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Hydrophilic 2,3-dimercaptosuccinnic acid (HOOC-CH(SH)-CH(SH)-COOH, DMSA) coated mono-
disperse magnetic nanoparticles (Fe;O,) were dispersed in water, RPMI-1640 with 10% (v/v) fetal
calf serum, RPMI-1640, PBS and MES, respectively, to investigate their stability under biologically
relevant conditions. The Photon Correlation Spectroscopy (PCS) results showed that DMSA-Fe;O,
nanoparticles existed as aggregate under biological conditions: UV-vis, MRl and AFM results indi-
cated that DMSA-Fe;O, nanoparticles dispersed ini RPMI=-1640, PBS and MES presented poor
stability, whereas those dispersed-in RPMI-1640, with fetal calf,serum exhibited excellent stability,
which was due to their adsorption from fetal calf serum, as confirmed by zeta potential and IR
results. Additionally, in vitro cell experiments showed that DMSA-Fe;O, nanoparticles with adsorp-
tion from fetal calf serum had higher intracellular-uptake than those without adsorption from serum,
indicating that fetal calf serum could play a great role in intracellular uptake of nanoparticles.
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1. INTRODUCTION

Magnetic nanoparticles have attracted great interests for
both in vitro and in vivo applications, such as magnetic
resonance image (MRI),""? magnetic separation,’’ DNA
detection* and magnetic hyperthermia.>® All* above-
mentioned biological applications require nanoparticles to
keep stable under biologically relevant conditions."As we
know, magnetic nanoparticles dispersed in aqueous solu-
tion keep stable through electrostatic or steric repulsion.
However, they are ready to form aggregates due to attrac-
tive van der Waals or magnetic dipole—dipole interactions,
and their stability can change with pH values and salt
concentrations under physiological conditions. Therefore,
stability of magnetic nanoparticles under biological con-
ditions is one of the important parameters to consider for
biological applications. However, up to day, stability inves-
tigation of magnetic nanoparticles dispersed in biological
media has not been well-established.

In this work, monodisperse Fe;O, nanoparticles were
synthesized by thermal decomposition of iron-oleate, and
DMSA-modified magnetic nanoparticles (DMSA-Fe;0,)
were obtained via surface exchange with 2,3-dimer-
captosuccinnic acid (DMSA),” and dispersed in water,
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RPMI-1640 with 10% (v/v) fetal calf serum, RPMI-1640,
PBS and MES, respectively, to investigate their stabil-
ity. We found that DMSA-Fe;O, nanoparticles existed
as_aggregate under biologically relevant conditions, and
DMSA-Fe;0, nanoparticles dispersed in RPMI-1640 with
fetal calf serum exhibited excellent stability, compared to
the other biological media, due to their adsorption from
fetal calf serum (abbreviated as serum-DMSA-Fe;0,).
Similar phenomena have been observed by Chithtani et al.,?
Zhu et al.’ and Casey et al.'” using Ag, muti-walled nano-
tubes and single walled carbon nanotubes, respectively.
Furthermore, Casey et al. suggested that the presence of
serum be seen to aid the stability of carbon nanotubes.
Here, we further focused on the effects of serum on surface
property of nanoparticles, and resultant effects on intracel-
lular uptake. In in vitro cell experiments, DMSA-Fe,0,
and serum-DMSA-Fe;O, nanoparticles were incubated
with KB and SMMC-7721 cells for 12 hours, respectively,
in RPMI-1640 without 10% (v/v) fetal calf serum, to com-
pare their intracellular uptake. The results showed that
serum-DMSA-Fe; O, nanoparticles had higher intracellular
uptake, which suggested that the effects of fetal calf serum
in in vitro cell experiments should be considered, because
they could affect stability and surface properties of mag-
netic nanoparticles, and eventually affect the interactions
between nanoparticles with cells.
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2. EXPERIMENTAL DETAILS
2.1. Materials

1-octadecene was purchased from Alfa Aesar. 4-morpholi-
neethanesulfonic acid (MES) was purchased from Pierce
and RPMI-1640 was purchased from Gibco. The other
chemicals were analytical reagents and purchased from
Shanghai Chemical Reagent Corporation, China. All
chemicals were used as received. Deionized water was
used for all the experiments.

