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CONS P EC TU S

T he development of nanodevices currently requires the formation of
morphologically controlled or highly ordered arrays of metal,

semiconducting, or magnetic nanoparticles. In this context, polymer
self-assembly provides a powerful bottom-up approach for constructing
these materials. The self-assembly of block copolymers (BCPs) in solution
is a facile and popular method for the preparation of aggregates of
controllable morphologies, including spherical micelles, cylindrical mi-
celles, vesicles (or polymersomes), thin films, and other complex struc-
tures that range from zero to three dimensions. Researchers can generally
control the morphology of the aggregates by varying copolymer compo-
sition or environmental parameters, including the copolymer concentra-
tion, the common solvent, the content of the precipitant, or the presence of
additives such as ions, among others. For example, as the content of the
hydrophilic block in amphiphilic copolymers decreases, the aggregates formed from the copolymers can change from spherical
micelles to cylindrical micelles and to vesicles. The aggregates of various morphologies provide excellent templates for the
organization of the nanoparticles.

The presence of various domains, such as cores, interfaces, and coronas, in BCP aggregates allows for selective localization of
nanoparticles in different regions, which may critically affect the resulting properties and applications of the nanoparticles. For
example, the incorporation of quantum dots (QDs) into micelle cores solves many problems encountered in the utilization of QDs in
biological environments, including enhancement of water solubility, aggregation prevention, increases in circulation or retention
time, and toxicity clearance. Simultaneously it preserves the unique optical performance of QDs compared with those of
organic fluorophores, such as size-tunable light emission, improved signal brightness, resistance against photobleaching, and
simultaneous excitation of multiple fluorescence colors. Therefore, many studies have focused on the selective localization of
nanoparticles in BCP aggregates.

This Account describes the selective localization of preformed spherical nanoparticles in different domains of BCP aggregates of
controllable morphologies in solution, including spherical micelles, cylindrical micelles, and vesicles. These structures offer many
potential applications in biotechnology, biomedicine, catalysis, etc. We also introduce other types of control, including interparticle
spacing, particle number density, or aggregate size control. We highlight examples in which the surface coating, volume fraction, or
size of the particles was tailored to precisely control incorporation. These examples build on the thermodynamic considerations of
particle�polymer interactions, such as hydrophobic interactions, hydrogen bonding, electrostatic interactions, and ligand
replacement, among others.

1. Introduction
Block copolymer (BCP) aggregates of controllable morphol-

ogies provide excellent templates for organization ofmetal,

semiconducting, or magnetic nanoparticles (NPs).1�6 Selec-

tive localization of the NPs in different domains of BCP

aggregates of various morphologies may critically affect

their resulting properties and possible applications. Two

primary approaches have been employed for incorporation

of NPs into BCP aggregates. The first adopts in situ NP

synthesis; that is, metal ions are bound or adsorbed into
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BCP aggregates, followed by postassembly chemical reac-

tions to transform the metal ions into NPs. This method has

been reviewed in a number of papers.1,2,5,6 A typical exam-

ple involves the embedding of NPs into polystyrene-block-

polyvinylpyridine (PS-b-PVP) aggregates.2,5 However, this

method is not suitable for preformed NPs or aggregates

made of BCPs incapable of binding, adsorbing, or otherwise

incorporating metal ions. Besides, the NPs are limited to the

metal ion binding or adsorbing regions of the BCP aggre-

gates. The second approach involves ex situ NP preparation,

in which the NPs are preformed and stabilized with organic

chains on the surfaces, followed by the co-self-assembly of

the NPs and BCPs, or the self-assembly involving the NPs

alone. Thismethod does not require postassembly chemical

reactions within the aggregates and is thus expected to be

suitable for a wide range of NPs and BCP systems. Further-

more, surface modification of preformed NPs makes them

compatible with specific segments of BCPs, offering an

opportunity for position control of the NPs in different

regions of the BCP aggregates or even in different parts of

the same domain of the aggregates.

