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ABSTRACT

We report the synthesis, characterization, and covalent surface chemistry of “magnetomicelles”, cross-linked, amphiphilic block-copolymer

micelles that encapsulate superparamagnetic iron oxide nanoparticles. Because these composite nanostructures assemble spontaneously

from solution by simultaneous desolvation of nanoparticle and amphiphilic poly(styrene 250-block -acrylic acid 13) components, explicit surface
functionalization of the particles is not required, and the encapsulation method was applied to different magnetic nanoparticle sizes and
compositions. TEM images of the magnetomicelles illustrated that the number of encapsulated particles could be dictated rationally by synthetic
conditions. The magnetic properties of the particles were characterized by SQUID magnetometry and followed the general Langevin magnetic

model for superparamagnetic materials. The micellar shells of these particles were functionalized using covalent chemistry that would not
ordinarily be possible on the magnetic particle surface. As a result, this noncovalent approach provides a new route to technological applications

of hydrophobic magnetic nanomaterials that lack appropriate conjugate surface chemistry.

Magnetic nanoparticles are playing increasingly important water-soluble, composite nanostructuitiderein, we report
roles in biotechnology and biomedicih&or example, they  that amphiphilic poly(styrenerblockacrylic acids) (PSso
have been used as carriers for magnetic drug targétisg, b-PAA;3) copolyolefin similarly coassembles with magnetic
tags for biomolecular sensot$éand in biomolecule separa- nanoparticles to enclose the particles within copolymer
tion and purificatior?, 7 in vivo imaging® 1% and magneto-  micelles (Scheme 1).
thermal therapy®'2As these and other applications become  Furthermore, we demonstrate that the surrounding polymer
more sophisticated, precise control over the stability and can be cross-linked to fix the nanostructures topologically
surface functionality of magnetic nanostructures is critical. and these structures are stable to further synthetic transfor-
Surface coatings for magnetic nanoparticles have beenmations of surface functional groups. Because shell assembly
developed that prevent aggregation, enhance compatibilitydoes not require covalent interaction between the copolymer
of nanoparticles with solid matrices or improve their stability shell and the nanoparticle core, we argue that this method is
in suspension, and provide chemical handles for further particularly well suited to protecting and functionalizing
conjugation. This has been achieved by covalent attachmentmaterials such ag-Fe,Os for which strongly binding surface
of small-molecule ligand$!® by adsorption of passivating ligands are not readily available.
polymerst4-1¢ or by ligand-initiated growth of silicg2* or To synthesize magnetic-core copolymer-shell nanostruc-
polymer shell®23 around the particles. An alternative tures, we used an approach developed previously to encap-
approach to stabilizing and functionalizing magnetic nano- sulate gold nanoparticl&sand carbon nanotub®swithin
particles in aqueous solution involves the spontaneous self-block-copolymer micelles. Initially, oleic acid-stabilized,
assembly of magnetic core, amphiphile block-copolymer monodisperse/-Fe,0O; nanoparticles were synthesized by
shell nanostructures. For example, Euliss et al. demonstratedhermal decomposition of Fe(COn hydrocarbon solvent,
recently that amphiphilic block copolypeptides can be followed by further oxidation using (CHtNO, as previously
assembled around clusters)of-e,03; nanoparticles to form  reportec®” This synthesis yielded relatively monodisperse
and crystalliney-Fe0O; nanoparticles, which were character-
*To whom correspondence should be addressed. E-mail: taton@ ized by transmission electron microscopy (TEM) (Figure 1a),
chem.umn.edu. selected-area electron diffraction (SAED), and X-ray dif-
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b-PAA;13 (M, = 27 000 g/mol; PDI= 1.15)2° was synthe-
sized via atom-transfer radical polymerization following a
published protoca® The block copolymer was first dissolved

in N,N-dimethylformamide (DMF), a good solvent for both
the hydrophobic (PS) and hydrophilic (PAA) blocks. A
solution of nanoparticles in tetrahydrofuran (THF) was then
combined with the DMF solution of polymer in a defined
ratio, and water was added gradually to this mixture to
desolvate both the particles and the hydrophobic polymer
block simultaneously. In the absence of block copolymer,
y-F&03 nanopatrticles flocculated from suspension as water
was added. However, in the presence ofsRISPAA;3, water
served as a selective nonsolvent for both the hydrophobic
PS block and hydrophobic nanoparticles and induced the
formation of micelles around the nanopatrticles. Encapsulation
of oleic acid-capped particles was successful, but the quality
of the micelles (as determined by TEM images at this stage)
was improved qualitatively if the oleic acid was first
exchanged for 11,11-bis-hydroxymethyl undecosane (diol),
a better surface ligand for-Fe0:.51% The PAA block of

