized on the surface of
GoldMag to synthesize GoldMag-IgG in a single-step
process. Transmission electron microscopy, UV/Vis
spectrophotometry, zeta potential analysis, dynamic
light scattering, enzyme-linked immunosorbent
assay, and magnetic resonance imaging (MRI) were
employed to characterize the nanostructures and the
spectroscopic and magnetic properties of GoldMag
and GoldMag-IgG. The antibody encapsulation effi-
ciency of GoldMag was measured as 58.7%, and the
antibody loading capacity was 88 pg IgG per milli-
gram of GoldMag. The immunoactivity of GoldMag-
IgG was estimated to be 43.3% of that of the original
IgG. The cytotoxicity of GoldMag was assessed by
MTT assay, which showed that it has only little
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influence on human dermal lymphatic endothelial
cells. MR imaging of different concentrations of
ultrasmall superparamagnetic iron oxide, GoldMag,
and GoldMag-IgG showed that 3 pg/mL of nanopar-
ticles could significantly affect the MRI signal
intensity of GRE T2*WI. The results demonstrate
that GoldMag nanoparticles can be effectively con-
jugated with biomacromolecules and possess great
potential for MR molecular imaging.
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Introduction

Molecular imaging enables the visualization of
cellular function and the monitoring of molecular
processes in living organisms. Molecular imaging
differs from traditional imaging in that probes are
used to help image particular targets or pathways.
Many different modalities can be used for noninva-
sive molecular imaging. Each modality has its
different applications. With high spatial resolution
and tissue resolution, MRI is particularly well-suited
for morphological imaging and functional imaging.
MR molecular imaging is applicable to cancer
staging, angiogenesis imaging, and reporter gene
imaging (Zhang et al. 2009). In the field of MR
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molecular imaging, a problem to be solved is to
ensure that probes accumulate abundantly in the
targeted tissues. In order to improve the target-
oriented properties of probes, MR contrast agents
should be conjugated with specific biomarkers.

Iron oxide nanoparticles, such as superparamag-
netic iron oxide (SPIO) and ultrasmall SPIO, have
been widely used as MR contrast agents. Micromolar
iron concentrations of SPIO can offer sufficient
sensitivity for T2*-weighted imaging by affecting
the spin—spin relaxation time (T2) of surrounding
water molecules (Perez et al. 2004). A necessary step
before applying SPIO in MR molecular imaging is its
surface modification to allow conjugation with
different specific biomarkers. Many approaches have
been developed for modifying SPIO, including coat-
ing with polymers, liposomes, or micelles, the
creation of a core—shell structure, and heterodimer
formation (Sun et al. 2008). A common disadvantage
of these modification approaches is that many
reaction processes are usually required to synthesize
specific MRI probes.

The development of bi- and multi-functional nano-
particles has attracted extensive attention in recent
years because of their numerous applications in the
areas of nanotechnology, material science, health, and
medical treatment (Wang et al. 2008). Some research-
ers have used gold nanoparticles as a coating agent to
synthesize core/shell structured bi-functional nanopar-
ticles (Johng et al. 2007). These nanoparticles are
usually used as drug carriers, biosensors, or photother-
mal agents due to their unique optical, electronic, and
molecular-recognition properties. However, few stud-
ies have concerned the application of Au/Fe304
nanoparticles in MR molecular imaging and investi-
gation of their magnetic characteristics.

In this study, we utilized a kind of bi-functional
nanoparticle, named GoldMag, which consists of a
gold nanoshell and an iron oxide core. The gold
nanoshell of GoldMag can provide non-covalent
binding sites for the appending of biomacromolecules
(Cui et al. 2005). The iron oxide core can affect MR
relaxation time through its superparamagnetic prop-
erty. GoldMag can be coupled with antibody through
a convenient single-step process. We are interested in
the dual functionality of GoldMag nanoparticles and
have investigated some of their properties to assess
the feasibility of their application in MR molecular
imaging.
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Materials and methods
Materials

GoldMag, USPIO, and a magnetic separator were
provided by Shaanxi Lifegen Co., Ltd. (China).
Mouse anti-human IgG, rabbit anti-mouse IgG, goat
anti-rabbit IgG/HRP, 3,3,5,5-tetramethylbenzidine
(TMB) liquid substrate, and TMB stop buffer were
purchased from Beijing Biosynthesis Biotechnology
Co., Ltd. (China). All antibodies were purified by
protein affinity chromatography. 3-(4,5-Dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was supplied by Genview (USA). Human dermal
lymphatic endothelial cells (HDLECs) were obtained
from ScienCell Research Laboratories (USA).

