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Miktoarm polymers are a relatively new and unique class of macromolecules, and constitute a topical

area of research due to their intriguing properties which can be tailored by varying their polymer arms.

Much emphasis has been placed in the recent past in developing synthetic methodologies to these star

polymers, and examining their self-assembly in solution. This review summarizes the progress made

in the area of miktoarm star polymers in terms of their synthesis, behavior in solution, and applications.

The different synthetic strategies to construct a variety of miktoarm star polymers are described, and

each methodology strikes a balance between ease of synthesis and control over the final architecture.

The self-assembly of miktoarm polymers in solution is then elaborated, which is frequently studied as

a function of either arm-length (an intrinsic property of the star) or the application of an external

stimulus (pH, temperature, etc.). This is followed by an overview of the applications of these stars in

areas including drug delivery.
Introduction

Polymers constitute an intricate part of our everyday lives, as

well as they continue to be at the cutting edge of research.1 While

our understanding of polymers has grown tremendously over the

past few decades, much needs to be still done to advance them into

the novel materials applications that have yet to be developed. For

instance, a greater understanding of their self-assembly in an

aqueous medium could yield novel and sophisticated drug delivery

vehicles.2 In fact, drug delivery is an extremely important and
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promising field of research, where various classes of polymers have

offered the potential to increase the bioavailability and therapeutic

index of drug molecules without leaving toxic byproducts in the

body.3 Polymers also offer a facile and cleaner alternative route

towards successful gene delivery, and the use of specifically

designed macromolecules has generated much promise in gene

delivery.4 While linear polymers have traditionally dominated in

these areas, recent advances in polymer synthesis have led to the

ability to build more complex polymeric architectures, such as

gradient polymers,5 polymer brushes,6 graft polymers,7 den-

drimers,8 and star polymers.9 Each of these various architectures

impart a whole new set of intriguing properties, such as unique

morphologies and assemblies in the bulk, that were never thought

possible for linear polymers. It is essential to continue to develop

each of these specific fields of polymer research, and to elucidate
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Fig. 1 Some different types of miktoarm polymers, whose polymer arms

vary by the chemical identity or molecular weight.
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where the greatest promise and potential lies. To this end, the

work summarized in this review is oriented towards a specific class

of star polymers called miktoarm star polymers.10 Miktoarm star

polymers (sometimes called asymmetric star polymers, heteroarm

star polymers, or simply miktoarm polymers) are star-shaped

polymers where any number of various types of polymer arms

emanate from a core. These polymer arms should vary by chem-

ical identity and/or molecular weight (Fig. 1). This specific class of

polymers should not be confused with other classes of polymers,

such as graft copolymers, H-shaped copolymers, etc., which lack

a star-shaped architecture with polymer arms emanating from

a focal point (as opposed to a polymeric unit).

Miktoarm star polymers are a synthetically challenging class

of polymers. Multiple protection/deprotection strategies,

orthogonality, and combination of different polymerization

methods are typically necessary for the synthesis of these poly-

mers, regardless of the specific type of desired miktoarm star

polymer (A2B, ABC, AB2C2, etc.). Considerable advances in

synthetic strategies, self-assembly and applications have recently

occurred, making scientific community become increasingly

aware of the potential of miktoarm polymers. The scope of this
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review is to focus on work done within the past decade on