the assembled copolymer was fixed permanently witf 2,2
(ethylenedioxy)bis(ethylamine) cross-linker adebthyl-N'-
(3-dimethylaminopropyl)carbodiimide methiodide (EDC)
activator?>2630 The amounts of cross-linker and activator
used were calculated based on the number of acrylic acid
monomer units present in the original polymer concentration;
0.50 equiv activator and 0.25 equiv diamine cross-linker were
sufficient to yield magnetomicelles that could be stored stably

further manipulation. Excess reagents were removed by
dialysis (Spectra/Por 4, MWCG= 12-14 K) of the
suspension against Nanopure water (18)Vafter cross-
linking, followed by successive cycles of filtration and
centrifugation. This procedure afforded magnetomicelles in
which particles were confined exclusively within micelle
cores (Figure 1b).

The average number of encapsulated particles per micelle
(Nave could be controlled by varying the relative starting
concentrations of nanoparticles and polymer (Figure 2).
Increasing numbers of nanoparticles were incorporated into
each micelle with increasing particle concentration, and the
distribution of particles among micelles in each sample was
roughly Gaussian. This behavior is consistent with the
nanoparticles acting as simple hydrophobic solubilizates that
localize to micelle cores in aqueous solut®i? As is the
case for small-molecule solute swelling of polymer mi-
celles® the size of magnetomicelles scaled with the number
of encapsulated nanoparticle solubilizates (Figure 2g). We
observed similar behavior previously in the encapsulation
of small @ < 10 nm) metal nanoparticlé$. Surface
templating in that study allowed gold particles wih> 10
nm to be singly encapsulated in BRAA, but we were
unable to synthesize magnetomicelles containing exclusively
one y-Fe0O; particle in this work, even at low starting
nanoparticle concentrations.

In samples in which a substantial fraction of micelles

for months but still possessed free surface carboxylates forcontain one or few particles, the thick polymer shell had the

Figure 1. TEM images of 10.9 nny-Fe,O3 nanopatrticles (a) before
and (b) after encapsulation within Rgb-PAA,; micelles.

1988

expected effect of limiting magnetic coupling between
particles. To characterize this effect, we characterized
magnetomicelle samples with differehk,. by supercon-
ducting quantum interference device (SQUID) magnetometry
(Figure 3). Measuredl—H curves showed no hysteresis,
indicating that they-Fe,0; nanoparticle assemblies were
superparamagnetic. All data could be fit to the Langevin
function for paramagnetic particlésRelative susceptibilities,

k, (measured by the slope at thé—H curve origin) for
samples of magnetomicelles wilhy > 4 were identical to
those measured for diol-capped-e,0; nanoparticle starting
material that had been concentrated and dried onto a
substrate. This indicated efficient magnetic coupling between
particles in these magnetomicelles. HoweWr; H curves
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Figure 2. (a—c) TEM images of 10.9 nm-Fe,03 nanoparticles encapsulated within,gR®-PAA; 3 micelles, synthesized withy {F&O0s]initial

= (a) 0.10 mg/mL, (b) 0.30 mg/mL, and (c) 0.50 mg/mL at fixed polymer concentrationgHBF AA13]initia = 0.10 mg/mL) in 50:50
DMF/THF. (d—f) Corresponding histograms of the number of counted partit¢®fcapsulated within each micelle for samples shown
in a—c, averaged over 500 magnetomicelles. (g) Average diameter of selected magnetomicelles obtained fradelERE(a function

of N. Because deposition and drying on the TEM grid commonly affect the observed diameter of mfdeflgs values do not necessarily
represent the actual diameters of the magnetomicelles in suspension.

for samples witiN,.e < 4 showed lower relative susceptibil-  for their use in biotechnological applications that are com-
ity, which we attribute to less effective coupling caused by monly performed with magnetic microbeads, such as bio-
increased first-neighbor distan&e. molecule and cell separation.

Magnetomicelles containinla.e > 13 in aqueous suspen- A primary goal of this research was to prepare magne-
sion migrated rapidly toward a strong bar magnet (NdFeB tomicelles that could be functionalized controllably with
magnet, 0.14 T at 1 cm). As is also typical for microscale organic or biological molecules. Previous work has shown
magnetic beads, these composite nanoparticles could bghat amine-containing molecules can be attached to the shells
attracted to the bottom of an Eppendorf tube, the aqueouspf PAA-block micelles by EDC-mediated couplif®y° To
supernatant removed, and the particles resuspended withougharacterize the coupling of amines to the surface of PAA-
significant material loss or aggregation. Drying the material shell magnetomicelles, particle suspensions were exposed to
under an applied magnetic field did result in field-aligned EPC andN-hydroxylsulfosuccinimide sodium salt, followed
chains of magnetomicelles (Supporting Information Figure py controlled equivalents of the fluorescent model compound
S79), as has been described for larger superparamagneticy-amino+-[5(6)carboxamidofluorescein]-pentaethylenegly-
nanoparticle$’ However, no such structures were observed ¢g| (NH-EGs-FAM).28 The reaction product was then
in the TEM images of the samples dried onto TEM grids in dialyzed extensively against water, followed by centrifugation
the absence of an applied field. We expect that the dispers-and redispersion, to remove unreacted fluorescent species.
ibility of these magnetic nanostructures will be advantageous The extent of functionalization could be controlled by the
stoichiometry of the amine reactant (Figure 4), and at least
600 molecules of NHEGs-FAM were bound to the surface
of each magnetomicelle when saturat2@EM analysis of
the resulting product demonstrated that magnetomicelles
maintained their structural integrity after functionalization.