Synthesis of GoldMag-IgG

GoldMag-IgG was synthesized by a single-step pro-
cess (Cui et al. 2005). First, 200 pg of rabbit anti-
mouse IgG (hereinafter referred to as “IgG”) was
dissolved in 400 pL. of phosphate buffer solution
(PBS) (0.01 mol/L, pH 7.4). An aliquot of 100 pL of
this IgG solution was used for spectrophotometric
determination of its absorbance before the reaction,
while the remaining 300 pL. was mixed with 1 mg of
GoldMag in an Eppendorf tube (1.5 mL volume) and
shaken (180 rpm, 20 min) to synthesize GoldMag-
IgG. After the reaction, the products were magnetically
separated for 3 min by means of a magnetic separator;
the precipitate was recovered, while the supernatant
was collected to determine the absorbance of the IgG
solution after the reaction. The precipitate was washed
twice with PBS, and the respective washing solutions
were collected, designated as washl and wash2, and
their absorbances were also measured. Next, the
precipitate was mixed with bovine serum albumin
(BSA) (5%, 1 mL) and shaken (180 rpm, 60 min) to
block the surface non-covalent binding sites of Gold-
Mag. Finally, GoldMag-IgG was purified magnetically
and re-suspended in PBS for further application.
Scheme 1 shows a schematic diagram of GoldMag-
IgG. The gray forks represent IgG, the active compo-
nent of the molecular probe. IgG was bound to the
GoldMag nanoparticles through the surface non-
covalent binding sites of the gold nanoshell (Cui
et al. 2005). The conjugation was stable because of the
electrostatic interaction and van der Waals force
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Scheme 1 Schematic diagram of GoldMag-IgG. Iron oxide
core can influence MR signal intensity. Gold shell can non-
covalently bind to antibody. IgG is active ingredient of
molecular probe. BSA is used to block the non-specific
binding sites of GoldMag surface

between GoldMag and IgG. The small gray spheres
represent BSA, which was used to block the non-
specific binding sites of the GoldMag surface.

Antibody encapsulation efficiency and antibody
loading capacity

The absorbance at 280 nm of each solution (pre-
reaction IgG, post-reaction IgG, washl, and wash2)
was determined by UV/Vis spectrophotometry
(DUS800, Beckman, USA) by scanning over the range
250-400 nm. The antibody encapsulation efficiency
(EE, percentage of protein uptake) of GoldMag was
calculated according to the following equation:

EE

_ ODas0(pre) — ODago(post) — ODago(wash1) — ODago(washa)

Properties of the nanoparticles

Aliquots (1 mL) of solutions of BSA (5%), USPIO
(1 mg/mL), GoldMag (1 mg/mL), and GoldMag-IgG
(1 mg/mL) were placed in a magnetic separator for
3 min to observe their magnetic responsiveness. The
three types of nanoparticles were diluted with PBS
(0.01 mol/L, pH 7.4). UV/Vis spectra of IgG (0.5 pg/
pL), USPIO, GoldMag, and GoldMag-IgG were
measured over the wavelength range 260-800 nm.
The three types of nanoparticles were again diluted
with PBS (0.01 mol/L, pH 7.4) to obtain the same Fe
concentration of 0.1 mg/mL.