2.2. Synthesis of Hydrophilic Monodisperse Magnetic
Nanoparticles

2.2.1. Synthesis of Monodisperse Fe;0, Nanoparticles

Synthesis of monodisperse Fe;O, nanoparticles was based
on reported work.'! In a typical experiment, 1.08 g of
FeCl; - 6H,0 and 3.65 g of sodium-oleate was dissolved
in a mixture solvent containing 6 ml water, 8§ ml ethanol
and 14 ml hexane. The resulting solution was stirred for
four hours at 70 °C. And then, the upper organic layer
containing iron-oleate was washed three times with 3 ml
water in a separatory funnel. After water and hexane was
evaporated off under vacuum, solid iron-oleate was col-
lected. The obtained 2.8 g iron-oleate and 0.5 ml oleic acid
was dissolved in 17 ml 1-octadecene, and the mixture was
heated to 320 °C with a constant heating rate of 3.3 °C/min
and then kept at that temperature for 30 min. After that,
the resulting solution was cooled and precipitated by addi-
tion of excess ethanol and centrifugation. And then, the
precipitate containing Fe;O, nanoparticles was washed
4-5 times with ethanol. Finally, Fe;O, nanoparticles were
stored for next surface modification.

2.2.2. Synthesis of Hydrophilic Fe;0, Nanoparticles.
Modified by DMSA

Synthesis of hydrophilic Fe;O, nanoparticles modified by
DMSA via surface double-exchange was according to our
previous work.” In a typical experiment, 200 mg as-made
Fe;0O, nanoparticles was dissolved in 20 mL chloroform
followed by addition of 100 uL triethylamine and a solu-
tion containing 100 mg and 20 mL dimethyl sulfoxide
(DMSO). The resulting solution was vortexed at 60 °C
for 24 hours. The initial solution became turbid, and the
black precipitate was observed. The black precipitant was
separated by centrifugation and washed three times with
ethanol. After that, the obtained precipitate was dissolved
in 200 ml ethanol to repeat reaction according to above-
described method. The final product was obtained by
centrifugation and washed with ethanol. Finally, DMSA-
Fe,O, nanoparticles were transferred into water for stabil-
ity investigation.
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2.3. Cell Culture and Intracellular Uptake of
Nanoparticles

Human epithelial mouth carcinoma cells (KB) and
human hepatoma cells (SMMC-7721) were used in cell
experiments. Cells were cultured at 37 °C in a 5% CO,
atmosphere, in a 24-well culture plate containing 0.6 ml
RPMI-1640 medium supplemented with 10% fetal calf
serum. And then, the cells were washed twice with PBS
to eliminate fetal calf serum, and incubated with nanopar-
ticles in RPMI-1640 without fetal calf serum for 12 hours.
To quantitate intracellular uptake of the nanoparticles, iron
concentration was quantified based on reported work.'
Three replicates were measured and the results were aver-
aged with standard deviation.

2.4. Characterization

The size and morphology of the particles were determined
by transmission electronic microscopy (TEM, JEOL, JEM-
200EX) operating at 120.0 kV. Samples were dropped,
either from chloroform or water, onto a carbon-coated cop-
per grid and dried under room temperature. The size of
aggregates under biological conditions was determined on
an atomic force microscope (AFM, PicoPlus, Agilent). To
prepare samples for AFM, a silica substrate was placed
on the bottom of a 25 x 25 weighing bottle containing
nanoparticles dispersion solution for two days, and then
nanoparticles precipitated on the substrate were washed
several times with water to get rid of residual salts and bio-
logical molecular that biological medium itself contained.
Furthermore, Photon Correlation Spectroscopy (PCS) was
used to determine hydrodynamic sizes of aggregates using
a,Submijcron Particle Analyzer (N4 Plus, Beckman Coul-
ter). Three replicates were measured and the results were

