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bstract

SPION with appropriate surface chemistry have been widely used experimentally for numerous in vivo applications. In this study, SPION
tabilized by alginate (SPION-alginate) were prepared by a modified coprecipitation method. The structure, size, morphology, magnetic property
nd relaxivity of the SPION-alginate were characterized systematically by means of XRD, TEM, ESEM, AFM, DLS, SQUID magnetometer and
RI, respectively, and the interaction between alginate and iron oxide (Fe3O4) was characterized by FT-IR and AFM. The results revealed that

ypical iron oxide nanoparticles were Fe3O4 with a core diameter of 5–10 nm and SPION-alginate had a hydrodynamic diameter of 193.8–483.2 nm.
rom the magnetization curve, the Ms of a suspension of SPION-alginate was 40 emu/g, corresponding to 73% of that of solid SPION-alginate.

his high Ms may be due to the binding of Fe3O4 nanoparticles to alginate macromolecule strands as visually confirmed by AFM. SPION-alginate
f several hundred nanometers was stable in size for 12 months at 4 ◦C. Moreover, T1 relaxivity and T2 relaxivity of SPION-alginate in saline
1.5 T, 20 ◦C) were 7.86 ± 0.20 s−1 mM−1 and 281.2 ± 26.4 s−1 mM−1, respectively.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Alginate, a natural-occurring polyelectrolytic polysaccharide
ound in all species of brown algae and some species of bacteria,
s a linear polymer composed of �-l-guluronate (G) and �-d-

annuronate (M) units in varying proportions and sequential
rrangements, and is biocompatible and biodegradable in tissue
Gombotz and Wee, 1998; Robitaille et al., 1999; Bouhadir et
l., 2001). Alginates have also been widely studied for their abil-

ty to form gels in the presence of divalent cations (Nesterova
t al., 2000; Finotelli et al., 2004; Sreeram et al., 2004). Metal
lginate gels are ionotropic in nature, differing from the classi-

Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; XRD,
-ray diffraction; TEM, transmission electron microscopy; ESEM, environ-
ental scanning electron microscopy; AFM, atomic force microscopy; DLS,

ynamic light scattering; SQUID, superconducting quantum interference device;
RI, magnetic resonance image; FT-IR, Fourier transform infrared spec-

roscopy; Ms, saturation magnetizations
∗ Corresponding author. Tel.: +86 10 82801584; fax: +86 10 82802791.

E-mail address: qixr2001@yahoo.com.cn (X.-r. Qi).
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al type of gels in which long-chain molecules are held together
y simple van der Waals forces, and the macromolecular chains
re chelating polyvalent metal ions (Khairou et al., 2002). The
esign and construction of metal-containing nanoscale arrays is
challenge since such structures are expected to be indispens-

ble in the emerging technologies of this century.
Superparamagnetic iron oxide nanoparticles (SPION) with

ppropriate surface chemistry have been widely used experimen-
ally applications such as magnetic resonance imaging contrast
nhancement (Wang et al., 2001), immunoassay (Medina et al.,
004), hyperthermia (Jordan et al., 2001), magnetic drug deliv-
ry (Alexiou et al., 2000), magnetofection (Krotz et al., 2003),
ell separation/cell labelling (Olsvik et al., 1994; Bulte et al.,
001), etc. Furthermore, some SPION preparations have already
een approved for clinical use, especially for MR imaging,
uch as Endorem® (diameter 80–150 nm, Advanced Magnet-
cs) and Resovist® (diameter 60 nm, Schering) for liver/spleen

maging (Wang et al., 2001). Recently, functionalized magnetic
anoparticles conjugated with antibodies or receptors including
pidermal growth factor receptors (EGFRs) (Suwa et al., 1998),
er2/neu (Funovics et al., 2004) and folate (Sonvico et al., 2005)

