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We describe a simple and versatile protocol to prepare water-soluble multifunctional nanostructures by encapsulation
of different nanoparticles in shell cross-linked, block copolymer micelles. This method permits simultaneous incorporation
of different nanoparticle properties within a nanoscale micellar container. We have demonstrated the co-encapsulation
of magnetic (γ-Fe2O3 and Fe3O4), semiconductor (CdSe/ZnS), and metal (Au) nanoparticles in different combinations
to form multicomponent micelles that retain the precursor particles’ distinct properties. Because these multifunctional
hybrid nanostructures spontaneously assemble from solution by simultaneous desolvation of nanoparticles and amphiphilic
block copolymer components, we anticipate that this can be used as a general protocol for preparing multifunctional
nanostructures without explicit multimaterial synthesis or surface functionalization of nanoparticles.

Introduction
Nanoparticles exhibit novel electrical, optical, magnetic, and

chemical properties that depend on their size and composition.
Advances in methods for synthesizing monodisperse, single-
component inorganic nanoparticles, mostly carried out in organic
solvents, have enabled precise control over the composition,
size, shape, and surface properties of these nanoparticles. The
controlled synthesis of multicomponent nanoparticlessin which
different materials are responsible for different component
propertiesshas been more challenging. Nevertheless, there has
been a number of reports describing the preparation of complex,
multimaterial nanoparticles including core-shell nanoparticles,1-4

fusedparticleheterodimers,5-8segmentednanowires,9-11particles
coated with other particles,12and more sophisticated anisotropic
structures.13,14An alternative approach used to fabricate contigu-
ous nanoparticles from multiple materials is to incorporate
different nanoparticle types into single containers, such as silica
capsules,15,16 polymer capsules,17 or emulsion droplets.18

In this paper, we outline a method for fabricating multicom-
ponent nanostructures in which different particles are simulta-
neously incorporated into the glassy cores of block copolymer
micelles during copolymer assembly. Amphiphilic block co-
polymers aggregate to form micelles with predictable sizes and
morphologies in solvents that are selective for one of the two
copolymer blocks.19,20 Eisenberg and co-workers have shown
that these micelles are particularly stable if the core-forming
block is a glassy polymer such as polystyrene,21and Wooley and
co-workers have demonstrated that kinetic disassembly of
polystyrene-core micelles can be prevented altogether by
chemically cross-linking the hydrophilic shell.22 We have
previously constructed permanent hybrid nanostructures by
assembling these cross-linkable polymeric surfactants around
gold,23,24magnetic25 and semiconductor nanoparticles,26 as well
as carbon nanotubes.27 In this method, nanoparticles and
amphiphilic block copolymers are initially mixed in a solvent
that is good for all components, and then the polarity of the
solvent is gradually increased to induce simultaneous desolvation
of both the hydrophobic nanoparticles and the hydrophobic block
of the amphiphilic copolymer. Consistent with the idea that this
micelle encapsulation approach is based solely on noncovalent
interactions between nanoparticles and copolymer micelle blocks,
we report that it can be easily used with combinations of
nanoparticles to construct multifunctional capsules possessing
several desirable properties in a single-nanoscale object (Scheme
1). Herein, we describe the spontaneous assembly of combina-
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tions of magnetic (γ-Fe2O3 and Fe3O4), semiconductor (CdSe/
ZnS), and metal (Au) nanoparticles within the cores of
polystyrene-block-poly(acrylic acid) (PS-b-PAA) micelles.

Because each component can be prepared in monodisperse
form prior to encapsulation, and because the sizes and composi-
tions of the products can be closely controlled, the general self-
assembly method introduced here provides multiple-core nano-
particles with predictable physical properties. Moreover, the
product nanostructures are stable in water and aqueous buffers,
which is crucial to their potential application in biology and
biotechnology.