This Account reviews the selective localization of pre-

formed spherical NPs in BCP spherical micelles, cylindrical

micelles, and vesicles in solution, which have great potential

applications in, among others, biotechnology, biomedicine,

and catalysis.7 Due to space limitations, this Account will not

discuss particle incorporation into bulk, thin films, or other

complex structures, since reviews exist covering these

aspects,2�5 nor will it review in situ particle incorporation

or aggregates made of BCP systems other than linear BCPs.

2. Spherical Micelles
Spherical micelles, which consist of a spherical core and a

corona,7 can contain a wide ranging number of NPs after

incorporation. Micelles containing a single NP are frequently

referred to as “cherry micelles” and micelles containing

multiple NPs as “raspberry micelles”. Paralleling the core�
corona structure of themicelles, the order of presentation to

be followed in this section regarding the localization control

will be core�interface�corona, which will also be followed

in the subsequent sections for cylindrical micelles and

vesicles.

2.1. Cherry Micelles. Two ex situ strategies are employed

to prepare cherry micelles. One is chemically anchoring

organic chains on the particle surfaces, through, for exam-

ple, the well-known Brust�Schiffrin synthesis8 or Murray's

place-exchange technique.9 Typical examples include attach-

ment of functionalized polymers to surfaces, polymerization

from particle-bound initiators, layer-by-layer deposition, or

synthesis of NPs in the presence of polymeric ligands.8�10

This approach limits NPs to the middle of the micelles, and

thus represents central localization control. However, this

method is unlikely to localize NPs in other portions of the

micelles, such as at the interfaces or in the coronas. The

other strategy,which is the focus of this subsection, is co-self-

assembly of preformedNPs and BCPs. Thismethod provides

opportunities to achieve selective localization of NPs by

tailoring their surface coating or their size.

An excellent introductory example of particle localization

control in cherry micelles is a study from Chen's group,11

although central localizationhadbeen reported earlier.12�15

Figure 1 shows the schematic position control of the particles

in micelles along with the corresponding TEM images. The

control was accomplished by virtue of a binding competition

between a hydrophobic ligand (LA, see Figure 1) and a

hydrophilic one (LB, Figure 1) on the surface of the gold

NPs (AuNPs), which leads to selective adsorption of amphi-

philic polystyrene-block-poly(acrylic acid) (PS-b-PAA) chains

on the LA attached side of the AuNPs, and consequently the

selective localization of the particles in the micelles in posi-

tions from the center to the interface. The studies were

performed by a “mix-and-heat” approach; that is, a mixture

of AuNPs, PS-b-PAA, LA, with or without LB in DMF/H2O

(4:1, v/v) was heated at 110 �C for 2 h and then slowly

FIGURE 1. Schematic diagrams of the formation of cherrymicelles with
selective particle localization from the center (a, b) to the interface (a, c or
a, d), and the corresponding TEM images when [1]/[2] = 1:0 (e); 1:22 (f);
1:132 (g).11
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cooled to form the micelles. By this means, a single AuNP of

5�15 nmdiameter was encapsulated into eachmicelle.11,15

The proposed mechanism suggests that the particle pro-

vides a surface template for the hydrophobic interaction-

driven adsorption of polymer chains.

Some studies elucidated the influence of particle size on

the number of encapsulated particles. Kang and Taton13,14

encapsulated a single AuNP into the PS core of each PS-b-

PAA micelle when the AuNPs were larger than 10 nm, by

adding water into DMF solutions of citrate-capped AuNPs,

dodecanethiol, and PS-b-PAA copolymers. For smaller

AuNPs (∼4 nm diameter), multiple particles were encapsu-

lated in each micelle, even at very low particle-to-polymer

ratios.13 It was suggested that for small NPs (RAu/Rg e 1,

where RAu is the radius of the AuNPs and Rg is the radius of

gyration of the polymer chains), particles behave like solutes

dissolved within micelle cores, presumably to maximize

their entropy; for larger NPs (RAu/Rg > 1), polymer chain

adsorption is templated by the particle surface, leading to

the encapsulation of a single particle and the formation of a

concentric polymer shell around the particle. The thickness

of the shell increasedwith increasing PS block length or ratio

of polymer to available particle surface area.14However, this

conclusion is inapplicable to some other large NPs (>10 nm),

for example, Fe2O3 NPs. In those cases, only micelles with

multiple core-embedded NPs could be obtained, even at

very low particle-to-polymer ratios, as shown in a subse-

quent study (ref 22, to be discussed in the RaspberryMicelles

subsection).