. averaged. Surface charge measurements were performed

with 12 Zeta Potential Analyzer (Delsa 440SX, Beckman
Coulter). Magnetic resonance imaging (MRI) measure-
ments were conducted using a 1.5 T MR spectrome-
ter (Marconi Elipse). UV-visible absorbance spectra were
recorded using a U-4100 spectrophotometer. IR spectra
were recorded on a Nicolet Nexus 870 FT-IR spectrometer
and powder samples were dried at 100 °C under vacuum
for 24 h prior to fabrication of the KBr pellet. Spectra

were recorded with a resolution of 2 cm™'.

3. RESULTS AND DISCUSSION

3.1. Stability of DMSA-Fe;0, Nanoparticles Under
Biological Conditions

The success of transferring monodisperse Fe;O, nanopar-
ticles from organic to aqueous phase via surface
double-exchange method has been confirmed in our pre-
vious work.” DMSA is used to exchange with long-
chain oleic acid on the surface of Fe;O, nanoparticles
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Fig. . TEM images of Fe;O, nanoparticles (a) and DMSA-Fe,0,

nanoparticles (b) dispersed in chloroform and water, respectively. Insert
is ED pattern of Fe;O, nanoparticles.

synthesized by thermal decomposition of iron-oleate.
DMSA first forms a stable coating through its carboxylic
chelating bonding and further stability is obtained through
intermolecular disulfide cross-linking between DMSA.
The remaining carboxylates ensure surface charges and
can be used for conjugating with biological molecules
and further applications. Figure 1 showed that Fe;O,
nanoparticles synthesized by thermal decomposition -were
monodisperse and kept monodispersity after surface mod-
ification with DMSA. Afterwards, we chose representative
water, RPMI-1640 with 10% (v/v) fetal calf serum, RPMI-
1640, PBS and MES as media in which DMSA-Fe;0,
nanoparticles were dispersed, to systematically investigate
their stability under biological conditions.

To quantify stability of DMSA-Fe;O, nanoparticles dis-
persed in water, RPMI-1640 with 10% (v/v) fetal calf
serum, RPMI-1640, PBS and MES, respectively, UV-
visible absorbance spectra were used to monitor the
absorbances of the corresponding dispersion solution con-

taining DMSA-Fe;O, nanoparticles at a fixed wavelength’ |

(450 nm).!>'* If nanoparticles are not stable and-sedi- ;

mentate rapidly, they can be monitored by a decreased'

absorbance as a function of time. Figure 2 shows “that
DMSA-Fe,0, nanoparticles dispersed in water and RPMI-
1640 with fetal calf serum present excellent stability,
whereas those dispersed in RPMI-1640 without fetal calf
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Fig. 2. Normalized UV-Vis absorbance of DMSA-Fe;0, nanoparticles

dispersed in (a) water, (b) RPMI-1640 with 10% (v/v) fetal calf serum,
(c) RPMI-1640, (d) PBS and (¢) MES, respectively, as a function of time.
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Table I. Average hydrodynamic sizes of aggregates of DMSA-Fe;0,
nanoparticles dispersed in different media. Note that no hydrodynamic
size of the RPMI-1640 with 10% (v/v) fetal calf serum itself is observed
in PCS measurement.