Experimental Procedures

Materials. Amphiphilic block copolymer, polystyrene250-block-
poly(acrylic acid)13(PS250-b-PAA13) was synthesized via sequential
atomic transfer radical polymerization (ATRP) as previously
reported.23Hydrophobic monodisperse magneticγ-Fe2O3 (d) 10.4
nm) and Fe3O4 (d) 4.5 nm) nanoparticles were prepared by thermal
decomposition of Fe(CO)5 and Fe(acac)3, respectively, as described
in the literature.28,29Hydrophilic tetramethylammonium hydroxide
(TMAOH)-stabilized magneticγ-Fe2O3 nanoparticles (d ) 11 nm)
were prepared by coprecipitation of FeCl2/FeCl3 with reductant,
following a literature protocol.30 All core-shell type trioctylphos-
phine oxide (TOPO)-coated CdSe/ZnS quantum dots (QDs,d ) 2.9
and 6.1 nm) were purchased from Evident Technologies. Two
different batches of 6.1 nm CdSe/ZnS quantum dots were purchased
with slight deviations in emission maximum, 626 and 618 nm,
respectively. Concentrations of quantum dots were calculated by
measuring the absorbance with UV-vis spectroscopy using a known
molar extinction coefficient at the first exciton peak.31Hydrophobic
oleylamine-coated Au nanoparticles (d ) 13 nm) were prepared
following a method modified from the literature.7 N,N-Dimethyl-
formamide (DMF) and tetrahydrofuran (THF) were purchased from
Aldrich and used as received.

Characterization. Steady-state fluorescence spectra were taken
on a Quantamaster Fluorimeter (PTI) at room temperature using an
excitation wavelength (λex) of either 365 or 400 nm and the emission
wavelength (λem) set toλem,maxof QDs, with emission and excitation
slit widths of 2µm (equivalent toλ ) (2 nm spectral width). Quantum
yields (QY) were determined by the comparison of spectrally
integrated emission of QD containing micelles in water with the
emission of Rhodamine 6G dissolved to identical optical density
(<0.015) at the same excitation wavelength (λex ) 400 nm).32 QY
measurements were performed on QD containing micelles without
centrifugal purification to account for all material. Fluorescence
microscopy was performed with a confocal microarray scanner

(ScanArray, Packard Bioscience). Transmission electron microscopy
(TEM) images were obtained on a JEOL 1210 electron microscope
equipped with a Gatan video camera and a Gatan Multiscan CCD
camera (1024× 1024 pixels). Micelle solutions were dropped onto
Formvar graphite-coated copper grids (300 mesh, Electron Micros-
copy Science) and air-dried for TEM imaging. All images were
obtained at an operating voltage of 120 kV.

Representative Co-encapsulation of Magneticγ-Fe2O3 Nano-
particles and CdSe/ZnS Quantum Dots: [γ-Fe2O3-CdSe/
ZnS]@PS-b-PAAXL . First, appropriate volumes of 10.4 nm oleic
acid-stabilizedγ-Fe2O3 magnetic nanoparticles (1.0 mg/mL in THF)
and 6.1 nm TOPO-stabilized CdSe/ZnS nanoparticles (0.1 mg/mL
in THF) were mixed in a ratio calculated to give the desired number
of particles in the final nanostructures. A freshly prepared 100µL
PS250-b-PAA13solution (1.0 mg/mL in DMF) was then added slowly,
with vigorous stirring, to the nanoparticle mixture such that
[γ-Fe2O3]initial ) 0.10 mg/mL, [CdSe/ZnS]initial ) 2.0 × 10-3 mg/
mL, and [PS250-b-PAA13]initial ) 0.10 mg/mL in 20:80 (v/v) DMF/
THF (total volume of solution 1.0 mL). Then, 4.0 mL of Millipore
water (18 MΩ cm) was gradually added to the solution at a rate of
140 mL/h with vigorous stirring. After stirring for 30 min, the resulting
suspension was subjected to dialysis against Millipore water for
over 24 h (Spectra/Por 4 Regenerated Cellulose Membrane, MWCO
) 12 000-14 000) to remove any residual solvent. Further cross-
linking of 50% of the carboxylic acids in the acrylate shell of the
micelle was carried out as described previously.25 The cross-linked
micelle suspensions were subjected to centrifugation at low speed
(2940g RCFavg, 25 min). The bottom 10% of the solution was
discarded to remove any macroscopic aggregates; TEM analysis
showed these to be large aggregates of polymer micelles with both
magnetic and quantum dot nanoparticles. The main purpose of this
centrifugation at low speed was to remove these heavily loaded
aggregates and to narrow the particle distribution in the micelle
core. Another round of centrifugation was performed on the recovered
supernatant (85 000g RCFavg, 25 min) to isolate product micelles.
The upper 90% of this solution, which did not appear fluorescent
under a UV lamp, was discarded, and the same volume of Millipore
water was added to the solution. This procedure was repeated twice
to ensure purification. The resulting [γ-Fe2O3-CdSe/ZnS]@PS-b-
PAAXL micelles were readily redispersed in water. After the
purification steps, 2.0µL of the resulting solution was deposited on
the TEM grid and dried in air before taking TEM images.