A new method was recently developed to incorporate

preformed NPs into only the center of micelles.16 The

method involves stabilizing the NPs with diblock copoly-

mers of a similar composition to that of the micelle-forming

diblocks, followed by preparing the micelles in the presence

of the copolymer-coated NPs in solution. Figure 2 shows a

TEM image of the cherry micelles along with a model in

which the hydrophilic or hydrophobic blocks of the diblock

chains on the particle surface aggregate together with

the corresponding unattached hydrophilic or hydrophobic

segments of the micelle-forming diblocks. This approach

forces the NPs to localize near the center of the micelles,

which avoids a large energy induced by the asymmetric

stretching of polymer chains on the noncentrally local-

ized NPs. Utilizing this method, encapsulation of multiple

NPs in a single micelle becomes highly unlikely, even for

small NPs.

To our knowledge, cherry micelles with corona-located

NPs have not been reported yet.

2.2. RaspberryMicelles 2.2.1. Particles in Cores.There

are two popular strategies to embed multiple NPs in micelle

cores. One is the polymer-mediated “bricks and mortar”

strategy; the other is the “hydrophobic interaction-driven

microphase separation” strategy.

The “bricks and mortar” strategy was developed by

Rotello and co-workers. In one of their studies,17 a diblock

copolymerwith the first block of polystyrene and the second

block of a random copolymer of styrene and diaminotria-

zine-functionalized styrene was prepared as the “mortar”.

Thymine-functionalized AuNPs were employed as the

“bricks” (Figure 3a). Aggregation of themortar and the bricks

in solution produced micellar aggregates with multiple

AuNPs in the cores through hydrogen bonding between

the diaminotriazine groups in the copolymer and the thy-

mine groups on the particle surfaces. The average size of the

cores of themicelles can be controlled by adjusting the block

length of the copolymer (Figure 3b). This strategy provides

an effective route to organize NPs together with BCPs and

control the sizes of the aggregates. Subsequently, this strat-

egy was also adopted to control the clustering of NPs by

electrostatic coassembly of oppositely charged NPs and

BCPs.18

A typical procedure for the “hydrophobic interaction-

driven microphase separation” approach involves dissolu-

tion of NPs and amphiphilic copolymers in a common

solvent, in which the NPs and the copolymers are soluble,

followed by addition of a selective solvent. The selective

solvent simultaneously desolvates the NPs and the hydro-

phobic polymer blocks, leading to the aggregation of the

NPs with the hydrophobic blocks, forming hydrophobic

parts of the aggregates, for example, micelle cores, which

are protected by the hydrophilic segments. This process

FIGURE 2. TEM image and schematic diagram (inset) of cherry micelles
with core-centric AuNPs formed by coassembly of PS-b-PAA diblocks
(unanchored chains in the diagram) and PS-b-PAA coated AuNPs.16 Red,
PS segments in micelle core; blue, PAA segments in corona.
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sacrifices the entropy term but prevents a larger enthalpy

penalty from energetically unfavorable hydrophobe�water

interactions and therefore lowers the free energy of the

system. Several types of micelles containing core-encapsu-

lated NPs were prepared by this method, including large

compound micelles (LCMs), supermicelles, etc.