miktoarm polymers. An excellent review of work done prior to

this decade can be found elsewhere.10 While computational

simulations and theoretical chemistry have been combined to

elucidate the morphology of miktoarm polymers,11 this review

will instead focus on experimental work.
Synthetic strategies

Chlorosilane compounds

One of the most established synthetic strategies for miktoarm

stars involves linking chlorosilane compounds which serve as

a core, with polymers with reactive chain ends synthesized using

living anionic polymerization. Hadjichristidis and coworkers

have used tetrachlorosilane to synthesize an A(AB)3-type mik-

toarm polymer, composed of polystyrene (PS) and polystyrene-

b-polyisoprene (Scheme 1).12 In order to ensure that one

polystyrene arm was attached to the core, excess tetra-

chlorosilane was reacted with the anionic chain end of poly-

styrene, and any unreacted tetrachlorosilane was then easily

removed by vacuum. A 20% excess of PS-b-PILi was used to

replace the remaining chlorine atoms on the core, thus

completing the final miktoarm star. Size exclusion chromatog-

raphy (SEC) of this star polymer revealed impurities whose

resolution was much better resolved by temperature gradient

interaction chromatography (TGIC). In fact, TGIC allowed each

eluted peak to be characterized as either the product miktoarm

star, or some byproduct of the synthesis, such as (PS-b-PI)4 or

even (PS-b-PI)5 star copolymers. One notable feature of the

chlorosilane method evident from this example is the necessity of

carefully reacting the living chain end of a polymer with the Si–Cl

bond, for achieving controlled addition of a polymer arm onto

the chlorosilane compound. This is often done by adding the

chlorosilane compound in excess to ensure monosubstitution.
Scheme 1 Synthesis of A(AB)3 miktoarm polymer using living anionic

polymerization and a chlorosilane linking agent.

This journal is ª The Royal Society of Chemistry 2010
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For the creation of miktoarm polymers with more than two types

of arms, titration becomes necessary for achieving mono-

substitution of a single Si–Cl bond in the chlorosilane core,

assuming a polymer is already attached to the core. In this case,

titration is done to ensure monosubstitution for two reasons:

simpler purifications and for substituting the remaining Si–Cl

bonds with a different polymer. This technique has been used to

create ABCD miktoarm star polymers as a result of careful

introduction of living polymers on the basis of steric hindrance.13

Finally, it is important to note that the chlorosilane methodology

involves stringent reaction conditions, such as moisture-free

conditions and complicated reactors that typically involve break-

seal technology, due to its dependence on living anionic

polymerization.

Sometimes it is beneficial to combine chlorosilane chemistry

with other types of coupling reactions to build the desired mik-

toarm star. To this end, Hadjichristidis’s group created a core

composed of two chlorosilane groups and diphenylethylene for

the synthesis of an ABCD-type miktoarm star with four mutu-

ally incompatible arms: polystyrene, polyisoprene, poly-

dimethylsiloxane (PDMS), and poly(2-vinylpyridine) (P2VP).14

To create the necessary diblock copolymer precursor, titration

was used sequentially on the core—first for the monosubstitution

of one chlorine with PI and a second time for the mono-

substitution of the second chlorine with PDMS (Scheme 2).

Because of steric hindrance, the reactivity of the second chlorine

is reduced after substitution of the first chlorine with PI. SEC was

used to monitor these reactions and determine the endpoint. In

a new reactor, a living polystyrene chain (PSLi) was synthesized,

and to it was added an equimolar amount of the diblock

copolymer. The living polystyrene chain end reacted on the vinyl

group of the diphenylethylene moiety on the core, thus creating

a triblock copolymer. Finally, the resulting anion was exploited

for the living anionic polymerization of 2-vinylpyridine, and the

resulting polymer arm was capped with methanol to construct

the final ABCD miktoarm star polymer. Purification of such

a complex miktoarm polymer from its residual byproducts could

only be achieved using a Soxhlet apparatus. Nonetheless, three

miktoarm stars were prepared using this strategy, with Mn of

approximately 75 kg mol�1 and polydispersities (PDIs) between

1.06 and 1.11. This methodology demonstrates how different

synthetic strategies can be combined to create a desired
Scheme 2 Combination of two synthetic strategies—chlorosilane

groups and diphenylethylene (a vinylic compound)—in a single core for

the attachment of four different polymers.

This journal is ª The Royal Society of Chemistry 2010
miktoarm star polymer. Furthermore, it demonstrates how the