To prepare [γ-Fe2O3-CdSe/ZnS]@PS-b-PAAXL in pure THF, the
procedure described previously was followed except that THF was
used as the initial organic solvent (instead of the DMF/THF mixture)
and the rate of water addition was increased to 400 mL/h.

Results and Discussion

As illustrated in Scheme 1, our primary goal was to prepare
multicomponent nanostructures in which different nanoparticles
were incorporated in micelle containers. In principle, these
composite micelles should incorporate different properties in
the same nanostructures. To test the overall concept, we first
co-encapsulated magneticγ-Fe2O3 nanoparticles (d ) 10.4 nm)
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Scheme 1. Preparation of Multifunctional Hybrid Nanostructures by Co-encapsulation of Multiple Types of Nanoparticles (A
and B) within a Cross-Linkable Block Copolymer Micelle
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and fluorescent CdSe/ZnS nanoparticles (d ) 6.1 nm)33 within
polystyrene250-block-poly(acrylic acid)13 (PS250-b-PAA13) to
afford magnetic and fluorescent [γ-Fe2O3-CdSe/ZnS]@PS-b-
PAAXL micelles. The synthetic route toward [γ-Fe2O3-CdSe/
ZnS]@PS-b-PAAXL is easy and straightforward. Separately
prepared hydrophobic magneticγ-Fe2O3nanoparticles and CdSe/
ZnS quantum dots were combined with a solution of PS250-b-
PAA13in either pure THF or a DMF/THF solvent mixture. While
stirring vigorously, water was gradually added to this mixture
to simultaneously encapsulate both the magnetic and the quantum
dot nanoparticles within the hydrophobic core of an assembled
micelle. The resulting suspension was dialyzed, and the hydro-
philic PAA block of the micelle was permanently cross-linked
(50% of acrylate group) with a hydrophilic diamine using EDC
chemistry.23,27,34The resulting micelle suspension was further
purified by successive cycles of centrifugation, affording the
magnetic and quantum dot nanoparticles simultaneously confined
within a micelle core (Figure 1).

In general, the characteristics of the assembled micelless
including size, number, and type of encapsulated particles and
physical propertiesswere determined entirely by the starting
materials. TEM images (Figure 1a,c) demonstrate that both
γ-Fe2O3and CdSe/ZnS particles were exclusively confined within
the hydrophobic cores of the micelles. The sizes of the objects
depended on the number of encapsulated particles but were
typically 40-50 nm in diameter. Both particle types were clearly
discerned by differences in their size and contrast in the TEM
images. Moreover, we found that the number of magnetic and

fluorescent particles in a micelle could be tuned by varying the
amount of particles suspended in the initial organic solution. We
observed that more particles were encapsulated as the initial
concentration of nanoparticles increased. The number of particles
encased in each micelle followed a roughly Gaussian distribution,
which is consistent with our previous study of micelles containing
only hydrophobicγ-Fe2O3 nanoparticles,25 in which the nano-
particles were distributed between micelles as simple hydrophobic
solubilizates.35 As a result of this distribution, we were unable
to synthesize micelles containing solely oneγ-Fe2O3 and one
CdSe/ZnS nanoparticle in this study. Instead, at limiting
nanoparticle concentrations, we observed a large fraction of
micelles containing only singleγ-Fe2O3 or single CdSe/ZnS
nanoparticles (Figure S2),36which were difficult to separate from
colocalized [γ-Fe2O3-CdSe/ZnS]@PS-b-PAAXL micelles by
centrifugation due to very low density differences between them.

