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We have prepared and studied iron-oxide nanoparticles coated with oleitC&)cand Pluronic®
polymer. The mean diameter of the iron-oxide nanoparticles wa&t)®.8B nm. Saturation
magnetization values measured at 10 K varied from @8.%) emu/g to 98.7+0.5 emu/g. At

300 K the loops showed negligible coercive field. The peaks in zero-field-cooled susceptibility
decreased from 280 to 168 K with increasing OA concentration up to 10.6 wt %, and remained
nearly constant for higher concentrations. This suggests that incomplete coverage of the
OA allows small, interacting agglomerates to form.ZD05 American Institute of Physics
[DOI: 10.1063/1.1850855

I. INTRODUCTION II. SAMPLE PREPARATION AND MEASUREMENT

The use of nanoparticles for drug delivery is a topic of ~ Solutions of 0.1 M Féll) and 0.1 M Fél) in water
vigorous investigation. One approach is to package the drugere mixed with 5 M NH solution and the mixture was
in a polymer-coated magnetic nanoparticle and use an extegtirred for 20 min in a N atmosphere. After stirring, OA was
nal magnetic field to target the nanoparticle. The challengegdded and the solution was heated~t853 K for 30 min
are to develop a biocompatible material that has a long cirwhile stirring. Pluronic® F-127 was added after the solution
culation time, can be loaded with the drug, and has a largéooled to room temperature. Iron-oxide nanoparticles were
enough moment for magnetic targeting. recovered by ultracentrifugation, washed twice with deion-
Pluronic® block co-polymers can make phagocyte-ized (DI) water and re-dispersed in DI water by sonication.
resistant nanoparticles with long blood-circulation time. The relative concentratior(én wt %) of iron-oxide, OA and
Pluronic® is a water-soluble tri-block copolymer composedPluronic® were varied: € Pluronic® <60, 0<OA<21.9,
of a hydrophobic central segment of pgdyopylene oxidg ~ and 36.5<iron-oxide<100. Lyophilized powder samples
flanked by two hydrophilic segments of padghylene ox- were enclosed in polyethylene bags containing paraffin wax
ide). Pluronic® can be represented as ERQ,-EQ,, where  to prevent the particles from rotating in the measuring field.
a and b are the number of ethylene oxide and propylene
oxide units, respectivel. _ _ lIl. DISCUSSION
Iron oxides are the most-studied materials for magnetic
targeting because of their favorable magnetic properties Figure 1 shows a typical x-ray diffractioiXRD)
and high biocompatibility. Both are ferrimagnetic with powder-diffraction pattern. The similarity of maghemite and
magnetic transitions above 800°kBulk magnetite and magnetite XRD patterns makes it difficult to exclude the
maghemite have the highest saturation magnetizationormation of maghemite in the samples; however, the value
(Mg among the iron oxides(92—100 emu/g and of the saturation magnetization suggests that magnetite com-
60-80 emu/g, respective)l? prises a significant fraction of the sample. The iron-oxide
Oleic acid(OA) is used for steric stabilization in nonpo- nanoparticle diameter for all samples was 9.3+0.8 (see
lar solutions; however, OA has a low hydrophilic-lipophilic inset in Fig. 2 as obtained by an integral breadth analysis of
balance(HLB) value of 1, making stabilization in water the XRD peaks. This result is in agreement with the mean
difficult.* Adding Pluronic® block copolymer, which has a diameter of 8.9 nm from transmission electron microscopy
HLB value of 22, as a second layer enhances the dispersidifEM). Figure 2 shows a representative TEM micrograph
stability. and histogram of the size distribution.

0021-8979/2005/97(10)/10Q905/3/$22.50 97, 10Q905-1 © 2005 American Institute of Physics

Downloaded 30 Jan 2007 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1850855

10Q905-2 Morales et al. J. Appl. Phys. 97, 10Q905 (2005)

~ 12 N 90+ 027 il
g 10 L4 3
400 | T - o o ®0o T 2 J
3 g o @ — 3 K3
T g% Ses 7] 2 as{f |§ ]
’=T g L E ~p1ze
< 6 = [) 125 250
~ 40 60 80 100 c
%- Iron oxide wt. % L o Temperatare #9
2 200 ki
2 @
£ <
D457 300K 1
=
. 904 10K |
20 -4000 0 4000
20 (Degree) Field (Oe)

FIG. 1. XRD measurements of OA- and Pluronic®-coated iron-oxide nano|G. 3. The magnetization as a function of field for a sample with

particle powders. The inset shows the iron-oxide nanoparticle diametergz 4 wt % of iron-oxide nanoparticles, 40.8 wt % Pluronic®, and 21.8 wt %
obtained from XRD measurements as a function of iron-oxide oA measured at 10 Ksolid line) and 300 K(circles. The inset shows the
concentration. FC and ZFC susceptibilities.

