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GoldMag (Fe3O4/Au) nanoparticles have the advantages of both magnetic response in an external mag-
netic field and the immobilization of molecules on their surface in a single step. The cytotoxicities of GoldMag
nanoparticles and GoldMag nanoparticles loaded with doxorubicin (Dox-GoldMag) combined with an exter-
nal magnetic field were tested in vitro on HepG2 malignant tumor cells. The results showed that cell viability
remained above 92% when using GoldMag nanoparticles at a concentration as high as 2.0 mg/ml, sug-
gesting the biocompatibility of the nanoparticles. The ICs¢ (0.731 wg/ml) of the Dox-GoldMag group was
higher than that (0.522 p.g/ml) of the Dox group (P <0. 05). However, the Dox-GoldMag group combined
with a magnetic field had an obviously increased inhibition rate for the HepG2 cell line and the 1C5y was
lower than that of the Dox group (0.421 png/ml). These results indicated that GoldMag nanoparticles loaded
with doxorubicin combined with a permanent magnetic field are more cytotoxic and could be a potential

targeted drug delivery system.

1. Introduction

Within the last two decades, the magnetically targeted-drug
delivery system (MT-DDS) has been used in an attempt to
increase the therapeutic efficacy and reduce the unpleasant side
effects associated with chemotherapy for malignant tumors (Jon
2006; Sun et al. 2008). It involves binding an anticancer drug to
biocompatible magnetic particles, injecting them into the blood
stream and using an external magnetic field to pull them out
of suspension in the target region (Alexiou et al. 2000, 2006;
Mishima et al. 2006; Takeda et al. 2006). The drug can be
released in the specific region, reducing its systemic distribu-
tion as well as allowing the possibility of administering lower but
more accurately targeted doses of the drug treatment (Goodman
et al. 2004; Jon 2006).

Incorporation of gold and magnetic nanoparticles in synthetic
composite particles might be expected to offer the advantages
of biocompatibility, surface functionality for coupling chem-
ical or bio-medical agents and superparamagnetic properties.
Therefore gold has become a favored material in the synthesis
of magnetic composite nanoparticles. Particles with different
structures such as gold coated magnetic nanoparticles (Park
et al. 2007) and gold nanoparticles attached to functionalized
magnetic nanoparticles (Caruntu et al. 2005) have been reported.
Their applications in the biomedical area are currently active
topics of research (Wang et al. 2008). We have prepared type
composite nanoparticles of this kind using the iterative hydrox-
ylamine seeding method (Cui et al. 2001) and named them
GoldMag (Cui et al. 2005). Using GoldMag nanoparticles as a
carrier, the kinetics of doxorubicin adsorption and drug release
were investigated in this study. In addition, in vitro cytotoxicity
assay was performed of GoldMag nanoparticles and GoldMag
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nanoparticles loaded with doxorubicin combined with a perma-
nent magnetic field to the human hepatocellular liver carcinoma
cell line (HepG2).

2. Investigations, results and discussion
2.1. Kinetics of drug loading and release in vitro

Fig. 1 shows that the amount of drug adsorbed on the Gold-
Mag nanoparticle surface increased rapidly within 30 min, and
then there was a slow increase until the adsorbed drug reached
saturation after 2 h. The maximum drug loading is about 10.2%.
Dox becomes less positively charged as pH increases, so the
kinetics of drug loading at different pH values were tested
(Fig. 2). The drug loading of GoldMag nanoparticles was 4.63,
8.20 and 10.2% at pH 3.0, 4.5 and 7.4, respectively. The results
indicate that electrostatic and covalent interactions of Au-N may
be the main factors in the process of doxorubicin adsorption on
GoldMag nanoparticle surfaces. The Zeta potential of GoldMag
nanoparticles was —1.08, —9.17 and —21.3 mv at pH 3, 4.5 and
7.4, respectively. Therefore, electrostatic interaction is the dom-
inant interaction at lower pH. However, the covalent interaction
of Au-N between the elemental Au on the GoldMag surface and
the amine group of doxorubicin plays a more important role in
the immobilization process at higher pH.