use of a vinylic compound such as diphenylethylene requires

a carefully designed synthetic protocol, just as is necessary for

chlorosilane protocols. Even though the use of chlorosilane

linking agents is one of the oldest strategies for making miktoarm

star polymers, it is still an effective strategy and continues to be

employed in the synthesis of miktoarm stars.15
Iterative method

The iterative method has been developed by Hirao and

coworkers as a versatile synthetic strategy to create a wide variety

of complex miktoarm stars through living anionic polymeriza-

tion. The primary attraction of the iterative method of miktoarm

polymer synthesis lies in the ability to make well-defined

miktoarm stars without a complex reaction sequence. In an

excellent demonstration of this strategy, ABC-, ABCD-, and

ABCDE-type miktoarm star polymers were synthesized by living

anionic polymerization techniques and 1-(4-(3-bromopropyl)-

phenyl)-1-phenylethylene which serves as a linking agent.16 The

synthesis for these polymers required two steps: (1) linking one

living anionic polymer to a second polymer functionalized with

the diphenylethylene compound, to create in situ an anion at the

branching point, and (2) introduction of another diphenyl-

ethylene compound to the growing polymer via the anion.

Repetition of these two steps led to the production of miktoarm

polymers with excellent polydispersities below 1.03. GPC, 1H

NMR, and elemental analysis confirmed that the stars were

properly made, with both controlled architecture and desired

molecular weight of each polymer arm.

The same concept was applied to create an ABCDEFG-type

miktoarm star polymer in the exact same manner, except this

time a butadiene-derivatized compound was used as the linking

agent.17 Other complex miktoarm polymers have been synthe-

sized such as ABCD2, AB2C2, and ABCD2E2.18 The versatility of

this iterative methodology was clearly demonstrated in the

synthesis of AB2C2D2E4-, AB2C2D4E4-, AB2C4D8E8-, and

AB2C4D8E16-type miktoarm stars.19 These stars were made by

coupling one of two different diphenylethylene-derivatized

linking agents to the in situ generated anion of the growing

polymer. These two linking agents contained either one or two

diphenylethylene groups, so that either one or two living polymer

arms were subsequently coupled to the growing polymer. Many

other synthetic examples have been reported with success using

this iterative method.20
‘‘Core-first’’ method

There are many examples throughout the literature where the

‘‘core-first’’ method is used as a synthetic strategy. The first step

in this methodology requires the synthesis of a multifunctional

initiator, also called a ‘‘multifunctional core,’’ or simply a ‘‘core’’

containing orthogonal initiating sites. From this core, each arm

is grown outwards through a combination of different poly-

merization techniques, such as living anionic polymerization,

ring-opening polymerization (ROP),21 or a variety of controlled/

‘‘living’’ radical polymerization (CRP)22 techniques including

atom transfer radical polymerization (ATRP),23 nitroxide

mediated polymerization (NMP),24 reversible addition–
Polym. Chem., 2010, 1, 1171–1185 | 1173
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fragmentation chain transfer (RAFT) polymerization,25 etc.

Because of the combination of different polymerization methods,

it is easy to introduce a wide variety of monomers into the final

polymeric structure. Also, orthogonality plays a key role in the

design of the multifunctional initiator—a successful synthesis of

miktoarm stars requires one to polymerize a single type of

initiating site on the core while leaving the other sites intact, thus

ensuring that each polymerization occurs as intended on the

core. Because of this nature of the multifunctional initiator, the

number of polymerization initiating sites on the core is the same

as the number of polymeric arms on the final miktoarm star. For

instance, a multifunctional core with two ATRP initiating sites

and one ROP initiating site will yield an A2B miktoarm star

polymer.

Using the ‘‘core-first’’ method, Tunca and coworkers built an

AB2 miktoarm star polymer, in which the first step was the

synthesis of a multifunctional initiator designed for sequential

ROP and ATRP (Scheme 3).26 After characterization, the core

was used for ROP of 3-caprolactone through the alcohol, to

generate a polymer functionalized with two bromine end groups.

These sites were polymerized via ATRP using either tert-butyl

acrylate or methyl methacrylate to create two different types of
Scheme 3 An AB2 miktoarm star polymer made with the ‘‘core-first’’

method by sequential ROP and ATRP.

1174 | Polym. Chem., 2010, 1, 1171–1185
AB2-type miktoarm star polymers. The polydispersities (PDIs)

of these stars were relatively low (<1.23).