As expected, the [γ-Fe2O3-CdSe/ZnS]@PS-b-PAAXL micelles
preserved the combined properties of each components
specifically, the magnetic properties of theγ-Fe2O3 nanoparticles
and the optical properties of the CdSe/ZnS quantum dots. The
fluorescence of the QDs in the micelles was clearly visible under
illumination by a handheld UV lamp, and their peak emission
wavelength (λem,max) 626 nm ford ) 6.1 nm) and peak width
(fwhm ) 36 nm) were the same as before encapsulation, even
after storage under room light for a month (Figure 2a,c). Likewise,
the encapsulatedγ-Fe2O3 nanoparticles made the micelles
magnetic. The [γ-Fe2O3-CdSe/ZnS]@PS-b-PAAXL product was

(33) The CdSe/ZnS core-shell quantum dot nanoparticle was purchased from
Evident Technologies and used as received.

(34) Huang, H. Y.; Remsen, E. E.; Kowalewski, T.; Wooley, K. L.J. Am.
Chem. Soc.1999, 121, 3805-3806.

(35) Zhao, J. X.; Allen, C.; Eisenberg, A.Macromolecules1997, 30, 7143-
7150.

(36) See Supporting Information for details.

Figure 1. (a and c) TEM micrographs of cross-linked [γ-Fe2O3-
CdSe/ZnS]@PS-b-PAA micelles containing both larger (d ) 10.4
nm) magneticγ-Fe2O3 and smaller (d) 6.1 nm) CdSe/ZnS quantum
dot nanoparticles. (b and d) Distribution of particle populations found
in each micelle, as counted from TEM micrographs. Initial particle
concentrations for each preparation were (a and b) [γ-Fe2O3]initial )
0.10 mg/mL and [CdSe/ZnS]initial ) 2.0× 10-3 mg/mL (a number
ratio of γ-Fe2O3 to CdSe/ZnS) 5) and (c and d) [γ-Fe2O3]initial )
0.20 mg/mL and [CdSe/ZnS]initial ) 2.0× 10-3 mg/mL (a number
ratio of γ-Fe2O3 to CdSe/ZnS) 10). Precursor particles were
dissolved in a mixture of 1.0 mL of DMF/THF (20 vol % DMF).
Note that the centrifugation process removes large aggregates and
also alters the ratio of the two particle types in the remaining product
relative to starting material.

Figure 2. Dual properties of magnetic and fluorescent nanoparticle
encapsulated micelles. (a) Suspensions of [γ-Fe2O3-CdSe/ZnS]@
PS-b-PAAXL micelles in the absence (left) and presence (right) of
a bar magnet. Suspensions were illuminated under a UV lamp
(λex ) 365 nm). (b) Fluorescence micrograph of [γ-Fe2O3-CdSe/
ZnS]@PS-b-PAAXL micelles dried on a glass slide under external
magnetic field (NdFeB magnet,Hestimated) 0.3 T at 0.5 cm). Note
that the line is not formed from the solvent drying boundary. (c)
Relative fluorescence emission spectra of QDs, before and after
encapsulation withγ-Fe2O3 in PS-b-PAAXL micelle, normalized to
relative quantum yield.
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well-dispersed in the absence of magnetic field, but placing a bar
magnet on the side of the container attracted all fluorescent
particles to the inner container wall in a few hours (Figure 2a).
This process was fully reversible; when the magnet was removed,
the magnetic suspension redispersed rapidly with simple agitation
without leaving any noticeable aggregates, as we previously
observed for micelles containing only magnetic particles.25

Fluorescence microscopy (Figure 2b) and TEM (Figure S3)36

showed that [γ-Fe2O3-CdSe/ZnS]@PS-b-PAAXL micelles align
along applied field lines, as is typically observed for magnetic
nanoparticles near the paramagnetic limit.37