In vitro drug release was carried on in PBS buffer and the results
show (Fig. 3) that 18.1% of drug was released within the first 2 h
of the experiment. Subsequently, there was a slow, steady and
controlled release of drug conjugated on GoldMag nanoparti-
cles up to 100 h. The maximum release of doxorubicin from the
surface of GoldMag particles is about 93.4 %.
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Fig. 1: Kinetics of doxorubicin adsorption by GoldMag nanoparticles
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Fig. 2: Kinetics of doxorubicin adsorption by GoldMag nanoparticles at different pH
values

2.2. Cytotoxicity of GoldMag nanoparticles

Low cytotoxicity is very important for nanoparticles to be used
as a drug carrier. Viable cells have the ability to reduce MTT
from a yellow water-soluble dye to a dark blue insoluble for-
mazan product (Mosmann et al. 1983). Super paramagnetic iron
oxide nanoparticles (SPION) have been found in tests to cause a
significant reduction (80% of control) in cell viability at the con-
centration tested (0.05 mg/ml), and resulted in about 60% loss
of cell viability at the concentration tested (2.0 mg/ml) (Gupta
et al. 2005). Fig. 4 shows a dose-dependent reduction in MTT
absorbance in cells treated with GoldMag nanoparticles (con-
centration range 0—2.0 mg/ml) for 72 h. The cells remained more
than 92.1% viable relative to control at a concentration as high
as 2.0 mg/ml. This indicated that GoldMag nanoparticles have
low cytotoxicity’s probably due to their Au component (Connor
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Fig. 3: Kinetics of doxorubicin release from Dox-GoldMag
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Fig. 4: Cytotoxicity profiles of GoldMag nanoparticles, incubated with HepG2 cell
lines as determined by MTT assay. Percent viability of cells expressed
relative to control cells (n=6). Results represented as mean &= SD

et al. 2005). The use of gold nanoparticles for drug delivery in
mice has been described elsewhere and the result showed that
gold colloid combined with TNF was less toxic and more effec-
tive in reducing tumor burden than native TNF (Paciotti et al.
2004). The results indicated that GoldMag nanoparticles have
better biocompatibility and do not cause acute cytotoxicity to
human cells.

Fig. 5(c) shows a multiple clusters of GoldMag nanopatrticles
confined to the cytosol (marked with arrows) and also some at
the cell surface after incubation with medium containing Gold-
Mag nanoparticles at 37 °C exposed to a magnetic field for 12 h.
However, the cells (Fig. 5(b)) incubated with medium contain-
ing GoldMag nanoparticles without an external magnetic field
showed little intracellular uptake of nanoparticles. These results
demonstrate the effective uptake of GoldMag nanoparticles into
cells to which an external magnetic field is applied.

2.3. Cytotoxicity of GoldMag nanoparticles loaded
with doxorubicin combined with external magnetic field

Gold nanoparticles provide an attractive system for diagnostic
and therapeutic applications owing to their ready bioconjuga-
tion and good biocompatibility (Sokolov et al. 2003; El-Sayed
et al. 2005; Loo et al. 2004; Schwartzberg et al. 20064, b). They
have already been studied for use in drug delivery (Paciotti
et al. 2004; Mukherjee et al. 2005). However, it is hard
to localize them because of their lack of super paramag-
netic properties. Therefore, the influence of magnetic field
on the degree of cell growth inhibition using GoldMag
nanoparticles was studied by the following steps. For the
HepG2 cell line, maximum cytotoxic activity of Dox, Dox-
GolMag and Dox-GoldMag-M (M representing the magnetic
field) were determined at a range of concentrations up to
4 wg/ml; the ICsy values of Dox, Dox-GoldMag and Dox-
GoldMag-M were also tested and the results are shown in the
Table. They all exhibited significant dose-dependent inhibitory
effects on HepG2 at from 0.04 to 0.8 wg/ml of Dox, Dox-
GoldMag and Dox-GoldMag-M. Dox-GoldMag-M, Dox and
Dox-GoldMag gave 97.2%, 92.2 and 79.8% inhibition respec-
tively when the concentration of Dox was 4.0 pg/ml. The
proliferation of HepG2 cells was more strongly inhibited when
an external magnetic field was applied than with Dox and
Dox-GoldMag without a magnetic field.