mailto:qixr2001@yahoo.com.cn
dx.doi.org/10.1016/j.ijpharm.2006.10.006
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ave been widely studied. These applications need special sur-
ace coating of the magnetic particles, which has to be not only
on-toxic and biocompatible but also allow targetable delivery
ith particle localization in a specific area. Most work in this
eld has been done to improve the biocompatibility of the mate-
ials, but only a few scientific investigations and developments
ave been carried out to improve the quality of magnetic par-
icles, their size distribution, their shape and surface so as to
haracterize them to establish a protocol for their quality control.
he nature of surface coatings and their subsequent geometric
rrangement on nanoparticles determine not only the overall
ize of the colloid but also play a significant role in the bioki-
etics and biodistribution of nanoparticles in the body. Some
uthors have reviewed the different factors related to the clear-
nce of the iron oxide nanoparticles from blood: particle size,
ose, surface charge, coating material, stability in physiologi-
al environment, etc. (Gupta and Gupta, 2005). According to
he previous studies, the particle size plays a very important
ffect. The larger the particles, the shorter their plasma half-life.
he blood half-life of AMI-25 with a diameter of 80–150 nm is
nly 6 min and approximately 80% of the injected dose accu-
ulated in the liver and 5–10% in the spleen within minutes

f administration. However, the vascular half-life of NC10050
ith diameter of 20 nm was up to 3–4 h (Wang et al., 2001). It
as reported that the higher the surface charge, the shorter the

esidence time of SPION in the circulation (Neuberger et al.,
005).

In recent years, several investigations for the preparation
f iron oxide nanoparticles with alginate have been developed
Kroll et al., 1996; Llanes et al., 2000; Shen et al., 2003; Nishio
t al., 2004). The standard chemical synthesis consists of three
teps: (a) gelation of alginate and ferrous ion; (b) in situ pre-
ipitation of ferrous hydroxide by the alkaline treatment of
lginate; (c) oxidation of ferrous hydroxide with an oxidizing
gent such as O2 or H2O2. The methods mentioned above are
omplex, since it involves multiple recycles to produce iron
xide of about 50% content, needs control of the complicated
xidation reaction, and usually results in a nonmagnetic form
f iron oxide. Moreover, the way alginate interacts with iron
ons has not yet well been understood. It has been considered
hat the alginate polymeric backbone is more conformationally
estricted and hence it would result in the aggregation of iron
Sreeram et al., 2004). Thus, we attempt to develop a modi-
ed two-step coprecipitation method, involving (a) formation
f Fe3O4 particles by coprecipitation of ferric and ferrous ion
ith alkaline solution, and (b) combination of Fe3O4 particles

o alginate. Compared with the standard chemical synthesis
ethod, the preparation process is easier and SPION-alginate

roduced by this method will be of good stability and good
agnetism. It was reported that the reason for the stability of

extran-coated iron oxide particles was that a COO− terminal
f dextran bound to a Fe atom on the core surface (Kawaguchi
t al., 2001). Electrostatic repulsion between particles with the

ame electric charge prevents the aggregation of particles (Ravi
umar et al., 2004). Meanwhile, alginate has the structure with
any carboxyl groups as mentioned above. Hence, we specu-

ated the interaction between COO− of alginate and iron ion as
t
(
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ell as the electrostatic repulsion may make the SPION-alginate
table.

This study reports our efforts to understand the nature of the
ron ion-alginate of SPION-alginate and to develop a SPION-
lginate composite, which may be an application in magnetic
esonance imaging.

. Experimental

.1. Materials

Three kinds of sodium alginate of pharmaceutical grade,
ELTONE® LVCR (with a viscosity average molecular weight
f 54,000 and an M/G ratio of 1.5), KELTONE® HVCR (with
viscosity average molecular weight of 160,000 and an M/G

atio of 1.5) and MANUGEL® DMB (with a viscosity aver-
ge molecular weight of 124,000 and an M/G ratio of 0.6),
ere kindly donated by ISP Alginate Inc. Ferric chloride hex-

hydrate, ferrous chloride tetrahydrate and all other chemicals
sed for this study were of analytical grade with no further
urification.

.2. Preparation of Fe3O4 particles and SPION-alginate

SPION-alginate was prepared by coprecipitation of ferric
nd ferrous ion with sodium hydroxide (NaOH). The ferric and
errous chlorides (molar ratio of 2:1.5) were dissolved in dis-
illed water and chemical precipitation was achieved by adding
mol l−1 NaOH solution at 60 ◦C. Fifty microliters of sodium
lginate solution was added to the suspension and was stirred
igorously for 30 min. The mixture was heated at 80 ◦C with
low stirring for 1 h and then sonicated for 20 min. All the above
rocesses were run under total N2 protection. The obtained
uspension was dialyzed against deionized water with water
eplacement until there was no FeCl2 or FeCl3 in the dialysate
dentified by 0.1 mol l−1 of AgNO3 solution. Then the sus-
ension was centrifuged at 10,000 rpm for 20 min to remove
he solid material and the black supernatant, namely SPION-
lginate, was collected. A fraction of SPION-alginate was dried
ith a rotary evaporator at 50 ◦C to obtain a membranous solid

ample and then the solid sample was used for XRD, SQUID
nd FT-IR analyses.