We did observe that the quantum yield (QY) of the QDs was
reduced by encapsulation with magneticγ-Fe2O3 nanoparticles.
For [γ-Fe2O3-CdSe/ZnS]@PS-b-PAAXL micelles prepared in
DMF/THF mixture containing 100µg of γ-Fe2O3 and 2µg of
CdSe/ZnS (as in Figure 1a), for example, QY) 0.03, which is
about one-fourth of that of the QDs before encapsulation (QY
) 0.13), whereas the micelles prepared in the pure THF conditions
exhibited a higher QY of 0.05. We also found that the QY of
[γ-Fe2O3-CdSe/ZnS]@PS-b-PAAXL decreased further with in-
creasing fraction of encapsulated magnetic nanoparticles (Figure
3). In principle, the fluorescence of encapsulated QDs could be
reduced by physical or chemical quenching, either by the magnetic
γ-Fe2O3 nanoparticles or by some other component of the
suspension, or by simple absorption of excitation or emission
light (inner filter effect). Dubertret and co-workers previously
observed diminished QD fluorescence by high concentrations of
R-Fe2O3 nanoparticles in the droplets of an oil-in-water emulsion

and argued that both inner filter effects and dynamic quenching
were responsible.18 Nie and co-workers similarly attributed
reduced fluorescence in QD- and Fe3O4-doped mesoporous silica
beads to adventitious absorbance.38In the suspensions described
here, by contrast, the contribution to optical density by the
magnetic particles was negligible, ruling out inner filter effects.
Presuming that dynamic quenching byγ-Fe2O3 would be
enhanced by physical proximity to the QDs, we also measured
the fluorescence of simple mixtures of QDs andγ-Fe2O3

nanoparticles in organic solvent, as well as mixtures of water-
solubleγ-Fe2O3

30 and micelle encapsulated QDs26 (Figure 3).
Interestingly, the fluorescence in both of these mixtures was also
reduced by increasing concentrations ofγ-Fe2O3, regardless of
solvent or of whether the QDs were encapsulated or not, even
though the particle concentrations were extremely low (nM).
Quenching appeared to be slightly enhanced by co-encapsulation
of the two particle types in single-micelle containers. These
observations indicate dynamic quenching by the magnetic
nanoparticles themselves, and similar reports of dynamic
quenching of fluorophores by magnetic nanoparticles have been
reported.17,18,39-41 Nevertheless, quenching by chemical con-
taminants, such as surface ligands and solvents, cannot be
ruled out.
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Figure 3. Relative fluorescence intensities of [γ-Fe2O3--CdSe/
ZnS]@PS-b-PAAXL micelles, as well as mixtures ofγ-Fe2O3 and
CdSe/ZnS nanoparticles, made with different ratios ofγ-Fe2O3 to
CdSe/ZnS (λex ) 400 nm): (4) TOPO-capped CdSe/ZnS and oleic
acid-cappedγ-Fe2O3 mixed in THF; (O) [CdSe/ZnS]@PS-b-PAAXL
combined with TMAOH-stabilized aqueousγ-Fe2O3 (d ) 11 nm);
(3) [γ-Fe2O3-CdSe/ZnS]@PS-b-PAAXL synthesized from 100%
THF; and (0) [γ-Fe2O3-CdSe/ZnS]@PS-b-PAAXL synthesized from
DMF/THF (20 vol % DMF). The concentration of CdSe/ZnS was
constant (2.0 nM) in all experiments. Within each data set, the
fluorescence intensity is normalized to the intensity for materials
lacking γ-Fe2O3. Figure 4. TEM micrographs of multicomponent hybrid micelles

prepared from combinations of different nanoparticles: (a) [CdSe/
ZnS-CdSe/ZnS]@PS-b-PAAXL; (b) [Au-Fe3O4]@PS-b-PAAXL; (c)
[Fe3O4-CdSe/ZnS]@PS-b-PAAXL; and (inset) densely packed [Fe3O4-
CdSe/ZnS]@PS-b-PAAXL prepared at high particle concentration.
Component particles were TOPO-stabilized CdSe/ZnS (d) 2.9 and
6.1 nm) and oleylamine-coated Fe3O4 (d ) 4.5 nm) and Au
(d ) 13 nm). See Supporting Information for details.
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Because assembly of these nanoparticles depends only on
simultaneous desolvation of nanoparticles and amphiphilic block
copolymers, and not on any specific polymer-surface interaction,
we were able to extend this approach to other combinations of
nanoparticles, including CdSe/ZnS of different sizes, Au, and
Fe3O4 (Figure 4). In all cases, the properties of both nanoparticle