LCMs consist of assemblies of reverse micelles stabilized

in solution by a thin layer of hydrophilic chains. Moffitt et

al.19 reported the synthesis of CdS quantum dots (QDs)

within the PAA cores of PS-b-PAA reverse micelles. The

aggregation of these reverse micelles with a stabilizing

copolymer (another PS-b-PAA copolymer) produced LCMs

with QDs dispersed throughout a spherical PS matrix, which

was stabilized in water by a layer of hydrophilic PAA chains

from the stabilizing diblocks (Figure 4a). The LCMs had a

narrowly distributed diameter of ∼64 nm, and the average

interparticle distance within the LCM was calculated to be

12 nm. Since the interparticle spacing is mainly governed by

the bulk volume of the reverse micelle corona, it can be

easily tuned by using reversemicelleswith different PS block

lengths. Besides, the average LCM size can be increased by

increasing the initial concentration of the stabilizing copoly-

mer or decreasing the rate of water addition.20

QD-containing supermicelles composed of poly(acrylic

acid)-block-polystyrene-block-poly(ethylene oxide) (PAA-b-

PS-b-PEO) are shown in Figure 4b.21 These supermicelles

were obtained by an accretion of spherical micelles with a

QD-loaded PAA core and a PS-b-PEO corona, which was

induced by interactions of the hydrophobic PS chains as the

water content increased, leaving the hydrophilic PEO chains

outside the supermicelles as coronas. In the supermicelles,

each of the PS chains is linked at one end to the outer surface

of the supermicelles via the PEO chain and at the other end

via the PAA chain to one of the QDs. The PS chains span the

distance between the QDs and the interface of the super-

micelle. The QD size can be controlled by the PAA block

length, and the total diameter of the supermicelles is a

function of the PS block length.

Another type of micellar aggregate with core-embedded

NPs is formed by coassembly in solution of amphiphilic BCPs

and NPs stabilized with small-molecule surfactants. For

instance, Taton and co-workers22 prepared “magnetomi-

celles” (Figure 4c) by adding water into DMF/THF solutions

FIGURE 4. TEM images and the corresponding schematic diagrams of
different types of micellar aggregates with core-encapsulated nano-
particles: (a) large compound micelles;19 (b) supermicelles;21 (c) mag-
netomicelles;22 (d) a micellar aggregate with QDs located at a radial
position (rc/r) in the core.25 Reproduced with permission from ref 25,
copyright 2007, John Wiley & Sons, Inc.

FIGURE 3. (a) An example of the “bricks and mortar” strategy to orga-
nize particles together with BCPs. (b) Schematic demonstrating an increase
in both core diameter and outer corona as the polymer size increases.17
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of oleic acid-coatedmagnetic NPs and PS-b-PAA. TheNPs act

like solutes dissolved within the micelle cores. The average

number of encapsulatedNPs in eachmicelle increases as the

particle-to-polymer ratio increases, while the distribution of

NPs in micelles in each sample is roughly Gaussian. The size

of the magnetomicelles increases linearly with the number

of embedded NPs. This represents an effective aggregate

size control technique. Building on similar mechanisms, a

number of other studies were reported, dealing with the

preparation ofmicelleswith core-locatedNPs;23 they are not

described here because of space limitations.

A simulation of the self-assembly of BCP/NP mixtures in

solution, based on self-consistent-field and density-func-

tional theories, shows that with small volume fractions or sizes

the particles would favor a random distribution in micelle core,

while with larger volume fractions or sizes the particles would

prefer an interfacial localization driven by unfavorable mixing

energies, for example, from steric packing.24

Some experimental results support the simulation of

interfacial localization. Park's group25,26 reported a unique

type of micellar aggregate, which consists of an outer poly-

mer shell, an inner polymer core, and QDs selectively ar-

ranged in a spherical layer at the interface between the core

and the shell (Figure 4d). The aggregates were prepared by

addition of water into DMF solutions of trioctylphosphine

oxide (TOPO) stabilized QDs and PS-b-PAA copolymers. The

slightly unfavorable interaction between the PS segment of

the copolymers and the alkyl-coated QDs causes the inter-

facial accumulation of the QDs, which reduces the polymer

stretching penalty that would occur by incorporating the

QDs throughout the polymermatrix. The size of themicelles

and the radial position (rc/r) of the QDs are controlled by

varying theQD volume fraction (ΦQD). At a fixedQD size, the

increase in ΦQD results in a decrease in the average micelle

size and an increase in rc/r over a wide range ofΦQD. These

experimental results qualitativelymatch the strong segrega-

tion theory calculations.26

2.2.2. Particles at Interfaces. The primary approach to

achieve precise localization of NPs at the micellar interface

utilizes triblock copolymers as self-assembly precursors; one

of the blocks is selected to interact with the NPs, while the

other forms either the core or the corona of micelles. Azzam

et al.27 prepared a triblock copolymer of PEO-b-PS-b-P4VP.