Time

Medium 0 day 1 day 2 days
‘Water 312.44+7.1 nm 31544+6.2 nm 319.8+8.6 nm
RPMI-1640 68.3+1.2 nm 71.1+1.1 nm 72.5+1.7 nm

with fetal

calf serum
RPMI-1640 513.8+12.6 nm 6784+ 13.5nm  965.7+20.6 nm
PBS 488.7+8.3 nm 549.94+9.6 nm 607.6+16.4 nm
MES 6773+ 11.2 nm 1197.24+30 1541.3£84.3 nm

serum, PBS and MES exhibit poor stability, because the
loss of the former is less than 20% after five days,
whereas the latter is larger than 80%. This result suggests
that DMSA-Fe;0, nanoparticles dispersed in RPMI-1640,
PBS'and MES aggregate rapidly, which is confirmed by
PCS result. PCS results (Table I) show that DMSA-Fe,0,
nanoparticles dispersed in all media exist as aggregates
which ~make them unstable, however, their aggregat-
ing degree and stability is different. For DMSA-Fe,0,
nanoparticles dispersed in water and RPMI-1640 with fetal
calf serum, the sizes of aggregates are about 312.4 and
68.4 nm, respectively, while for those dispersed in RPMI-
1640, PBS and MES, the sizes are about 513.8, 488.7 and
677:3'nm, respectively. Furthermore, the sizes of aggre-
gates of DMSA-Fe,O, nanoparticles dispersed in water
and RPMI-1640 with fetal calf serum almost don’t change
with time, whereas sizes of aggregates of those dispersed
in RPMI-1640, PBS and MES change observably. Based
on above results, we conclude that DMSA-Fe;O, nanopar-
I ticles dispersed in RPMI-1640 with fetal calf serum are
the rmost stable because its size of aggregates is the
smallest and almost doesn’t change with time. In con-
tfast, DMSA-Fe,0, nanoparticles dispersed in MES are
the most unstable.

LI

Fig. 3. T, relaxation times of media and corresponding dispersion solu-
tions containing DMSA-Fe;O, nanoparticles. The media are (a) water,
(b) RPMI-1640 with 10% (v/v) fetal calf serum, (c) RPMI-1640, (d) PBS
and (e) MES, respectively.
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Fig. 4. AFM images of DMSA-Fe,0, nanoparticles dispersed in (a) water, (b) RPMI-1640 with 10% (v/v) fetal calf serum, (c) RPMI-1640, (d) PBS

and (e) MES, respectively. The bars are 1 um.

Magnetic resonance image technology (MRI) is also a
powerful tool to investigate aggregation of nanoparticles.
As described in some work,'>!® the difference in aggre-
gation state of nanoparticles could result in remarkably
large concomitant changes in T, contrast. For example,
aggregation of nanoparticles can reduce T, value, result-
ing in a darker signal. So we compare aggregates of
DMSA-Fe;0O, nanoparticles dispersed in different media
through T, changes observed by MRI technology. Figure 3
shows T, values of medium itself and corresponding, dis-
persion solution containing DMSA-Fe;O, nanoparticles.
Their interaction is described as follows:

AT =T,y/Top

where T,, is T, of medium and 7, is T, of correspond-
ing dispersion solution containing DMSA-Fe,;O, nanopar-
ticles. We find that, for water, RPMI-1640 with fetal calf
serum, RPMI-1640, PBS and MES, AT values are 15.9+
0.21, 20.24+0.26, 5.1 £0.18, 6.7 +0.12 and 4.1 £0.22,
respectively. The smaller AT is, the better T, contrast
effect is, indicating a darker image. And it can be also

observed that AT values of RPMI-1640 with fetal calf
serum solution are 3—4 times more than that of RPMI-1640"

and MES solution. Since the nanoparticles and their con- !,
centrations used in MRI measurements are the same, this

result may be attributed to the difference of the sizes of
aggregates dispersed in different media, which is in accor-
dance with PCS results.

The above UV-vis, PCS and MRI measurements were
used to investigate aggregates, and then AFM measure-
ments were performed to observe the size of aggregates.
Figure 4 presents the sizes of aggregates of DMSA-Fe,0,
nanoparticles dispersed in water, RPMI-1640 with fetal
calf serum, RPMI-1640, PBS and MES, respectively. And
the relation of the sizes of aggregates among them is that:
MES > RPMI-1640 > PBS > water > RPMI-1640 with
fetal calf serum, which is consistent with previous results.