components were successfully integrated into the compound
nanostructure. For example, [CdSe/ZnSBlue-CdSe/ZnSRed]@
PS-b-PAAXL (QDBlue- QDRed) micelles containing two different
diameters of CdSe/ZnS nanoparticles (d ) 2.9 and 6.1 nm)33

fluoresced at both emission wavelengths of the component QDs
(Figure 5). In addition, by combining different amounts of each
QD in the initial polymer-particle solution, we were able to
precisely control the intensity of each fluorescence emission of
the multicolor QDBlue- QDRedmicelles without spectral overlap
or wavelength shifting (Figure 5a). In principle, the distinct
multiple fluorescence profiles of these compound particles would
make them useful in fluorescence intensity multiplexing,42where
the relative intensities of the two fluorophores would be indexed
to a particular analyte or target.

Because of the differences in extinction coefficients and
quantum yields between the two QDs, the ratio of CdSe/ZnSBlue

to CdSe/ZnSRedparticles required to produce a 1:1 ratio of blue
to red fluorescence was much greater than 1 (Figure 5).
Nevertheless, encapsulated mixtures of blue and red CdSe/ZnS
nanoparticles exhibited predictable fluorescence intensities at
the two emission wavelengths. Unlikeγ-Fe2O3, neither of the
QDs appeared to significantly affect the fluorescence intensity
of the other, and the contribution to overall fluorescence was
linear with QD concentration for both QDs (Figure 5c). We did
not expect to observe fluorescence resonance energy transfer
(FRET) from CdSe/ZnSBlue to CdSe/ZnSRedin this system, both
because very few CdSe/ZnSBlue particles should have CdSe/
ZnSRedneighbors at the particle ratios used here and because the
absorbance of CdSe/ZnSBlue is much less than that of CdSe/
ZnSRedat all excitation wavelengths with a given concentration.

Conclusion

In conclusion, we have demonstrated that multifunctional
nanostructures can be synthesized by encapsulating different
component nanoparticles within cross-linked, block copolymer
micelles. The method is simple and can be used with any
combination of hydrophobic nanoparticles to incorporate multiple
desirable properties in a single, water-soluble nanoscale container.
Block copolymer micelles have been used in a wide variety of
biomedical applications in vivo, and we anticipate that multi-
component micelle encapsulated particles could be similarly
useful as targeted drug delivery agents, long-circulating scaffolds
for biomolecule presentation, and tags for tracking cells. As we
have demonstrated previously for other micelle encapsulated
nanostructures,25the presence of functional groups on the polymer
shell should permit further functionalization on the outer surface
of the hybrid micelles, which will broaden their potential
applications in biotechnology.
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Figure 5. Multicolor [CdSe/ZnSBlue-CdSe/ZnSRed]@PS-b-PAAXL
micelles with programmed fluorescence intensity ratios. (a) Fluo-
rescence spectra of micelles made with different ratios of CdSe/
ZnSBlue to CdSe/ZnSRed, at a fixed CdSe/ZnSRedconcentration (2.0
nM). (b) Photo of [CdSe/ZnSBlue-CdSe/ZnSRed]@PS-b-PAAXL mi-
celles made to have (from left to right) 2:0, 2:1, 1:1, 1:2, and 0:2
relative fluorescence intensity ratio of CdSe/ZnSBlueto CdSe/ZnSRed.
(c) Ratio of fluorescence intensity atλ ) 496 nm toλ ) 618 nm
for mixtures of CdSe/ZnSBlue and CdSe/ZnSRed: (9) mixture of
TOPO-capped CdSe/ZnS nanoparticles in THF and (b) [CdSe/
ZnSBlue-CdSe/ZnSRed]@PS-b-PAAXL micelles. The concentration
of CdSe/ZnSRed was held constant (2.0 nM).
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