The size and morphology of USPIO, GoldMag,
and GoldMag-IgG were observed by transmission
electron microscopy (TEM) (Tecnai-10, Philips,
Holland). The Z-average size (Z,,) and polydis-
persity index (PDI) of USPIO, GoldMag, and
GoldMag-IgG nanoparticles were determined by
the dynamic light scattering (DLS) technique (Nano
zs90, Malvern, England). The three types of
nanoparticles were diluted with double distilled
water (pH 6.0) to a concentration of 20 pg/mL.
Solutions were placed in a transparent cup of
volume 1.2 mL at 25 °C. The USPIO, GoldMag,
and GoldMag-IgG nanoparticles were likewise
diluted with double distilled water (pH 6.0) at
25 °C for zeta potential analysis (Nano zs90,
Malvern, England).

ODZSO(pre)

x 100% ,

where OD2gopre)s  OD2gogpostys  OD2go(wash1)s and
ODyg0(wash2y denote the absorbances at 280 nm of
pre-reaction and post-reaction IgG solution, and the
wash1 and wash2 solutions, respectively.

The antibody loading capacity (LC) of GoldMag
was calculated by the following equation:

_ mAb x EE%

LC=—r——"—
mGoldMag ’

where mAb and mGoldMag denote the masses of IgG
and GoldMag nanoparticles, respectively.

Immunoactivity of GoldMag-IgG

To investigate the influence of GoldMag on IgG
immunoactivity, a double-antibody sandwich ELISA
method was performed to detect the immunoactivity
of IgG before and after binding to GoldMag (Boutry
et al. 2005). The working concentration of each
antibody was set according to the supplier’s instruc-
tions. First, 100 pL of mouse anti-human IgG (1 pg/
mL) was used to coat a 96-well plate (Corning, USA)
for 12 h at 4 °C. Then, the content of each well was
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replaced by 100 pL of blocking BSA (1%) for 1 h at
37 °C. Subsequently, the content of each well was
replaced by 100 pL of rabbit anti-mouse IgG (diluted
to 1:500 with PBS) or 100 pL of GoldMag-IgG
(diluted to 1:500 with PBS), respectively, to react
with the mouse anti-human IgG for 1 h at 37 °C.
Thereafter, the content of each well was replaced by
100 pL. of goat anti-rabbit IgG/HRP (diluted to
1:1000 with PBS) to react for 1 h at 37 °C. In
addition, the content of each well was replaced by
100 pL. of TMB substrate to react with HRP for
15 min at room temperature. Between the various
above-mentioned steps, the wells of the 96-well plate
were washed three times with PBS (0.01 mol/L,
pH 7.4). Finally, 100 pL of stop buffer was added to
end the reaction between TMB and HRP. The
absorbance of each well at 450 nm was determined
by ELISA (Sunrise, Tecan, Switzerland).

Cytotoxicity of GoldMag

An MTT assay was applied to measure the cytotox-
icity of GoldMag toward normal cells (Mosmann
1983). HDLECs were cultured in endothelial cell
medium (ECM) (ScienCell Research Laboratories,
USA). The ECM consisted of 500 mL of basal
medium, 25 mL of fetal bovine serum (FBS), 5 mL
of endothelial cell growth supplement (ECGS), and
5 mL of penicillin/streptomycin solution. Cells were
cultured at 37 °C in a humidified atmosphere sup-
plemented with 5% CO.,.

The HDLECs were plated at a density of approx-
imately 3 x 103 cells per well in a 96-well plate and
cultured for 24 h. The cells were exposed to a range of
GoldMag concentrations (1, 5, 10, 50, 100, 500, and
1000 pg/mL in ECM) to investigate the dependence of
the cytoactivity of the HDLECs on the GoldMag
concentration. In order to calculate the average absor-
bances, each concentration was deployed in six wells.
The cultures were incubated for different time periods
of 24, 48, and 72 h to study the time dependence of the
influence of GoldMag on the cytoactivity of the
HDLECs. At the end of each incubation period,
20 uL MTT (5 pg/pL) was added to each well and
the mixtures were further incubated for 4 h. The
contents were then replaced with 150 pL of dimethyl
sulfoxide (DMSO) to dissolve the purple-colored
formazan complex formed by reduction of MTT.
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Finally, the absorbances at490 nm were determined by
ELISA (Sunrise, Tecan, Switzerland).