Though the synthesis of ABC miktoarm stars requires

a greater deal of sophistication in the synthetic strategy, this can

still be easily accomplished using the ‘‘core-first’’ method. Hizal

and coworkers synthesized a multifunctional initiator with three

different initiating sites for ATRP, ROP, and stable free-radical

polymerization (SFRP) to create an ABC miktoarm star polymer

where each polymerization step does not require end-group

modification for subsequent polymerization reactions

(Scheme 4).27 This polymer was composed of polycaprolactone

(PCL), polystyrene (PS), and poly(tert-butyl acrylate) (PtBA).

Because of the variety of polymerization methods and their

accompanying choice of monomers, it is easy to see why the

‘‘core-first’’ technique is a versatile and efficient synthetic

strategy, and it has been widely used.28 A simple substitution of

one monomer for another can lead to a library of ABC-type

miktoarm stars. For instance, in Scheme 3 the ROP of 3-capro-

lactone could just as easily be replaced with the ROP of glycolic

acid or lactide to create two more miktoarm stars.

Variations to the ‘‘core-first’’ strategy have become prevalent

throughout the literature. For example, it is possible to employ

two ROP and one ATRP from a multifunctional initiator to

create an ABC miktoarm star provided that protection/depro-

tection strategies are used.29 In this regard, a core compound

composed of one bromide chain-end and two alcohols—one

protected with a triphenylmethyl group and the other depro-

tected—was prepared. ROP of the deprotected alcohol using

3-caprolactone as monomer followed by ATRP with styrene

yielded a diblock copolymer. Because the final step involved
Scheme 4 Synthesis of an ABC miktoarm star polymer made with the

‘‘core-first’’ method by three different polymerization methods.

This journal is ª The Royal Society of Chemistry 2010
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ROP, it was necessary to functionalize the chain-end of the PCL

arm with a protecting group in order to avoid subsequent ROP

reactions on both the PCL chain-end as well as the third alcohol.

Finally, acidic conditions were employed to deprotect the alcohol

at the core so that subsequent ROP with L-lactide (LLA) could

occur, yielding an ABC miktoarm star composed of PS, PLLA,

and PCL.

Another more commonly seen variation of the ‘‘core-first’’

strategy involves functionalization of the chain-end of a polymer

arm, sometimes called the linear macroinitiator. The functional

group at the chain end contains multiple types of initiating sites,

thus serving as a branching point for successive polymerization

reactions, and eventually yielding the final miktoarm star. This

variation of ‘‘core-first’’ is an attractive strategy because the

synthesis of a core designed to polymerize n arms is replaced by

the synthesis of a chain-end functionalized polymer which allows
Scheme 5 Synthesis of a biocompatible ABC miktoarm star by func-

tionalization of a linear macroinitiator (PEG) followed by successive

ROPs.

This journal is ª The Royal Society of Chemistry 2010
the growth of n� 1 arms.30 J�erôme and coworkers have used this

strategy to create a novel, fully biocompatible ABC-type

miktoarm star with poly(ethylene glycol), poly(3-caprolactone),

and poly(benzyl b-malolactonate).31 Monohydroxy PEG was

capped at its chain-end with one 3-caprolactone unit. Subsequent

hydrolysis of this polymer yields a linear macroinitiator with two

functionalities (Scheme 5). Anionic ROP of benzyl b-malolact-

onate was then achieved without any evident ROP on the core’s

alcohol. The terminal chain end of poly(benzyl b-malolactonate)

was capped with a methyl group using trimethylsilyldiazo-

methane. As in the previous example, this protection step was

necessary to avoid unwanted ROPs on the chain end of

poly(benzyl b-malolactonate). Finally, ROP on the diblock

copolymer’s alcohol resulted in the final miktoarm star polymer

with a polydispersity of 1.50. This increase in PDI occurred

during the ROP of 3-caprolactone, most likely due to slow ROP

initiation of the diblock copolymer. Though this method was

successful in producing the desired miktoarm polymer, some

optimization is necessary—mostly to reduce the PDI—in order

to make these polymers more optimal for their intended bio-

logical applications.
‘‘Arm first’’ method

Although the ‘‘arm-first’’ method had typically been used to

create homoarm star polymers,32 Gao and Matyjaszewski were

the first to use it to demonstrate the synthesis of miktoarm star

polymers, where miktoarm stars with many different arms (the

number of arms ranged anywhere from 35 to 84) were synthe-

sized using either two or five different types of polymers.33

Generally, in this methodology, the chain ends of many linear

macroinitiators, which are formed from a number of CRP

methods, are used to polymerize a divinyl compound, typically

divinylbenzene (DVB). Many polymers were used to initiate this

polymerization in a one-pot fashion to yield miktoarm stars in

high yields. The final miktoarm polymer consisted of a cross-

linked microgel core composed of DVB, which ties together the

many polymer arms that initiated the DVB polymerization, with

the polymers emanating outwards (Scheme 6).