Fe3O4 particles without alginate were also prepared as
escribed above, except that the solution was distilled water
nstead of sodium alginate solution.

.3. Content determination of Fe3O4 in SPION-alginate

The content of Fe3O4 in the suspension and solid sample of
PION-alginate was determined by o-phenanthroline method
fter 37.5% HCl acidation (Hagar et al., 2003).

.4. Particle structure analysis of SPION-alginate
XRD (APD-10, Philips, Netherlands) was performed to iden-
ify the structure of the SPION-alginate using Cu K� radiation
λ = 1.54056 Å) between 20◦ and 90◦ (2θ) at 27 ◦C.
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.5. Particle size, morphology and ξ-potential analysis

The size and morphology of Fe3O4 nanoparticles in the
PION-alginate were observed by TEM (JEM-1230, JEOL,
apan) and ESEM (QUANTA 200F, FEI, USA). The sample
or TEM analysis was obtained by placing a drop of SPION-
lginate suspension diluted by distilled water onto a copper grid
ithout any staining, and drying it in air at room temperature.
or ESEM analysis, the SPION-alginate was freeze-dried for
4 h to obtain solid samples.

The average hydrodynamic radius and the ξ-potential of algi-
ate solution and SPION-alginate were determined by DLS
Zetasizer ZEN 3600, Malvern, UK). All DLS measurements
ere done with an angle detection of 90◦ at 25 ◦C after diluting

he dispersion to an appropriate volume with water. The results
ere the mean values of two experiments using the same sample.

.6. AFM analysis

The size and surface topography of alginate macromolecules
LVCR) and alginate-Fe3O4 nanoparticles in SPION-alginate
ere analyzed by AFM with E-Scanner (NanoScope IV, Veeco,
SA). Measurements were performed both in liquid and in

ir. The concentration of alginate in the alginate solution and
PION-alginate was 0.0625% (w/w). For AFM analysis in

iquid, 10 �l of the alginate solution or SPION-alginate was
eposited onto freshly cleaved sheets of mica surface, and then
n image was made in contact mode with a V-shaped silicon
itride probe and a spring constant of 0.32 N/m. For AFM anal-
sis in air, 10 �l of the alginate solution or the SPION-alginate
as deposited briefly onto the newly cleaved mica surface, the

urface was air-dried in a dust-free enclosure for 24 h and was
maged in Tapping model Etched Silicon Probe (TESP) with

spring constant of about 20–100 N/m and a resonance fre-
uency of about 200–400 kHz. All the images were examined
y Nanoscope Image Analysis software and underwent by sec-
ion analysis and measurements, in which the “height” data type

ode was used.

.7. Magnetic property

Magnetic measurement was done using a SQUID magne-
ometer (MPMSXL-7, Quantum Design, USA). Magnetization
urves were recorded for a suspension and solid sample of
PION-alginate at 27 ◦C with an applied magnetic field up to
0,000 Oe.

.8. FT-IR analysis

The binding of Fe3O4 to alginate in a solid sample of SPION-
lginate was checked by FT-IR (AVATAR 360, Nicolet, USA).
T-IR spectra were obtained with KBr pellets and the spectrum
as taken from 4000–500 cm−1.
.9. MRI measurement

The T1 and T2 relaxation times (s) of the medium were
easured for different concentrations of SPION-alginate at

h
w
s
t
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0 ◦C using a 1.5 T clinical MRI scanner (GE HD, Milwau-
ee, WI, USA) with a quadrature transmit–receive head coil.
PION-alginate was diluted with saline before analysis to
ight Fe concentrations between 0.074 mM and 0.300 mM,
nd the saline was taken as a control sample. T1-weighted
mages were obtained with a multi-repetition SE sequence (TR
00 ms, 300 ms, 500 ms, 800 ms, 1200 ms; TE 9 ms; band-
idth 62.5 Hz; matrix 256 × 128; NEX 1) and T2-weighted