With the development of cancer therapy, it was discovered that
magnetic fields can inhibit the proliferation of malignant cancer
cells (Fitzsimmons et al. 1995). We investigated the inhibitory
effect on malignant cancer using a magnetic field. The degree
of cell growth inhibition was measured by MTT assay after 24,
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Table: Cytotoxic activity of Dox, Dox-GMNPs and Dox-GMNPs-M against HepG2 and ICs, values (pg/ml)

0.04 0.08 0.2 2 4 ICso

A 14.6 £0.6 19.440.6 30.24+04 68.7+0.4 86.9+0.2 922403 0.522 £0.040
B 13.8£0.6 16.1+0.3 24.940.8 5324+04 72.3+0.2 79.8+0.9 0.731 £0.028
C 22.74+04 24.84+0.2 369+04 75.94+0.2 94.14+0.3 97.24+04 0.421 £0.020

48 and 72 hours of treatment of HepG2 cells. Results showed
that proliferation of the cells exposed to a magnetic field was
inhibited compared to the cells without a magnetic field. The
result is in accordance with a previous reference (Fitzsimmons
et al. 1995). Using a 0.5T magnetic field,we also investigated
the inhibition of cells subjected to DOX, GoldMag and Dox-
GoldMag respectively. As shown in Fig. 6, the viability of the
cells in the control group exposed to a 0.5T magnetic field fell
to about 95.5% for 24h and 86.6% for 48 h, and it continued

Fig. 5: Electron micrograph of HepG2cells after uptake of GoldMag nanoparticles.
(a) Control; (b) Image of cell incubated in medium containing GoldMag NPs
without external magnetic field; (b) Image of cell incubated in medium
containing GoldMag NPs without external magnetic field
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to decrease, reaching a viability of 78.4 % after 72 h treatment.
The viability of cells incubated with GoldMag nanoparticles
also showed a similar trend compared with the control group.
The data indicated that GoldMag particles do not significantly
increase cytotoxic even when exposed to an external magnetic
field. The viability of the cells in the Dox group was 56.9%,
43.3% and 31.6% when treated for 24, 48 and 72 h. However,
if Dox was loaded on the GoldMag nanoparticles, the viability
of the cells was 40.8%, 32.6% and 26.6 when treated for 24, 48
and 72 h respectively, a significant decrease when exposed to a
magnetic field.

Chemotherapy combined with a permanent magnetic field has
a more potent effect in killing cancer cells than chemother-
apy alone (Hannan et al. 1994). Fig. 5 shows that there was
an effective uptake of GoldMag nanoparticles into cells under
an external magnetic field, and the results in Fig. 6 indicate
that permanent magnetic fields can inhibit the proliferation of
cells and suggest that Dox-GoldMag has more cytotoxicity than
Dox when exposed to an external magnetic field. Due to the
combination of the effect of magnetism and the cytotoxicity
of doxorubicin, Dox-GoldMag nanoparticles combined with a
magnetic field will probably be a potential magnetically targeted
carrier in chemotherapy.

In this work, we investigated the kinetics of absorption and
release of doxorubicin using GoldMag nanoparticles. The data
showed that the maximum quantity of drug loaded on the parti-
clesis about 102.2 wg/mg. The GoldMag nanoparticles exhibit a
slow, sustained and controlled release after 2 h. More than 85%
of the drug is released up to 100 h, and the maximum release
of doxorubicin from the GoldMag is about 93.4%. It is highly
critical that the drug adsorbed on the particles can be released
from the carrier. Also, the ideal drug delivery carrier is one
from which the drug can be released in a sustained and con-
trolled amount within a given time. It is clear that the GoldMag
nanoparticles have this property. We validated that GoldMag
nanoparticles loaded with doxorubicin combined with an exter-
nal magnetic field have a more potent cytotoxic activity than
the drug alone. However, GoldMag nanoparticles alone have
little cytotoxic activity in vitro. The study also indicated that

r 0O Control
120 @ GoldMag
100 B Dox
:\O\ B Dox-Goldamg
T 80
Z
T 60 *
2 w0 : o
> B H J':
20
0 1 1