3.2. Effects of Fetal Calf Serum on Surface Property
and Stability of DMSA-Fe;O, Nanoparticle

Casey et al. found that single walled carbon nanotubes
could be well-dispersed in medium (F12K) with 5%
(v/v) foetal bovine serum (FBS), resulting from that both
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components of F12K and FBS interacted with carbon
nanotubes likely through a physisorption, observed by UV-
vis absorption spectroscopy, fluorescence spectroscopy and
Raman spectroscopy.!? And they found that although the
nanotubes were dispersed by the medium, they remained
as larger diameter bundled aggregates rather than individ-
ual nanotubes. Beside the effect of serum on stability men-
tioned above, we wonder whether serum can have a great
role in surface property of nanoparticles, because surface
property. is crucial to the applications of nanoparticles.
For this  purpose, zeta potential measurements were
firstly carried out to estimate the effect of fetal calf
serum on the surface charge of DMSA-Fe;O, nanoparticle.
Figure 5 is a plot of zeta potential versus pH for DMSA-
Fe; 0, nanoparticles and DMSA-Fe;0, nanoparticles pre-
cipitated from RPMI-1640 with fetal calf serum (Note that
zeta potential measurements were performed in water).
For DMSA-Fe;0, nanoparticles, no isoelectric point (IEP)
is observed, indicating that deprotonated carboxylates
(COO"™) are on the surface of nanoparticles and thus make
them negatively charged in the range of pH = 2-12. How-
ever, for DMSA-Fe;O, nanoparticles precipitated from
RPMI 1640 with fetal calf serum, an IEP is observed at
pH 4.5, suggesting that the surface charges of nanopar-
ticles ‘after precipitating from RPMI-1640 with fetal calf
sequm, change remarkably in comparison with DMSA-
Fe;O, nanoparticles. Then, IR spectra were recorded to
confirm that the change of surface charges does not result
from salts in RPMI-1640, but fetal calf serum. Figure 6
indicates IR spectra of DMSA-Fe;O, nanoparticles and
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Fig. 5. Zeta potentials of (a) DMSA-Fe;O, and (b) DMSA-Fe,0,
nanoparticles precipitated from RPMI-1640 with fetal calf serum.
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Fig. 6. IR spectra of (a) DMSA-Fe,O, nanoparticles, (b) DMSA-Fe,0,
nanoparticles precipitated from RPMI-1640 without fetal calf serum and
(c) DMSA-Fe,0, nanoparticles precipitated from RPMI-1640 with fetal
calf serum, respectively.

DMSA-Fe;0, nanoparticles precipitated from RPMI-1640
and RPMI-1640 with fetal calf serum, respectively.' We
find that IR spectra of DMSA-Fe;O, nanoparticles and
DMSA-Fe,;0, nanoparticles precipitated from RPMI-1640
are almost the same except for two characteristic' bands of
amide at 1650 and 1531 cm™!, which are also observed
by Mikhaylova et al.,'” indicating that amides-containing
molecules in fetal calf serum are adsorbed onto the sur-
face of DMSA-Fe;0, nanoparticles. Afterwards, we com-
pared the stability of DMSA-Fe;O, and DMSA-Fe;0,
nanoparticles with adsorbed amides-containing molecules
from fetal calf serum (serum-DMSA-Fe;O,) under vary-
ing pH and increased salts concentrations (NaCl). Like
Figure 2, Figure 7 illustrates that serum-DMSA-Fe;0,
nanoparticles exhibit their excellent stability to varying
pH and increased NaCl concentrations in comparison with
DMSA-Fe,0, nanoparticles, which is attributed to adsorp-