We have evaluated this noncovalent encapsulation method
successfully for various iron oxide nanopatrticles, including
different sizes ofy-F&0s?” (d = 3.8, 6.3, 10.4 nm) as well
as FgO,* (d = 5.6 nm), within PSs-b-PAA43 (Figure 5).

In all of these cases, the hydrophobic micelle cores physically
—— T isolated the encapsulated particles from their aqueous
4 32140123 4 environment. To test the permeability of the polymer shell,
H (kOe) magnetomicelles containing 10.9 nm diametdfe,0; were

! . resuspended in aqueous HCI (pH 2), a known etchant for
Figure 3. SQUID M—H curve measurements on magnetomicelles . 4243 .
With Nae = 4.2 ) and Nwe = 1.3 ©) 10.9 nm y-FeOs iron oxide?43TEM analysis showed that the encapsulated

nanoparticles per micelle. Fits to the Langevin paramagnetic model Particles were not affected by this treatment. By contrast,
(eq 1) are also displayed for each dataset (dashed line). surface-bound polymers were shown previously not to shield

1.0 1
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Figure 4. Fluorescence intensity of magnetomicelles isolated from reactions with varying equivalentsnaho+-[5(6)-carboxamido-
fluorescein]-pentaethyleneglycol (NHEGs-FAM). Equivalents were calculated from the estimated number of available carboxylic acid
groups in the micelle sample (after 50% cross-linking of the PAA shells). Fluorescence intensities are corrected for background scattering,
determined from control mixtures of NHEGs-FAM and nonactivated magnetomicelles. Estimating a micelle concentration (0.82 pM)
based on the initial polymer concentration and the average, TEM-measured micelle diameter (54 nm), the average maximum fluorescence
intensity corresponds to 500 pM surface-boundMN#Gs-FAM, or at least 600 fluorophores per nanostrucfirat this functionalization

density, fluorophores are closer to each other than thst&odistance for radiationless energy transfer (self-quenckidg.a result, this

number represents a lower limit to the number of NEGs-FAM molecules bound to each magnetomicelle.

magnetic particles from similar etching conditigiig243 micelle-encapsulated gold nanoparticleshe copolymer
Magnetomicelle suspensions were stable to a variety of shell provides a physical barrier that isolates and protects
biological buffer systems over a wide pH range (pHI12). the enclosed magnetic nanoparticles. As expected, however,
These results demonstrate that, as noted previously foradding large amounts-@0 vol %) of organic cosolvent, such
as DMF or THF, solvated the core PS block and flocculated
the particles.

In summary, we have demonstrated the encapsulation of
magnetic nanoparticles within amphiphilic block-copolymer
micelles as a route toward composite, core/shell magnetic
nanostructures. The magnetic properties of these structures
can be controlled by varying the relative concentrations of
the magnetic nanoparticles and encapsulating polymer. We
have also established that the hydrophilic shell can be
functionalized chemically without diminishing the stability
or structure of the micelle coat. Following this research and
our similar work with gold nanoparticlés®+44and single-
walled carbon nanotubé&%we are currently investigating
the approach as a means of protecting and functionalizing
inorganic nanostructures made from other materials and in
other shapes. Overall, we predict that these self-assembled,
water-soluble nanostructures will be useful in biotechno-
logical protocols that other micro- and nanomaterials (e.g.,
carboxylated magnetic microbeads) do not survive.
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Figure 5. (a—d) TEM images of different hydrophobic nanopar- . . . . .
ticles encapsulated within RSb-PAA;; micelles. (a) 3.8 nm Supporting Information Available: Detailed procedures

y-F&0;, (b) 6.4 nmy-Fe,0s, () 10.4 nmy-Fe0s, and (d) 5.6 nm for the preparation of magnetomicelle and characterization
FesO.. data, SAED, FT-IR, and additional TEM images. Details of

1990 Nano Lett., Vol. 5, No. 10, 2005



Langevin fitting process and determination of surface func-
tionalization of magnetomicelles. This material is available
free of charge via the Internet at http://pubs.acs.org.
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