24

Time (hour)

Fig. 6: Inhibition of cellular growth by magnetic field, when HepG2 cell lines
exposed to 0.5 T for 24, 48 and 72 h, respectively. *P < 0.05; **P < 0.01
compared with controls using Student’s unpaired t-test.
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permanent magnetic fields can inhibit the proliferation of cells.
However, the GoldMag particles have no significant cytotoxic-
ity even with an applied magnetic field. The results also suggest
that Dox-GoldMag has more cytotoxicity than doxorubicin with
an applied magnetic field. These results indicate that GoldMag
nanoparticles loaded with doxorubicin combined with perma-
nent magnetically fields could be a potential magnetic targeted
drug system.

3. Experimental
3.1. Reagents and materials

GoldMag nanoparticles (average diameter: 50nm) were synthesized as
described elsewhere in detail (Cui et al. 2005). Doxorubicin hydrochlo-
ride was obtained from Beijing HuaFeng United Technology Co., Ltd.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was
purchased from Amresco. Dimethylsulphoxide (DMSO) was purchased
from Sigma. Human hepatocellular liver carcinoma cell line (HepG2) was
obtained from the Fourth Military Medical University, China. Cell culture
medium RPMI — 1640 and fetal bovine serum (FBS) were products of Invit-
rogen Corporation. A 0.5 T permanent magnet (5 x 5 cm) was obtained from
Northwestern Polytechnical University, China.

3.2. Preparation of doxorubicin loaded GoldMag particles and drug
release in vitro

The capability of the particles to spontaneously adsorb the drug was detected
by UV-visible spectrophotometry. The procedure was as following: 4 ml
doxorubicin solution (1 mg/ml, dissolved in distilled water) was mixed with
16 ml GoldMag nanoparticles (1.25 mg/ml) and incubated in a shaker at
room temperature for 15, 30, 60, 90, 120, 180 and 240 min, respectively.
The adsorbent magnetic phase was magnetically separated with a perma-
nent magnet, and the amount of drug left in the supernatant was calculated
by measuring the absorption of the supernatant at 480 nm with a UV spec-
trophotometer (Agilent). Then the drug loading rate on the particle surface
was calculated using the following formula:

Drug loading rate(%)
= (Amount of drug on the particles/weight of particles)
x 100% (1)

Doxorubicin release kinetics were investigated as described elsewhere (Rana
et al. 2007). 5 mg GoldMag nanoparticles loaded with doxorubicin (Dox-
GoldMag) were incubated in 15ml PBS buffer (pH="7.4). The mixture
was incubated at 37 °C under mild stirring. At specified time intervals the
nanoparticles were magnetically separated, and the fluorescence intensity
of the supernatant was measured at 555 nm with a fluorescence spectropho-
tometer (Hitachi F-4500 Fluorescence Spectrophotometer). The drug release
rate from the Dox-GoldMag nanoparticles was calculated using the follow-
ing formula:

Drug release rate(%)
= (Amount of drug in the supernatant/

Amount of drug on the particles) x 100% 2)

3.3. Uptake and cytotoxicity of GoldMag nanoparticles in vitro

The uptake of magnetic nanoparticles into cells was investigated as described
elsewhere (Becker et al. 2007). The HepG2 cells were seeded into glass
culture dishes at 37 °C in a 5% CO, atmosphere. The cells adhered firmly to
the bottom of the culture dish after 12 h, and the medium in the glass was then
replaced with fresh medium containing nanoparticles at a concentration of
50 pg/ml and placed in an external magnetic field (0.5 T, permanent magnet).
Cells incubated in medium containing nanoparticles at a concentration of
50 wg/ml but not exposed to an external magnetic field were also observed.
After 12 h, the cells were thoroughly washed twice with PBS buffer, and then
detached using 0.25% trypsin-0.02% EDTA solution. Finally, the cells were
centrifuged, fixed with 3% (w/v) glutaraldehyde and processed for analysis
by transmission electron microscopy.