According to a study done by Gao and Matyjaszewski, the

molar ratio of the various polymers used to initiate polymeri-

zation determines the molar ratio of each polymer in the final

miktoarm polymer star. For instance, in using a 50/50 mixture of

poly(methyl acrylate) (PM) to poly(n-butyl acrylate), a miktoarm

star with a 52/48 ratio of these two polymers was achieved, while

a starting mixture of 90/10 yielded a miktoarm star with an 87/13

arm ratio. Furthermore, differing chemical identities of the

polymeric macroinitiators did not alter the ratios in the final star,
Scheme 6 General synthesis of a miktoarm polymer by the ‘‘arm-first’’

method.

Polym. Chem., 2010, 1, 1171–1185 | 1175
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which were similar to those of the initial reaction mixture. It was

noted that SEC was not sufficient to determine whether the final

product was pure, i.e., whether the final product represented

a miktoarm polymer or a contaminated mixture containing both

miktoarm polymer and two homoarm star polymers. The use of

liquid chromatography and gradient polymer elution chroma-

tography (GPEC) helped to confirm the presence of miktoarm

polymer and the absence of contaminant homoarm star poly-

mers. These polymers were typically of high molecular weight

(over 100 kg mol�1) with PDI generally around 1.40. The ‘‘arm-

first’’ method, in general, is one of the less commonly used

techniques for miktoarm polymer synthesis.34
‘‘In–out’’ method

The ‘‘in–out’’ method of miktoarm polymer synthesis can be seen

as a cross between the ‘‘core-first’’ and ‘‘arm-first’’ methodolo-

gies. Here, a ‘‘living’’ macroinitiator (typically made by CRP

methods such as ATRP) initiates the polymerization of a cross-

linking agent (such as DVB) to form a homoarm star polymer

with polymer arms emanating from the core. Because the mac-

roinitiator’s initiating sites are preserved within the core, these

initiating sites are used for subsequent polymerization of

a second type of monomer to produce a miktoarm star

(Scheme 7). Unlike the ‘‘core-first’’ or ‘‘arm-first’’ technique, only

AnBm-type miktoarm polymers can be built, i.e., only two types

of polymer arms can exist in a miktoarm star polymer synthe-

sized by the ‘‘in–out’’ technique.35 Furthermore, the number of

arms of the polymer grown from the core is always less than the

number of arms from the macroinitiator (therefore m < n). This

can be due to many factors, but the most important reason is the

steric hindrance that the initiating sites suffer in the congested

core of the homoarm star polymer.36

The ‘‘in–out’’ method has been used successfully to create

a miktoarm star polymer composed of PCL and PS linked to

a DVB microgel core.37 This was accomplished by first synthe-

sizing PCL which was end-functionalized with a bromine atom.

This polymer was subsequently reacted via ATRP with DVB to

form a homoarm star polymer macroinitiator. The bromine

atoms remaining on the core were subsequently polymerized via

ATRP with styrene to form the final miktoarm star polymer. Mn

ranged from 70–85 kg mol�1 on the basis of SEC, while the PDI

was rather high (1.8–2.7). Further manipulations of this mik-

toarm star polymer demonstrated the potential applications that

exist within this unique class of polymers. To this end, basic

hydrolysis of the PCL arm resulted in a homoarm star polymer

composed of PS arms. This polymer was subsequently utilized as

a nanoenvironment which could facilitate formation of PbS

nanoparticles within its microcavities. Electron diffraction

studies of the resultant nanoparticles demonstrated the

formation of a cubic structure.
Scheme 7 General synthesis of a miktoarm star by the ‘‘in–out’’ method

(the green dots represent bromine atoms).