M(H) loops were normalized to the magnetite mass as
determined by atomic absorption spectroscOppS). The
saturation magnetizatiofMg), remanence raties=M,/My),
and coercive fieldH.) were determined by fitting the mag-
netization curve with an analytical moaqi:lus a diamag-
netic background contribution.

Figure 3 showsvi(H) at 10 and 300 K in a sample with

The inset of Fig. 3 shows the field-cooled and zero-field-
cooled susceptibilitiesyzrc(T) and xgc(T). The measure-
ment was made at a field of 100 Ok, the position of the
peak, was determined from the zerodye(T)/dT. Tyax VS
OA concentration is shown in Fig. 4, where the leftmost two
points (at Owt% OA correspond to uncoated and

37.4 wt % of iron-oxide nanoparticles, 40.8 wt % Pluronic®, Pluronic®-coated iron-oxide nanoparticles. The particles
covered with only Pluronft have a similarT, . as the un-

0 .
and 21.8 wt % OA. As a function of OA conteilgat 10 K coated particles but a significantly higheMs of

increases from 66(10.7) emug to 98.7#0.5 emu/g re- . ) i
gardless of the relative concentration of iron oxide and Plu75'&io'5) emu/g. We attribute this to the effect of Plu

ronic®, and's varies from 0.20+0.01) to 0.31+0.01)., At ronic® preventing the nanoparticles from oxidizing and/or

300 K the loops show negligible coercive field, and the mag-agg$rzge£?é?ﬁhg temperatur@s is defined asTy=KV/25k
B B— 1

netization at 1.2 Tafter the diamagnetic background contri- . . ) .
. . whereV is the volume of the nanoparticlds§,is the magnetic
bution is remove ranged from 34.6:0.8 emu/g . : o
to 61.2+0.8) emu/g.M(H) loops measured at 300 K were anisotropy constant(vymch ranges from 1410°t0 5
AT ' X 10 J/m? for magnetitd®), andk is the Boltzmann con-

fit to a Langevin function weighted by a log-normal dis- stant. T, will be equal toTg only in systems with negli-

tribution of particle sizes, producing a mean particle size_. . . 2 .
comparable to that obtained by XRD and TEM. essuremants show at the ron-axide size s roughiy con
The sample without any Pluronic® or OA hadM of gnly

66.1+0.7) emu/g, which is comparable to that reported forstant for all samples. If the particles were noninteracting and

. . . superparamagnetid,,,, should be similarly constant; how-
10 nm magnetite nanoparuclgéihe Mg values at high OA Perp g max ) y '
: ver, Thax varies from a maximum value of 2885) K
concentrations are larger than those expected for bul S
. ; .10 168+5) K as the OA concentration increases. Thgy
maghemite. The smalldvig values relative to bulk magnetite . i
. . : . opserved at low OA concentration could be due to incom-
could be due to an increase in the surface anisotropy induce

by chemisorption of OA:®
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FIG. 2. A representative TEM micrograph and size distribution. FIG. 4. T« Vs OA concentration in wt %.
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plete coverage of the iron-oxide nanoparticles by the surtV. CONCLUSIONS

factant, allowing some nanoparticles to aggregate. We have synthesized iron-oxide nanoparticles coated
UsingK=1.4x 10* J/nm? (for magnetite yields a block-  with oleic acid and Pluronic® tri-block polymer. Magnetic

ing temperature of 168 K, which would require a meanmeasurements suggest that OA-coated iron-oxide nanopar-

nanoparticle diameter of about 20 nm. This is twice the sizdicles tend to aggregate. Pluronic® decreases aggregation,

obtained from XRD, TEM, and magnetization measure-mproves the stability of the suspension in water and in-
ments. Eurthermore. the ratibl./M. is smaller than the Ccreases blood circulation time. The combination of magnetic
. ' r S

value of 0.5 expected for noninteracting, randomly orienteaDrOpe.rt'es’ the ab.'“ty to incorporate 'a.cceptable am'ounts'of

inale-domain particle drug into the particles, and the stability of the particles in
sing -p : ) agueous suspension suggest that these materials are ideal
The most likely explanation of the observed phenomena. . didates for magnetically targeted drug delivery.

is that one or more layers of Pluronic® surround a small

group of OA-coated iron-oxide nanoparticles. Inside the agiA‘CKI\IOWLEDGMENTS
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