Coassembly of this copolymer with tetraoctylammonium

bromide (TOAB) stabilized Au or PdNPs in solution produced

micelleswith theNPs located at the interface between the PS

core and the PEO corona (Figure 5a). The interfacial localiza-

tion of the NPs is attributed to the difference in the hydro-

phobic nature of PS and P4VP blocks. PS blocks, which are

more hydrophobic than P4VP blocks, aggregate first and

form the core during the self-assembly accompanyingwater

addition. Subsequently, the P4VP blocks, which are asso-

ciated with the NPs after replacing the TOAB ligands, form a

shell containing both the NPs and the P4VP blocks on the PS

core. Recently, Moffitt's group28 prepared CdS QDs sur-

rounded by mixed brushes of hydrophobic PS and hydro-

philic poly(methacrylic acid) (PMAA). The synthesis started

with cross-linking the PAA blocks of PS-b-PAA-b-PMMA

FIGURE 5. TEM images and the corresponding schematic diagrams of micelles with nanoparticles located at the interface between the core and the
corona (a)27 or in the corona (b).29
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triblocks with Cd2þ, followed by the reaction with H2S and

hydrolysis of poly(methyl methacrylate) (PMMA) to PMAA.

Addition of water into THF solution of these NPs generated

large micelles, in which the PS and the PMAA brushes

formed the cores and the coronas, respectively, leaving

the QDs at the interfaces.

2.2.3. Particles in Coronas. Localization of preformed

NPs in micelle coronas is driven by corona�particle interac-

tions.Winnik and co-workers29 prepared PS-b-P4VPmicelles

containing QDs in the P4VP corona and poly(3-hexyl-

thiophenes) in the PS core (Figure 5b), by addition of alcohol

into chloroform solutions of TOPO-coated QDs, poly-

(3-hexylthiophenes), and PS-b-P4VP. Ligand replacement of

the TOPO by the P4VP blocks allowed the coronal incor-

poration of the QDs. The excited-state photoluminescence

quenching of the QDs by poly(3-hexylthiophenes) in the

core indicated electronic energy transfer or photoinduced

charge transfer between the QDs and the conducting poly-

mer. This system provides a model for studies of blended

photovoltaic materials with spatially organized compo-

nents. An alternativemethod utilizes biomolecule-mediated

particle�corona binding. For example, AuNPs coated with

single-stranded DNA could be tethered to micelle coronas

functionalized with cDNA sequences.30

3. Cylindrical Micelles
Cylindrical micelles, which consist of a cylindrical core sur-

rounded by coronal chains, are generally the next aggre-

gates after spherical micelles inmorphological transitions as

copolymer composition or environmental parameters are

adjusted.7 Precise incorporation of NPs into different regions

of cylindrical micelles plays a crucial role in construction of

one-dimensional nanostructures of NPs, which have at-

tracted great interest owing to their potential applications

in new optoelectronic or microelectronic devices.6

3.1. Particles in Cores. Several studies achieved the

random localization of preformed NPs in the cores of cylind-

rical micelles.21,31�33 The precise incorporation of pre-

formed NPs into only the central portion of cylindrical

micelles has been reported only recently.16,34 Mai and

Eisenberg16 achieved such localization of AuNPs in the PS

core of PS-b-PAA rod-like aggregates (Figure 6a), based on

coating the NPs with amphiphilic copolymers of a similar

composition to that of the rod-forming diblocks. The sche-

matic model is shown in Figure 6a2. The explanation is

similar to that given previously for the model in Figure 2

and is not repeated here. Using this method, the central

localization becomes independent of weight ratio of NPs to

rod-forming copolymers. The average distance between

adjacentNPs along the rods is readily controlled byadjusting

the weight ratio; the larger the ratio, the smaller the inter-

particle distance.