mages were obtained with an FSE sequence (TR 3000 ms;
E 6.3 ms, 12.55 ms, 18.8 ms, 25.05 ms, 31.03 ms, 37.55 ms,
3.8 ms, 50.05 ms; echo train length 8; echo spacing 6.25 ms;
andwidth 62.5 Hz; matrix 256 × 128; NEX 1). In both cases,
circular region of interest was selected in each sample and

he values of T1 and T2 relaxation times were obtained. The
ncrease in R1 and R2 relaxation rates (s−1, 1/T) with increasing
e concentration was analyzed by linear least squares regres-
ion analysis and correlation coefficients greater than 0.98 were
btained. T1 relaxivity and T2 relaxivity (s−1 mM−1) were cal-
ulated from the slope of the linear plots of R1 and R2 versus
e concentration (Simon et al., 2006).

. Results and discussion

.1. Content of Fe3O4 in SPION-alginate

The Fe3O4 contents in solid samples of SPION-alginate var-
ed with the type of alginate (Fig. 1a), but rarely changed when
he concentration of alginate (LVCR) increased from 1% to 4%
w/w) (Fig. 1b). The content of Fe3O4 in SPION-alginate pro-
uced with LVCR alginate is twice as high as that produced
ith HVCR alginate or DMB alginate. Thus, the low molecular
eight of alginate is beneficial for the formation of SPION-

lginate with high iron content. The interaction between alginate
nd iron ions could be explained by a site-binding model, i.e. iron
ons are bound to binding sites in the alginate and form spatially
eparated iron ion centers on the alginate backbone (Sreeram et
l., 2004). So, the higher the molecular weight of alginate, the
ore it is conformationally restricted to form SPION-alginate
ith higher iron content. Furthermore, although G sequences of

lginate are superior to complexes with iron ions compared to M
equences (Llanes et al., 2000), complex formation is possible
ith both G and M sequences since the iron content is similarly
roduced with LVCR alginate (M/G ratio of 1.5), HVCR algi-
ate (M/G ratio of 1.5), or DMB alginate (M/G ratio of 0.6). In
ddition, the Fe3O4 content in SPION-alginate produced with
wt% LVCR alginate can reach to 50% (w/w). In a suspen-

ion sample of SPION-alginate, the Fe3O4 concentrations were
–4 mg ml−1 when prepared with LVCR alginate at concentra-
ions of 1%, 2%, or 4% (w/w).

In this study, two steps are involved in the preparation of
PION-alginate: (1) formation of Fe3O4 by coprecipitation of
erric and ferrous ion with alkaline solution; (2) binding of algi-
ate polymer to iron oxide. It is easier to produce Fe3O4 with

igher iron oxide content and better magnetism in comparison
ith the methods described in Section 1, which included three

teps. It is known that Fe3O4 magnetism is usually higher that
hat of �-Fe2O3. Iron oxide prepared by the three-step method is
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ig. 1. The effects of alginate types (a) and alginate (LVCR) concentrations (b)

sually �-Fe2O3 with an Ms of 30 emu/g at room temperature,
nd it usually results in the nonmagnetic form of iron oxide such
s ferric oxyhydroxide (FeOOH) during the oxidation reaction
rocess. Furthermore, multiple recycles are necessary to obtain
ron oxide with a higher content (Kroll et al., 1996; Llanes et al.,
000; Shen et al., 2003; Nishio et al., 2004).

.2. Particle structure analysis of SPION-alginate by XRD

Fig. 2 shows the XRD pattern for alginate-Fe3O4 nanoparti-
les. There are seven characteristic peaks of 2θ, 30.100, 35.640,
3.257, 53.502, 57.180, 62.820 and 73.984, and the correspond-
ng intensities (I%) with height are 25.0, 100.0, 27.5, 11.1,
1.6, 59.0 and 8.6, respectively. These results revealed that the
articles were Fe3O4 with a spinal structure. The peaks were
roadened due to the small size of crystallites. The average diam-

ter of the crystals (in angstroms), D, was calculated with the
cherrer formula, D = κλ/(β cos θ), where λ is the X-ray wave-

ength, κ the shape factor, θ the Bragg angle (in degrees) and
is line broadening measured at half-height and expressed in

Fig. 2. X-ray diffractogram of SPION-alginate.

f
I
a

3O4 content in a solid sample of SPION-alginate (mean ± S.D., three batches).

nits of 2θ (Wan et al., 1996). In the case of this XRD, κ = 1,
= 1.54056 Å for Cu K� source. The average particle size of
e3O4 in the SPION-alginate was 2.6 nm from the seven Bragg
ngle mentioned above.