Magnetic resonance imaging

The USPIO, GoldMag, and GoldMag-IgG were
diluted with double distilled water to the same Fe
concentration. From left to right (Fig. 7a, b), the Fe
concentration in each tube was 0, 1, 3, 5, 10, and
15 pg/mL. The Eppendorf tubes were doused in
double distilled water. MR studies were performed
with a 3.0 T MR imaging system (Signa HDx 3.0 T,
GE, USA). The head coil was used to obtain gradient-
recalled echo (GRE) T2*-weighted images. All Ep-
pendorf tubes were examined by a GRE T2*-weighted
sequence (TR = 500 ms, TE = 15, 20, 25, 30, 35,
40 ms, flip angle = 20°, FOV = 20 cm, slice thick-
ness = 2 mm, matrix = 512 x 256, NEX = 2). R2
star software was used to calculate the GRE T2*WI
signal intensity and relaxation time of each solution.

Results and discussion

The nanoshell of GoldMag has a tendency to couple
with macromolecules (Thobhani et al. 2010). The
oval-like shape of GoldMag provided enough binding
sites for the coupling of IgG. As shown in Fig. 1, the
absorbance of the pre-reaction IgG solution at
280 nm was much higher than those of the post-
reaction IgG solution and the washl and wash2
solutions. ODagopre), ODagoposys ODagoewashy, and
OD2go(washzy Were 0.921, 0.253, 0.091, and 0.036,
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Fig. 1 Absorption curve of IgG solution. The absorption peak
of each solution was significantly different at 280 nm
wavelength
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respectively. After conjugation of IgG and GoldMag, 2 = GoldMag-IgG
the absorbance of the IgG solution significantly 1.8} -+ GoldMag
decreased, which indicated that IgG had been L6 = USPIO
successfully immobilized on the GoldMag surface. £=‘3 i; i = IgG
Calculated by the formulae given above, the antibody £

EE of GoldMag was 58.7% and the antibody LC was § 08

88 ug IgG per milligram of GoldMag. Antibody EE < 06

and LC are both key design parameters for antibody 0.4 1

and drug conjugation. The values of EE and LC are 02y e e e s

sensitive to many factors, including charge, hydro-
phobicity, and morphology (size, shape, and lamel-
larity) (Nicholas et al. 2000; Sun and Chiu 2005). The
values of EE and LC differ among studies. Shah and
Amiji (2006) reported that the loading capacity of
saquinavir on biodegradable polymeric nanoparticles
was 28 pg/mg, and that the coupling efficiency was
60%. Esmaeili et al. (2008) reported that the FOL-
targeted NPs had a larger size (216 + 18 nm) with a
higher DTX content (0.45 £ 0.02%), while non-
targeted NPs were of size 175 £ 13 nm with a DTX
content of 0.34 + 0.01%.

The iron oxide core of GoldMag displays typical
superparamagnetic character, which allows the Gold-
Mag nanoparticles to be quickly aggregated together
under the influence of an external magnetic field.
USPIO, GoldMag, and GoldMag-IgG showed high
magnetic responsivenesses after they were separated
in a magnetic separator for 3 min (Fig. 2). UV/Vis
spectra of the respective solutions were acquired over
the wavelength range 260-800 nm (Fig. 3). The
absorption peaks of IgG, USPIO, GoldMag, and
GoldMag-IgG were located at about 280, 380, 550,

BSA USPIO  GoldMag GoldMag-gG

Fig. 2 Magnetic responsiveness of USPIO, GoldMag, and
GoldMag-IgG solutions

0
260 320 380 440 500 560 620 680 740 800
Wavelength (nm)

Fig. 3 Absorption curve of different solutions. The absor-
bance value of GoldMag-IgG was obviously higher than that of
GoldMag at 280 nm

and 560 nm, respectively. Larger size of the nano-
particle results in a broader absorption spectrum and
a red-shifted maximum absorption wavelength (Cui
et al. 2005). Compared with GoldMag, the absorption
peak of GoldMag-IgG underwent a red-shift of
10 nm and the absorption spectrum was slightly
wider because of the IgG coating (Xu et al. 2007). As
280 nm is a typical absorption peak of a protein, and
the spectrum of GoldMag-IgG featured an obvious
absorption peak at 280 nm, it reflected the presence
of IgG in the GoldMag-IgG.