Li et al.34 reported the localization of homo-PS coated

AuNPs along the centerline of the PS core of PS-b-P4VP

wormlike micelles. The central localization of the AuNPs in

the compatible PS domain sacrifices the localization entropy

of the NPs but avoids an even larger penalty caused by the

deformation of polymer chains surrounding the noncen-

trally located NPs. In this case, the mean interparticle dis-

tance also decreases with increasing particle-to-polymer

ratio, leading to a red-shift of the surface plasmon resonance

spectrum of the hybrid cylindrical micelles. This central

localization shows a dependence on particle size. At a same

volume fraction, small AuNPs (D/R0 < 1, where D is the

diameter of the PS-coated AuNPs and R0 is the root-mean-

square end-to-end distance of PS block) prefer a random

FIGURE 6. TEM images and the corresponding schematic diagrams of
cylindrical micelles with nanoparticles precisely localized in the middle
of the core (a),16 at the interface between the core and the corona (b),35

or in a part of the corona (c).37 In a2, the rod-forming diblocks are
unanchored on the particle, which have a similar composition to the
diblocks anchored on the particle.
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distribution within the micelle cores to maximize their en-

tropy because of the larger translational entropy than that of

large NPs.

3.2. Particles at Interfaces. Precise localization of NPs at

the interfaces of cylindrical micelles can produce tubular NP

arrays. Two approaches were developed for the interfacial

incorporation. One is binding a NP to a junction point of an

amphiphile, followed by self-assembly of the modified NPs.

Zubarev et al.35 synthesized PS-b-PEO diblocks containing a

carboxylic group at the junction point and attached them to

phenol-functionalized gold or silver NPs (Figure 6b). Self-

assembly of the copolymer-coated NPs in solution gener-

ated cylindrical micelles with NPs located at the interface

between the PS core and the PEO corona. The other method

uses triblock copolymers as self-assembly precursors, in

which one block interacts with the NPs, while the other

two form the core and the corona, respectively. Winnik

and co-workers36 prepared wormlike micelles using PS-b-

P4VP-b-PEO triblocks, and incorporated TOPO-capped QDs

into the interfacial P4VP layer between the PS core and the

PEO corona, through replacing the TOPO ligands with the

P4VP blocks.

3.3. Particles in Coronas. The particle�corona interac-

tions, for example, electrostatic attraction,37,38 can bind

preformed NPs to the coronas of cylindrical micelles. An

illustrative example is given in Figure 6c, which shows the

localization of NPs in the quaternized P2VP coronas of

cylindrical micelles of polyferrocenylsilane-b-poly(2-vinyl-

pyridine) (PFS-b-P2VP).37 The cylindrical micelles were gen-

erated by living self-assembly, in which PFS-b-P2VP as-

sembled at both ends of the quaternized micelles driven

by epitaxial crystallization of PFS blocks. Selective localiza-

tion of the particles was accomplished by electrostatically

driven deposition of AuNPs or PbS QDs coated with nega-

tively charged ligands on the positively charged vinylpyr-

idine fragments.

3.4. Particles in Other Locations. Wooley, Pochan, and

co-workers39 prepared wormlike aggregates with periodic

transversal PAA layers by self-organization of amphiphilic

poly(acrylic acid)-block-poly(methyl acrylate)-block-polystyr-

ene (PAA-b-PMA-b-PS) along with organic diamines in THF/

water solution (Figure 7). Amine-functionalized AuNPs were

then incorporated into the PAA layers driven by electrostatic

attraction, forming AuNP stripes periodically distributed

along the aggregates. Moffitt and co-workers28 obtained

an analogous wormlike nanostructure, by self-assembly

of CdS QDs surrounded by mixed brushes of hydrophobic

PS and hydrophilic PMAA also in THF/water solution;

alternating transverse layers of PS and QDs dispersed within

PMAA were observed in this nanostructure.