.3. Particle size, morphology and ξ-potential analysis by
EM, ESEM and DLS

The typical TEM image of Fe3O4 nanoparticles in SPION-
lginate is shown in Fig. 3. It was clear that the Fe3O4 particles
ere cubic shaped and monodispersed with a diameter of about
0 nm. The ESEM micrograph for the alginate-Fe3O4 nanopar-
icles in SPION-alginate in Fig. 4 indicated that the alginate-
e3O4 nanoparticles seemed like the sponge, and Fe3O4 may be
mbedded in alginate substrate.
The hydrodynamic radius of SPION-alginate prepared at dif-
erent concentrations of alginate (LVCR) is shown in Table 1.
t is evident that the average hydrodynamic radius of SPION-
lginate increased from 193.8 nm to 483.2 nm with an increasing

Fig. 3. TEM image of Fe3O4 nanoparticles in SPION-alginate.
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Table 1
Hydrodynamic radius (Z-average) and ξ-potential for SPION-alginate produced with different concentrations of alginate (LVCR) after storage at 4 ◦C (n = 2)

Time (months) 1 5 7 12

Alginate concentration (%, w/w) 1 2 4 1 2 1 2 1 2
Z-average (nm) 193.8 350.7 483.2 161.6 263.7 161.2 276.1 160.9 264.3
Polydispersity 0.209 0.264 0.204 0.213 0.217 0.215 0.216 0.207 0.116
ξ −6
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-potential (mV) −67.5 – –

he ξ-potential of alginate macromolecules was −71.8 mV measured by DLS.

oncentration of alginate. This value seems quite large com-
ared with the size of Fe3O4 (10 nm by TEM in Fig. 3), but it
an be explained by the polydispersity of the alginate used here,
ecause a Z-average hydrodynamic radius of 200–500 nm was
etermined for the pure alginate solution. Since the scattered
ight intensity shows quadratic dependence on the volume of
catterer according to the classical Rayleigh theory, the contri-
ution of larger molecules is more pronounced in a polydisperse
ample in general (Sipos et al., 2003).

In this study, the ξ-potential of SPION-alginate made with
lginate (LVCR) of 1%, 2% and 4% (w/w) were in the range
f −57.0 mV to −75.7 mV (Table 1), which was not signifi-
antly different from that of alginate solution (−71.8 mV). The
harge of SPION-alginate may come from the carboxyl group
f alginate. No sedimentation was observed in the bottle of the
PION-alginate filled with nitrogen gas even after 12 months
f storage at 4 ◦C at pH 7.0. One of the reasons for the high
tability of SPION-alginate may be the binding of the carboxyl
roup of alginate to iron oxide nuclei, which similar with the
eport of Massart et al. (Massart et al., 1995; Bee et al., 1995).
t was reported that the specific adsorption of citrate anions on
he ferric oxide surface can inhibit the growth of the maghemite
articles and make the particles very stable over a wide range

f pH. Furthermore, the ξ-potential is an important character-
stic as it can influence particle stability. In theory, more pro-
ounced ξ-potential values, no matter positive or negative, tend

ig. 4. ESEM micrograph of alginate-Fe3O4 nanoparticles in freeze-dried
PION-alginate.
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1.7 −75.7 −59.7 −57.0 −59.1 −67.9

-alginate was filled with nitrogen gas to avoid oxidation. (–) Not determined.

o stabilize particle suspension. Electrostatic repulsion between
articles with the same electric charge prevents the aggregation
f particles (Ravi Kumar et al., 2004). The results suggest that
PION-alginate would be stable for at least 1 year.

.4. AFM analysis

AFM was applied to investigate SPION-alginate in an aque-
us environment. In recent years, compared to ESEM and TEM
ethods, AFM has appeared to be an appropriate technique for

wo reasons (Drake et al., 1989): (1) AFM can explore the con-
act lens surface in aqueous environment; (2) AFM can provide

icroscopic information with a spatial resolution relevant to
tomic scale measurements.