The TEM results for USPIO, GoldMag, and Gold-
Mag-IgG showed that the nanoparticles were oval-like
in shape. The results of Kolmogorov—Smirnov tests for
normality showed that the sizes of the nanoparticles
conformed to a normal distribution. The particle sizes
of USPIO, GoldMag, and GoldMag-IgG were 14.7 &
1.4, 4777 £ 4.1, and 67.3 £ 5.5 nm, respectively
(Fig. 4). Particle size can be influenced by many
factors during the synthesis process, including reaction
time, temperature, substrate concentration, and pH
(Yurdakal et al. 2007). It is difficult to ensure
uniformity of particle size. The core of GoldMag was
USPIO with a mean diameter of 14.7 nm. The
thickness of the gold nanoshell was thus about
16.5 nm. After coupling with IgG, the mean diameter
of GoldMag-IgG increased by 19.6 nm. The gray scale
in the TEM image reflects the electron density of the
nanoparticles (Ali and Mayes 2010). The electron
density of IgG was lower than that of GoldMag, so it
surrounded GoldMag like a thin cloud (Fig. 4c).

The DLS is a technique that is commonly used to
determine the size distribution profile of small
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Fig. 4 TEM images of USPIO (a), GoldMag (b), and GoldMag-IgG (c). The size distribution histogram of USPIO (14.7 £+ 1.4 nm)
(d), GoldMag (47.7 £ 4.1 nm) (e), and GoldMag-IgG (67.3 £ 5.5 nm) (f)

particles in suspension. DLS results showed that the
Z.ve values of USPIO, GoldMag, and GoldMag-IgG
were 17.4, 49.9, and 72.5 nm, respectively (Fig. 5).
The particle size of GoldMag-IgG was larger than
that of GoldMag. The reason might be that the
presence of IgG on the surface of GoldMag-IgG. The
PDI of the USPIO, GoldMag, and GoldMag-IgG
nanoparticles were 0.097, 0.071, and 0.075, respec-
tively (Fig. 5). PDI = 0.05 is a threshold value for
assessing whether nanoparticles are monodisperse in
a given solvent. Generally, size distributions with a
PDI of less than 0.1 are considered to be monodis-
perse (Gokarn et al. 2009). The higher the PDI, the
more easily the nanoparticles can aggregate together.
The three kinds of nanoparticles considered here
displayed monodispersity in double distilled water,
but also showed a tendency for aggregation. Some
aggregated nanoparticles would affect the Z,.
results. Hence, the Z,,. values were larger than the
TEM diameters for the three kinds of nanoparticles.
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The results of zeta potential analyses showed that
the potentials of USPIO, GoldMag, and GoldMag-IgG
were 10.1 &+ 4.1, 13.7 £ 5.6, and —16.1 &+ 3.9 mV,
respectively. The potentials of USPIO and GoldMag
were both positive, while that of GoldMag-IgG was
negative. The zeta potential is the equilibrium electric
potential at the shear plane. The shear plane (an
imaginary surface) is used to represent the effective
location of the solid-liquid interface, where the liquid
velocity is zero. The surface potential of nanoparticles
can be significantly altered by changing the pH of the
medium (Yu and Chow 2004). Double distilled water
(pH 6.0) is a slightly acidic medium. The positive
charges on GoldMag and USPIO were expected due to
the tendency of the nanoparticle surfaces to absorb H*
in an acidic environment. The negative charge of IgG
resulted in a net negative charge on GoldMag-IgG
(Liang et al. 2007). Surface charge plays an important
role during endocytosis. The endocytosis index in
vitro is minimal when the zeta potential is close to
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Fig. 5 DLS results of (a)
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zero. In contrast, phagocytosis is increased with a
higher surface charge, irrespective of whether the
charge is negative or positive (Neuberger et al. 2005).