4. Vesicles
Vesicles are usually hollow spheres with a hydrophobic wall

and hydrophilic internal and external coronas, which repre-

sent the next step in the arrangement of BCP chains after

cylindrical micelles as copolymer composition or environ-

mental parameters change.7 They provide excellent tem-

plates for organization of NPs into three-dimensional hollow

spherical structures through selective incorporation of NPs

into their walls, interfaces, or coronas.

4.1. Particles in Vesicle Walls. Incorporation of particles

into vesicle walls may open up applications for vesicles that

call for simultaneous encapsulation of hydrophobic NPs, for

example, labeled or catalytic species, into vesicle walls,

along with hydrophilic species into cavities. A common

method for the incorporation employs coassembly in solu-

tion of amphiphilic BCPs and the NPs coated with small-

molecule surfactants. Driven by hydrophobic interactions,

the NPs and the hydrophobic polymer segments aggregate

into vesicle walls, leaving the hydrophilic blocks as coronas.

Through this approach, Lecommandoux and co-workers40

obtained vesicle-like membranes with NPs randomly dis-

tributed inside by coassembly of polybutadiene-block-poly-

(glutamic acid) (PB-b-PGA) copolymers and Fe2O3 NPs

stabilized with a phosphoric diester surfactant. Afterward,

additional well-defined vesicular structures with preformed

NPs located randomly in the walls were reported.41�44

Recently, Mai and Eisenberg45 reported a general ap-

proach for controlled incorporation of preformed NPs into

FIGURE 7. Selective localization of cationic AuNPs in the negatively
charged PAA regions of the striped wormlike aggregates formed from a
PAA-b-PMA-b-PS copolymer.39 Reproduced with permission from ref 39,
copyright2007,TheAmericanAssociation for theAdvancementof Science.
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only the central portion of vesicle walls, based on stabilizing

the NPs with amphiphilic copolymers of the same or simi-

lar composition as that of the vesicle-forming diblocks.

Figure 8a1 shows a TEM image of the vesicles with Pb NPs

in the middle portion of the wall. Figure 8a2 presents a

schematic illustration of the wall incorporation, in which

each NP is located at the center of the wall, with the corona

chains extendedmore or less equally toward each interface.

The aggregates in the wall are drawn with the hydrophilic

segments of the protective diblocks in the water phase,

along with the hydrophilic segments of the vesicle-forming

diblocks. This symmetric way would force NPs to localize

near the wall center, in order to reduce the high free energy

associated with the asymmetric distribution and stretching

of polymer chains on the noncentrally localized NPs. By this

means, the central localization is independent of particle-to-

polymer ratio, as demonstrated experimentally.

Subsequently, Park's group46 achieved the dense packing

of oleic acid-coated magnetic NPs in the middle of the PS

walls of PS-b-PAA vesicles. The small bulk volume of the

small-molecule coating facilitates the dense particle pack-

ing. At high particle-to-copolymer ratios, the NPs prefer a

random localization in the wall, in order to reduce the steric

packing energy caused by central localization and to

maximize the entropy. By controlling the solvent�particle

or polymer�particle interactions, this study achieved addi-

tionally the random or interfacial distribution of the mag-

netic NPs in PS-b-PAA micelles and thus represents an

example of selective localization of NPs in morphologically

controllable aggregates from micelles to vesicles.

A special case, in which amphiphilic QDs make up vesi-

cles directly, was reported by F€orster and co-workers.47 They

coated CdSe/CdS QDs with poly(ethylene oxide)-block-

branched polyethyleneimine (PEO-PEI) through ligand re-

placement; self-assembly of such NPs with a low copolymer

coating density in solution produced vesicles with walls

consisting of a monolayer of the QDs.

4.2. Particles at Interfaces. Through the strategy de-

scribed previously for the interfacial localization of pre-

formed NPs in raspberry micelles, that is, by self-assembly

of the QDs surrounded by mixed brushes of PS and PMAA,

Moffitt's group28 obtained vesicles in which the PS brushes

form the walls while the PMAA constructs the coronas, leav-

ing theQDs at both internal and external interfaces (Figure 8b).