AFM images for alginate macromolecules and SPION-
lginate are presented in Fig. 5. We did not observe alginate
acromolecules in alginate solution (Fig. 5a), which may be

xplained by the electric repulsion of the alginate solution and
ica surface. It is well known that the surface charge of mica

s negative and the ξ-potential of alginate solution is −71.8 mV
based on DLS in Table 1). The “bright point” in Fig. 5a only
emonstrated that the probe had contact with the surface of mica.

As shown in Fig. 5b for alginate in air, the strands of algi-
ate macromolecules seemed like “branches” of a tree. Tracing
cross individual alginate strands provided an estimate of width
f the alginate macromolecules, by measuring the molecular
eight relative to the mica surface. The results showed that
he average width of a single strand is 2.729 nm (Table 2),
hich was consistent with the size determined by others (Decho,
999). In Fig. 5c for SPION-alginate in liquid, the “bright spot”
an be inferred to be iron oxide, the average size of which is
.678 nm (Table 2). The observed variability in the width of
lginate molecules may be explained by the physical structure
f the molecules. The two monomers G and M are arranged as
series of block structures including M-blocks (-M-M-M-M),
-blocks (-G-G-G-G) and M-G-blocks (-M-G-M-G). When an
-G-block is present, there is an abrupt right angle change in

he orientation of the polymer molecules. Consequently, “kinks”
s in Fig. 5b may correspond to -M-G- linkages. As shown in
ig. 5d for SPION-alginate in air, it is clear that Fe3O4 nanopar-

icles bind to the strands of alginate macromolecules. We spec-
late that the COO− terminal of alginate macromolecules may
ind Fe3O4 nanoparticles. Meanwhile, it was found that some

lginate macromolecules formed an “egg-box” structure as a
esult of interactions between alginate macromolecules and iron
ons of Fe3O4 particles. On the other hand, the measured average
ize of Fe3O4 is 7.530 nm (Table 2) in air, larger than 4.678 nm
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Fig. 5. Topographic images by AFM and corresponding section analysis of (a) alginate (LVCR) solution with contact model; (b) alginate (LVCR) in air with
tapping model; (c) SPION-alginate in liquid with contact model; (d) SPION-alginate in air with tapping model. The thickness of alginate strands and size of Fe3O4

nanoparticles in SPION-alginate are measured by height (nm) on the y-axis (vertical). Arrows represent markers for width measurements (section analysis).
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Table 2
The average size of alginate macromolecules in air, Fe3O4 nanoparticles in SPION-alginate in liquid and Fe3O4 nanoparticles in SPION-alginate in air determined
by AFM

Sample Substrate depth (nm) Threshold height (nm) Grain heighta (nm)

Alginate macromolecules in air 12.781 1.564 2.729
Fe3O4 nanoparticles in SPION-alginate in liquid 9.840 2.567 4.678
F
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e3O4 nanoparticles in SPION-alginate in air 51.022

a The “grain height” notes the average size of the sample in Fig. 5.

easured in liquid, indicating that some Fe3O4 nanoparticles
ggregated slightly, which may be caused by the drying pro-
ess.

.5. Magnetic property

Magnetization curves (M–H loop) for the suspension and
olid sample of SPION-alginate at 300 K are illustrated in Fig. 6.

agnetization did not reach saturation, even at the maximum
pplied magnetic field of 10,000 Oe, and no hysteresis was
ound, which indicated that the nanoparticles were superpara-
agnetic (Shafi et al., 1998; Vijayakumar et al., 2000). This

ould be attributed to the fact that the magnetic nanoparticles
ere so small that they may be considered to have a single
agnetic domain. It has been reported that single domains of
aghemite, �-Fe2O3, or magnetite, Fe3O4 are about 5–20 nm

n diameter (Gupta and Gupta, 2005). Therefore, the size of
e3O4 nanoparticles in this study was inferred to be around
–10 nm, consistent with the results of TEM observation (about
0 nm in Fig. 3), AFM analysis (4.678 nm in liquid and 7.530 nm
n air in Fig. 5) and the calculated value of XRD (2.6 nm in
ig. 2) using Scherrer’s formula. From the magnetization curve,
he Ms of the solid samples with Fe3O4 content of 12.5% and
7.0% were 55 emu/g and 52 emu/g, respectively, while the Ms
f corresponding suspension samples with Fe3O4 content of
.09 mg ml−1 and 3.02 mg ml−1 were 40 emu/g and 38 emu/g,

ig. 6. Magnetization curve (M–H) of SPION-alginate at 27 ◦C. (a) Solid sample
ith Fe3O4 content of 12.5%; (b) solid sample with Fe3O4 content of 47.0%; (c)

uspension sample with Fe3O4 content of 1.09 mg ml−1; (d) suspension sample
ith Fe3O4 content of 3.02 mg ml−1.
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espectively. Therefore, the Ms of suspension samples were both
3% of solid samples.