Following the ELISA steps mentioned above, the
absorbance of IgG was measured as 0.879. After
reaction with one equivalent of GoldMag, the absor-
bance of GoldMag-IgG was measured as 0.381. The
immunoactivity percentage of GoldMag-IgG was
defined as the ratio of GoldMag-IgG immunoactivity
to that of IgG. The immunoactivity of GoldMag-IgG
was thus reduced to 43.3% of that of the original IgG.
This ELISA result showed that GoldMag-IgG
retained a certain level of the immunoactivity of
IgG. From this, we conclude that GoldMag-IgG has
some potential to be used as a molecular probe for in
vitro and in vivo experiments. Among various
antibody labeling methods, both immune and chem-
ical conjugation reduce antibody immunoactivity and
enzymatic activity (Bosman et al. 1983). The conju-
gation of GoldMag and IgG was induced by

10 100 1000
Diameter (hm)

electrostatic interaction and van der Waals forces,
and so can be classified as physical conjugation. The
reduction of IgG immunoactivity may be due to
various reasons. However, it is known that excess
antibody coating can lead to inferior performance of
conjugates due to effects such as steric hindrance,
antibody orientation, and the formation of multiple
protein layers (Thobhani et al. 2010).

The cytotoxicity of GoldMag toward HDLECs was
assessed by MTT assay. HDLECs were cultivated with
GoldMag solutions of different concentrations for
different time periods (24, 48, and 72 h). GoldMag can
be encapsulated by HDLECsSs through endocytosis, and
then decomposed by enzymes within the cells (Sung
etal. 2009). The solutions of GoldMag had only a slight
cytotoxic effect on the HDLECs, but the influence of
GoldMag on the cytoactivity of the HDLECs was
increased with increasing GoldMag concentration and
extension of the cultivation time (Fig. 6). The general
variation trends in the absorbances over the different
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Fig. 6 Cytotoxicity of GoldMag on normal HDLECs assessed
by MTT assay

time periods were similar (24, 48, and 72 h). At a
GoldMag concentration of <100 pg/mL, the cytoac-
tivity of HDLECSs was not significantly influenced and
the HDLECSs continued to proliferate with extension of
the cultivation time. At a GoldMag concentration of
>100 pg/mL, the HDLECs no longer proliferated with
extension of the cultivation time. In the process of
washing of the GoldMag nanoparticles, it was difficult
to remove all nanoparticles from each well; some
nanoparticles remain adhered to the wall and bottom of
the 96-well plate. As GoldMag nanoparticles are red, a

(a)

© 5500 -+ GoldMag-1eG
-+ GoldMag
2000 -~ USPIO
2
‘21500 f
Z
8
= 1000 -
=
R
v
500
0 1 1 ]
0 2 4 6 8 10 12 14 16

Concentration (pg/ml)
Fig. 7 MRI images of different Fe concentrations of nano-

particle solutions. a and b represent signal intensity and
relaxation time of GoldMag solution respectively. ¢ and
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[

higher concentration of GoldMag would result in a
higher absorbance in MTT assay. So, the absorbances
of each well increased at the 500 and 1000 pg/mL
concentrations of GoldMag, even though the number
of cells in each well decreased.

The spin-echo sequence is the most commonly
used MRI pulse sequence, and only the “true” T2
relaxation can be seen with this sequence. The
transverse relaxation in GRE sequence is a combina-
tion of “true” T2 relaxation and the relaxation caused
by magnetic field inhomogeneity (Chavhan et al.
2009). The GRE sequence is commonly used to
depict hemorrhage, calcification, and iron deposition
in various tissues and lesions. The iron oxide core of
GoldMag would result in magnetic field inhomoge-
neity by shortening the spin—spin relaxation times
(T2) of surrounding protons, which allows GoldMag
to be used as a T2* contrast agent. Gradually
increasing concentrations of USPIO, GoldMag, and
GoldMag-IgG nanoparticles were used for MR GRE
T2*-weighted imaging. At a GoldMag concentration
of 3 pg/mL, the decreasing of MRI signal intensity
(Fig. 7a) and relaxation time (Fig. 7b) can be
detected. With increasing Fe concentration, the MRI