tion from fetal calf serum. This result gives' the rea- ¥

son that DMSA-Fe;O, nanoparticles can keep_stable. in
RPMI-1640 with fetal calf serum. Meanwhile, it indicates
that DMSA-Fe;O, nanoparticles keep stable mainly due
to electrostatic repulsion; however, serum-DMSA-Fe,O,
nanoparticles keep stable through steric repulsion. Based
on above results of zeta potentials, IR and stability con-
trast, we consider that, DMSA-Fe,O, nanoparticles dis-
persed in RPMI-1640 with fetal calf serum can readily
adsorb some molecules in fetal calf serum; the molecules
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Fig. 7. Stability of (a) DMSA-Fe;O, and (b) serum-DMSA-Fe,0,
nanoparticles to varying pH and increased salts concentrations.
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Fig. 8. Intracellular uptake of (a) DMSA-Fe;0, and (b) serum-DMSA-
Fe;O, nanoparticles to KB and SMMC-7721 cells.

adsorbed greatly affects the surface property of DMSA-
Fe, O, nanoparticles and thus improves their stability.

3.3. Intracellular Uptake of Nanoparticles

It is” well-known that intracellular uptake of nanoparti-
cles is| dependent on not only cell species,'® but also the
sizeband surface properties of nanoparticles.!**? Among
these factors, surface properties of nanoparticles may be
a key parameter. In in vitro cell experiments, RPMI-
1640 with 10% (v/v) fetal calf serum is a common
medium, where nanoparticles are usually added and incu-
bated with cells. As mentioned above, fetal calf serum
can affect surface property and stability of nanoparti-
cles. We thus infer that fetal calf serum may play a role
in intracellular uptake of nanoparticles. For testifying it,
we add DMSA-Fe;0, and serum-DMSA-Fe;O, nanopar-
ticles, respectively, into RPMI-1640 without fetal calf
serum, and incubate nanoparticles with cells for 12 hours.

| Figute 8:shows intracellular uptake of DMSA-Fe;O, and

serum-DMSA-Fe;O, nanoparticles by KB and SMMC-
7721 cells. It is found that intracellular uptake of serum-
DMSA-Fe;0, nanoparticles by KB and SMMC-7721 cells
increases greatly in comparison with that of DMSA-Fe;0,
nanoparticles, indicating that fetal calf serum should be a
considerable factor to intracellular uptake of nanoparticles.

4. CONCLUSION

We investigated stability of monodisperse DMSA-Fe,0,
nanoparticles under biologically relevant conditions, such
as water, RPMI-1640 with 10% (v/v) fetal calf serum,
RPMI-1640, PBS and MES. We found that, although
DMSA-Fe;O, nanoparticles could not keep stable in
RPMI-1640, PBS and MES, DMSA-Fe;0, nanoparticles
dispersed in RPMI-1640 with fetal calf serum presented
excellent stability, deriving from adsorption from fetal calf
serum onto the surface of DMSA-Fe;O, nanoparticles.
The adsorption from fetal calf serum not only affected
surface property of DMSA-Fe;O, and made them stable,
but also improved their intracellular uptake by KB and
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SMMC-7721 cells. So in the investigation of the inter-
actions between nanoparticles and cells in in vitro cell
experiments, fetal calf serum was a factor that should be
concerned on.

Acknowledgments: This work has been carried out
under financial support of the National Natural Sci-
ence Foundation of China (No. 60571031, 60501009 and
90406023) and National Basic Research Program of China
(No. 2006CB933200 and 2006CB705600). The author
would like to thank Mr. A. Q. Xu from the Analysis
and Testing Centre of Southeast University for technique
assistances.

References and Notes

1. Y. W. Jun, Y. M. Huh, J. S. Choi, J. H. Lee, H. T. Song, S. Kim,
S. Yoon, K. S. Kim, J. S. Shin, J. S. Suh, and J. Cheon, J. Am.
Chem. Soc. 127, 5732 (2005).