Compared with the Ms of bulk Fe3O4 (92 emu/g), the Ms
f SPION-alginate (55 emu/g) was lower, which might be
ttributed to the decreased particle size and the concomitant
ncrease in surface area. It is known that the energy of a mag-
etic particle in an external field is proportional to its size via
he number of magnetic molecules in a single magnetic domain.

hen this energy becomes comparable to thermal energy, ther-
al fluctuations will significantly reduce the total magnetic
oment in a given field (Upadhyay et al., 1995; Shafi et al.,

998; Vijayakumar et al., 2000). Therefore, the magnetic prop-
rties of nanoparticles are usually smaller than those of the
orresponding bulk materials. The Ms of 55 emu/g of magnetite
anoparticles in this study is better than the experimental value
ange of 30–50 emu/g (Gupta and Gupta, 2005). For synthe-
ized magnetic nanoparticles, alginate can protect Fe3O4 of good
agnetism from oxidizing to Fe2O3 of poor magnetism, since

anometer magnetite particles are very sensitive to the pres-
nce of oxygen and are rapidly oxidized to maghemite or to a
agnetite–maghemite substitutional series. Moreover, based on
FM, Fe3O4 nanoparticles bound with alginate macromolecule

trands, like “fruit” in the “tree”, were visually confirmed. The
ood magnetism of the solid sample and suspension sample may
ontribute to the way Fe3O4 nanoparticles bind to alginate, not
imply coated by polymer. If alginate coated the Fe3O4 nanopar-
icles completely, the magnetism would decrease significantly,
ince the effective hydrodynamic radius of the nanoparticles was
uch larger than their core radius (Denizot et al., 1999).

.6. FT-IR analysis

The binding of Fe3O4 to alginate was also confirmed by
T-IR analysis. Fig. 7 shows FT-IR spectra of Fe3O4 parti-
les, SPION-alginate and alginate (LVCR). FT-IR spectra of
ron oxide exhibited strong bands in the low-frequency region
1000–500 cm−1) due to the iron oxide skeleton. Depending
n Fe(II) content, this pattern is consistent with the magnetite
Fe3O4) spectrum (band 570 cm−1) or maghemite (�-Fe2O3)
pectrum (broad band 520–610 cm−1), and in other regions, the
pectra of iron oxide have weak bands (Nyquist and Kagel,
971). It is obvious that the characteristic band of Fe-O at
72.95 cm−1 appears in the FT-IR spectrum of Fe3O4 particles.

s for the alginate (LVCR) spectrum, the carboxyl group of algi-
ate has a single-band character of υas(COO−) and υs(COO−),
nd the values are 1716 cm−1 and 1464 cm−1, respectively. In
he spectrum of SPION-alginate, υas(COO−) and υs(COO−)
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Fig. 7. FT-IR spectra of Fe3O4 partic

ere shifted to lower frequencies of 1610 cm−1 and 1414 cm−1,
nd υ(Fe-O) to a higher frequency of 617 cm−1, suggesting that
e3O4 was bound to alginate. This can be interpreted by assum-

ng that the COO− terminal of alginate coordinates to Fe of
e3O4 by complex formation. As a result, Fe3O4 nanoparticles
ere bound with alginate and this interaction might be as strong

s a hydrogen bond, which also explains the high stability of
PION-alginate. If the interaction between Fe3O4 and alginate
as only attributed to intermolecular force, Fe3O4 would disso-

iate from alginate and SPION-alginate would not be so stable.
.7. T1 and T2 relaxivities

T1-weighted and T2-weighted images of SPION-alginate
ith different Fe concentrations are shown in Fig. 8. It is obvi-

m
o
t
r

ig. 8. T1-weighted (a) and T2-weighted (b) images of SPION-alginate in saline with
0 ◦C), and physiological saline was taken as a control sample.
PION-alginate and alginate (LVCR).