(b)§

-= GoldMag-I1gG
-+ GoldMag
- USPIO

120 |

100

=

4 6 8 10 12 14 16
Concentration (pg/ml)

[=1
LS

d represent the correlation of nanoparticle concentrations with
MR signal intensity and relaxation time, respectively
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signal intensity and relaxation time of GoldMag
solution decreased significantly. Besides, the super-
paramagnetic properties of USPIO, GoldMag, and
GoldMag-IgG were compared by GRE T2*-weighted
imaging at the same Fe concentration. For the three
kinds of nanoparticles, the general variation trends in
the GRE T2*WI signal intensity (Fig. 7c) and
relaxation time (Fig. 7d) were similar. However, the
signal intensity and relaxation time of GoldMag were
relatively higher than those of USPIO. A layer of
gold is wrapped around the iron oxide core of
GoldMag, which results in the separation of iron
oxide and water. As a result, the shortening effect of
iron oxide on the spin—spin relaxation time (T2) of
water is weakened. Moreover, the superparamagnetic
property of GoldMag-IgG is further weakened by the
layer of IgG.

One promising approach for increasing SPIO
accumulation in diseased tissues and lesions, referred
to as active targeting or specific targeting, involves
conjugating target agents on the surface of SPIO
(Thorek et al. 2006). Via a polymer coating, the SPIO
usually bears some active groups, such as amines,
sulfhydryls, carboxyls, etc., which subsequently
allow for more controllable conjugations. Active
targeting has more advantages than passive targeting
since it not only provides physiological information
but also offers insight into specific molecular mech-
anisms (Thorek et al. 2006). The main obstacle to
synthesize highly sensitive molecular probes has been
the complex reaction steps required. GoldMag can be
coupled with antibody through a single-step process,
which reduces the number of steps of the synthesis
process. The synthesis process is convenient, requir-
ing only about 100 min. In addition, GoldMag-IgG
nanoparticles are small enough to leak out of the
vascular bed and diffuse into the extracellular space.
GoldMag-IgG maintains a certain binding affinity of
the antibody, which subsequently guides the molec-
ular probe to the target tissue.

As a hyperthermal agent, a commendable property
of colloidal gold is that it displays excellent thera-
peutic features. Gold nanoparticles strongly absorb
near-infrared (NIR) radiation and can then transfer
this energy to the surrounding environment as heat,
which ultimately results in cell death (Jiang et al.
2009). Among various kinds of photothermal ablation
technologies, NIR absorption photothermal therapy is
particularly advantageous because it is relatively

harmless to normal tissues (Norman et al. 2008;
Wang et al. 2009). So, GoldMag nanoparticles also
have great potential in the field of NIR photothermal
therapy.

Although GoldMag possesses many of the advan-
tages of bi-functional nanoparticles, its further devel-
opment is still required. If GoldMag nanoparticles
were to be injected intravenously, they would imme-
diately interact with plasma proteins due to their lack of
a surface polymer coating. This would result in a short
residence time of GoldMag in the circulatory system.
Only a small proportion of the GoldMag nanoparticles
would reach the target tissue, with the remainder being
non-specifically accumulated in macrophages. Never-
theless, some parameters, including the size, charge,
and hydrophobicity of the nanoparticles, may be
optimized so that more GoldMag is directed toward
the target tissue (Jiang et al. 2009).

Conclusions

GoldMag nanoparticles are composed of a gold
nanoshell and an iron oxide core. The gold nanoshell
can immobilize antibodies on the GoldMag surface,
while the iron oxide core possesses superparamag-
netic properties. In this study, we have introduced a
single-step synthesis method for immobilizing IgG on
the GoldMag surface. The results demonstrated that
IgG was stably coupled with GoldMag. GoldMag-
IgG retained 43.3% of the immunoactivity of the
original IgG. A small amount of GoldMag can
effectively reduce MRI signal intensity and relaxa-
tion time, while having only a slight cytotoxic effect
on HDLECs. Therefore, GoldMag nanoparticles
might be used as a paramagnetic medium to synthe-
size specific probes for MR molecular imaging.
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