4.3. Particles in Coronas. The particle�corona interac-

tions, again, play a key role in particle incorporation into

vesicle coronas.Winnik and co-workers48 incorporated oleic

acid-capped NPs or TOPO-coated QDs into the PAA coronas

of PS-b-PAA vesicles (Figure 8c), by adding water into THF/

dioxane solutions of the NPs and PS-b-PAA. The binding of

the PAA block to the particle surfaces and the subsequent

ligand replacement led to the coronal localization of theNPs.

Opsteen et al.49 “clicked” biotin to the coronas of PS-b-PAA

vesicles and then treated them with streptavidin-modified

AuNPs; the strong affinity of biotin and streptavidin enabled

the binding of the AuNPs to the external corona of the

vesicles. A different mechanism involves a micelle�vesicle

transformation. Hou et al.50 prepared hybrid PS-b-P4VP

micelles with PS coronas and AuNPs in protonated P4VP

cores in chloroform. After switching the solvent gradually

from chloroform to a methanol/chloroform mixture, in

which the protonated P4VP is soluble while PS is insoluble,

a core�corona inversion of the micelles occurred, forming

vesicles with PS walls and the AuNPs located in the proto-

nated P4VP coronas. The AuNPs could be released by

deprotonating the P4VP coronas. This study provides a

new strategy for particle encapsulation and release in or-

ganic solutions.

5. Summary/Outlook
This Account describes the selective localization of pre-

formed NPs in BCP spherical micelles, cylindrical micelles,

FIGURE 8. TEM images and the corresponding schematic diagrams of
vesicles with nanoparticles precisely localized in the middle of the wall
(a),45 at the interfaces between the wall and the coronas (b),28 or in the
coronas (c).48
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and vesicles. The morphology of the aggregates can gen-

erally be controlled through adjusting copolymer composi-

tion and concentration, nature of the common solvent,

content of precipitant, presence of additives, etc. Examples

are highlighted in which the surface coating, volume frac-

tion, or size of the NPs was tailored to achieve precisely

controlled incorporation, building on considerations of en-

thalpic and entropic particle�polymer interactions, includ-

ing hydrophobic interaction, hydrogen bonding, ligand

replacement, and electrostatic interaction, among others.

Controlled particle incorporation has found applications

in biotechnology, biomedicine, etc. One can cite the follow-

ing as examples of current or potential applications. Cherry

micelles containing core-encapsulated QDs are emerging as

a new class of fluorescent probes for biomolecular and

cellular imaging.12,51 They effectively solved many pro-

blems encountered in utilization of QDs in biological envir-

onments, including water solubility enhancement, aggre-

gation prevention, circulation time extension, and toxicity

clearance, while retaining the unique optoelectronic proper-

ties of QDs.12,51 Controlled clustering ofmagnetic NPs inside

BCP aggregates results in high particle loading and a con-

siderable increase in detection sensitivity in magnetic reso-

nance imaging.18,23a,40,44 The aggregates loaded with

magnetic NPs and drugs can be directed to the drug-needing

locations by magnetic fields.23a,44 Drug release can be

controlled through an oscillating magnetic field producing

local hyperthermia in the magnetic particle loaded portion

of the aggregates, which requires the precise localization of

NPs in the corresponding parts of the aggregates, for exam-

ple, micelle cores23a or vesicle walls.44 Precise control of

interparticle spacing of NPs within BCP aggregates, for ex-

ample, cylindrical micelles, would be useful in sensors or

nonlinear optics, taking advantage of the plasmonic cou-

pling effect of NPs.16,34

BCP aggregates with precisely localized NPs are evolving

toward novel structures, properties, and functions for appli-

cations. The challenges involve exploration of new control-

lable assembly strategies, deep understanding of structure�
property relationships to predict the performance of a given

structure, and creation of systematic theories.4 With these

advances, precise localization of NPs in BCP aggregates of

controllable morphologies holds promise for fabrication of

functional materials with tailored structures, functionalities,

and applications.
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