An MTT assay was performed (Gupta et al. 2005) to determine the cytotox-
icity of GoldMag nanoparticles. Cells were seeded at a density of 5 x 10
cells/well in 96-well plates at 37 °C in a 5% CO; atmosphere. After 12 h of
culture, the medium in the wells was replaced with fresh medium contain-
ing nanoparticles at a range of concentrations from 0 to 2.0 mg/ml. After
72h, 20 pl of MTT dye solution (5 mg/ml in pH 7.4 phosphate buffer) was
added to each well. And another 4 h of incubation at 37 °C, the medium
was removed and formazan crystals dissolved in 150 ul DMSO added. The
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absorbance of each well was read on an ELx800 Universal Microplate Reader
(BIO-TEK Instruments) at 570 nm in 15 min. The cell viability (%) rela-
tive to control wells containing cell culture medium was calculated by the
following formula:

Relative cell viability(%) = [A] Test sample/[A] Control x 100% 3)

where [A] Test sample 1S the absorbance of the test sample and [A] control is
the absorbance of the control.

3.4. Cytotoxicity of GoldMag nanoparticles loaded with doxorubicin
combined with external magnetic field

The cytotoxic effect of GoldMag nanoparticles loaded with doxorubicin
combined with an external magnetic field was also studied by the MTT
method. The cultured HepG2 cell lines were divided into three groups:
(a) doxorubicin group (Dox); (b) GoldMag nanoparticles loaded with dox-
orubicin group (Dox-GoldMag); (c) GoldMag nanoparticles loaded with
doxorubicin combined with external magnetic field group (Dox-GoldMag-
M). Each group included six final concentrations of doxorubicin: 0.04, 0.08,
0.2,0.8, 2 and 4 p.g/ml. Briefly, the cells were plated at a density of 5 x 10
cells/well in 96-well plates at 37 °C in a 5% CO; atmosphere. After 12h
of culture, the medium in the wells was replaced with fresh medium. Then,
20 w1 doxorubicin solution or a suspension of GoldMag nanoparticles loaded
with doxorubicin was added at the series of concentrations mentioned above.
Inaddition, a 0.5 T permanent magnet with was placed under the cell medium
of group (c). The cells were incubated in a humidified atmosphere with 5%
CO; for 72 hours. Then 20 wl MTT dye solution (5 mg/ml in pH 7.4 phos-
phate buffer) was added to each well and incubated at 37 °C for 4 hours.
The medium was removed and formazan dissolved in 150 wl DMSO added
and the absorbance at 570 nm was measured with an ELx800 Universal
Microplate Reader (BIO-TEK Instruments). The growth inhibition rate was
determined using the following formula:

Growth inhibition rate(%)

= ([OD]Control — [OD]Sample)/[OD]Control) x 100%  (4)

3.5. Inhibitory effect of magnetic fields on cells

The ability of a magnetic field to inhibit cellular growth was determined
using the MTT assay. The cultured HepG2 cell lines were divided into
control and three treatment groups: (a) cell culture medium group (Con-
trol); (b) doxorubicin group (Dox); (c) GoldMag nanoparticles group
(GoldMag); (d) GoldMag nanoparticles loaded with doxorubicin group
(Dox-GoldMag). After 12h 20 pl cell culture media, 0.8 pg/ml doxoru-
bicin solution, 7.84 pwg/ml GoldMag nanoparticles suspension or GoldMag
nanoparticle loaded with doxorubicin, respectively, were added to each well.
Then the cell suspension was exposed to a 0.5T permanent magnetic field
and incubated in a humidified atmosphere with 5% CO;. After 24, 48 and
72h, 20 pl MTT dye solution (5 mg/ml in pH 7.4 phosphate buffer) were
added to each well and incubated at 37 °C for 4 hours. Then the medium
was discarded. Finally, 150 ul DMSO was added to each well to dissolve
the formazan crystals. The absorbance at 570 nm was determined using an
ELx800 Universal Microplate Reader (Bio-Tek Instruments). The relative
cell viability (%) was calculated.
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