2. Y. M. Huh, Y. W. Jun, H. T. Song, S. Kim, J. S. Chei, J. H. Lee,
S. Yoon, K. S. Kim, J. S. Shin, J. S. Suh, and J. Cheon, J. ‘Am.
Chem. Soc. 127, 12387 (2005).

3. C.J. Xu, K. M. Xu, H. W. Gu, X. F. Zhong, Z. H. Guo, R. K. Zheng,
X. X. Zhang, and B. Xu, J. Am. Chem. Soc. 126, 3392 (2004).

4. L. Josephson, J. M. Perez, and R. Weissleder, Angew. Chem. Int.
Edit. 40, 3204 (2001).

5. A. Jordan, R. Scholz, K. Maier-Hauff, M. Johannsen, P. Wust,
J. Nadobny, H. Schirra, H. Schmidt, S. Deger, S. Loening,
W. Lanksch, and R. Felix, J. Magn. Magn. Mater. 225, 118 (2001).

J. Nanosci. Nanotechnol. 8, 6260—-6265, 2008

6. R. Z. Xu, Y. Zhang, M. Ma, J. G. Xia, J. W. Liu, Q. Z. Guo, and

N. Gu, [EEE. T. Magn. 43, 1078 (2007).

7. Z. P. Chen, Y. Zhang, S. Zhang, J. G. Xia, J. W. Liu, K. Xu, and
N. Gu, Colloids Surf. A: Physicochem. Eng. Aspects 316, 210 (2008).

8. B. D. Chithrani, A. A. Ghazani, and W. C. W. Chan, Nano Lett. 6,
662 (2006).

9. Y. Zhu, T. C. Ran, Y. G. Li, J. X. Guo, and W. X. Li, Nanotechnology
17, 4668 (2006).

10. A. Casey, M. Davoren, E. Herzog, F. M. Lyng, H. J. Byme, and
G. Chambers, Carbon 45, 34 (2007).

11. J. Park, K. J. An, Y. S. Hwang, J. G. Park, H. J. Noh, J. Y. Kim,
J. H. Park, N. M. Hwang, and T. Hyeon, Nat. Mater. 3, 891 (2004).

12. A. K. Gupta and M. Gupta, Biomaterials 26, 1565 (2005).

13. B. L. Frankamp, N. O. Fischer, R. Hong, S. Srivastava, and V. M.
Rotello, Chem. Mater. 18, 956 (2006).

14. R. De Palma, S. Peeters, M. J. Van Bael, H. Van den Rul, K. Bonroy,
W. Laureyn, J. Mullens, G. Borghs, and G. Maes, Chem. Mater. 19,
1821 (2007).

15. J. M. Perez, T. O’Loughin, F. J. Simeone, R. Weissleder, and
L. Josephson, J. Am. Chem. Soc. 124, 2856 (2002).

16. T. Atanasijevic, M. Shusteff, P. Fam, and A. Jasanoff, Proc. Natl.
Acad. Sci. USA 103, 14707 (2006).

17.. M. Mikhaylova, D. K. Kim, C. C. Berry, A. Zagorodni, M. Toprak,
A. S.(G. Curtis, and M. Muhammed, Chem. Mater. 16, 2344
(2004):

18. N. Kohler, C. Sun, J. Wang, and M. Q. Zhang, Langmuir 21, 8858
(2005).

19. F. X. Hu, K. G. Neoh, and E. T. Kang, Biomaterials 27, 5725 (2006).

20. K. M. K. Selim, Y. S. Ha, S. J. Kim, Y. Chang, T. J. Kim, G. H.
Lee, and I. K. Kang, Biomaterials 28, 710 (2007).

21. Y. Zhang, N. Kohler, and M. Q. Zhang, Biomaterials 23, 1553
(2002).

22. Y. Zhang and J. Zhang, J. Colloid Interf. Sci. 283, 352 (2005).

Received: 3 October 2007. Accepted: 4 February 2008.

6265