us that T1-weighted images of SPION-alginate were brighter
han that of the saline, while T2-weighted images were darker.
1 relaxation times decreased from 1450 ms to 400 ms with

ncreasing Fe concentration from 0.074 mM to 0.300 mM,
hile T2 relaxation times reduced from 40 ms to 10 ms. T1

nd T2 relaxivities of SPION-alginate in saline (1.5 T, 20 ◦C)
ere 7.9 ± 0.2 s−1 mM−1 and 281.2 ± 26.4 s−1 mM−1 (n = 3),

espectively, and the relative magnitude of T1 and T2 relaxiv-
ty was 35.7, indicating that SPION-alginate has moderate T1
hortening and a strong T2 shortening effect.

The enhancement of R1 produced by iron oxides requires inti-

ate contact between water molecules and the surface of iron

xide. The clustering of superparamagnetic crystals decreases
he surface of iron oxide in contact with solvent; since T1
elaxivity is a function of the surface area, it decreases with

Fe concentration from 0.0741 mM to 0.300 mM using an MRI scanner (1.5 T,
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ncreasing cluster size. The enhancement of T2 relaxivity reflects
he ability of magnetic particles to distort the local magnetic field
Josephson et al., 1988).

Resovist® is a commercial MR contrast agent used clini-
ally, of which the T1 and T2 relaxivities in blood (1.5 T, 37 ◦C)
re 7.2 ± 0.1 s−1 mM−1 and 82.0 ± 6.2 s−1 mM−1, respectively.
1 relaxivity of SPION-alginate (7.9 ± 0.2 s−1 mM−1) can be
ttributed to the fact that iron oxide was not coated by alginate, as
onfirmed by AFM, thus it makes iron oxide accessible in contact
ith water molecules. On the other hand, the higher T1 relaxiv-

ty of SPION-alginate (281.2 ± 26.4 s−1 mM−1) indicates that it
an produce strong local inhomogeneity in the applied magnetic
eld, hence allowing SPION-alginate at lower concentration to
roduce comparably in vivo effects on relaxation. Due to high T2
elaxivity, SPION-alginate is particularly suited to T2-weighted
maging. Therefore, it can be used as a negative MR contrast
gent.

. Conclusions

SPION-alginate was prepared using a modified two-step
oprecipitation method. The results revealed that typical iron
xide nanoparticles were Fe3O4 with a core diameter of
–10 nm and SPION-alginate had a hydrodynamic diameter
f 193.8–483.2 nm. Magnetic measurement showed that Fe3O4
anoparticles in SPION-alginate were superparamagnetic with
n Ms of 40 emu/g, corresponding to 73% of that of solid SPION-
lginate (55 emu/g). This high Ms may be due to Fe3O4 nanopar-
icles binding with alginate macromolecule strands like “fruit”
n the “tree”, which was visually confirmed. SPION-alginate
as very stable in size and ξ-potential at pH 7.0 for 12 months
f storage at 4 ◦C. In addition, compared to other SPION prepa-
ations that have already been used clinically, SPION-alginate
as a similar or lower T1 relaxivity while T2 relaxivity is very
igh. Hence, SPION-alginate may be used as a negative contrast
gent.
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J.P., 1999. Studies on small (<350 �m) alginate-poly-l-lysine microcap-



1 al of P

S

S

S

S

S

S

S

U

V

86 H.-l. Ma et al. / International Journ

sules. III. Biocompatibility of smaller versus standard microcapsules. J.
Biomed. Mater. Res. 44, 116–120.

hafi, K.V.P.M., Gedanken, A., Prozorov, R., Balogh, J., 1998. Sonochemical
preparation and size-dependent properties of nanostructured CoFe2O4 par-
ticles. Chem. Mater. 10, 3445–3450.

hen, F., Poncet-Legrand, C., Somers, S., Slade, A., Yip, C., Duft, A.M., Win-
nik, F.M., Chang, P.L., 2003. Properties of a novel magnetized alginate for
magnetic resonance imaging. Biotechnol. Bioeng. 83, 282–292.

imon, G.H., Bauer, J., Saborovski, O., Fu, Y., Corot, C., Wendland, M.F.,
Daldrup-Link, H.E., 2006. T1 and T2 relaxivity of intracellular and extra-
cellular USPIO at 1.5 T and 3 T clinical MR scanning. Eur. Radiol. 16, 738–
745.
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