1176 | Polym. Chem., 2010, 1, 1171–1185
Coupling method

Coupling methods have become very widespread for the

synthesis of miktoarm polymers in the past decade due to facile

synthetic methodologies that have become available, and as these

methods help to ensure the overall integrity of the final

structure.38 This method is highlighted by coupling of the reac-

tive end of at least one polymer arm to a multifunctional core

using highly efficient and orthogonal reactions. The remaining

arms on a miktoarm polymer are typically grown using CRP

methods, and often by ROP, living anionic polymerization, etc.

The popularity of the coupling methods can partially be attrib-

uted to the rising popularity of ‘‘click’’ chemistry in macromo-

lecular synthesis.39 ‘‘Click’’ reactions are characterized by many

features that lend themselves to macromolecular synthesis, such

as simple reaction conditions, orthogonality to a variety of

functional groups, simple workups, relatively simple purifica-

tions, insensitivity to different solvents, and high yields. Many

different ‘‘click’’ reactions have been used to this end, such as

thiol–ene40 and Diels–Alder.41 The most popular reaction, the so-

called ‘‘cream of the crop’’ is the Cu(I)-catalyzed Huisgen

1,3-dipolar cycloaddition of an azide to an alkyne to yield

a 1,2,3-triazole ring (Fig. 2).42 This specific ‘‘click’’ reaction has

found widespread use throughout the synthesis of miktoarm

polymers through a coupling strategy.

One of the most standard examples of the coupling technique

arises from Tunca and coworkers. In their study, ATRP and

NMP were used to polymerize PMMA and PS respectively from

a trifunctional core, leaving a block copolymer with an alkyne as

the only remaining functionality which is located at the junction.

Subsequent ‘‘click’’ reaction with either azide-terminated PEG or

PtBA yielded an ABC-type miktoarm star polymer (Scheme 8).43

For m(PMMA-PS-PtBA), the final Mn was 11.2 kg mol�1 with

a PDI of 1.15, as determined by GPC equipped with an RI

detector. Furthermore, 1H NMR spectroscopy confirmed the

incorporation of three distinct polymer arms onto a single scaf-

fold, by appearance of the characteristic peaks of three different

polymers, as well as the triazole ring’s C]CH peak at 7.65 ppm.

The synthesis of a second miktoarm polymer, m(PMMA-PS-

PEG), was also confirmed through careful examination of 1H

NMR spectra. An Mn of 9.6 kg mol�1 and a PDI of 1.21 were

obtained from GPC, which are comparable results to m(PMMA-

PS-PtBA). In considering the fact that these two polymers were

made by coupling two different azide-terminated polymers to

a block copolymer precursor, these results suggest that a ‘‘click’’

reaction can efficiently couple a variety of azide-terminated

polymers to a block copolymer scaffold to create a miktoarm star

polymer. Tunca’s group has demonstrated that the azide–alkyne

‘‘click’’ reaction can efficiently couple the chain-end of a polymer

to the congested core of a block copolymer. Furthermore, the

orthogonality of ‘‘click’’ coupling allows tolerance of initiating

groups from prior polymerization reactions, the bromide atom
Fig. 2 The azide–alkyne Huisgen cycloaddition, a 1,3-dipolar cycload-

dition which yields a 1,2,3-triazole ring.

This journal is ª The Royal Society of Chemistry 2010
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for ATRP or the alcohol from ROP for instance, which obviates

the need for protection/deprotection strategies for these func-

tionalities. Protection/deprotection strategies can be used,

however, to create miktoarm star polymers if the same ‘‘click’’

reaction is to be used in succession. Kakkar and coworkers built

an ABC-type miktoarm star polymer using two azide–alkyne

Huisgen cycloadditions by selectively deprotecting two alkyl–

silyl protected alkynes on the multifunctional core, and then

completing the miktoarm star polymer by ROP with 3-capro-

lactone monomer.44 It should be noted that the ‘‘click’’ coupling

method requires a careful control of reaction conditions, as well

as a purification strategy for separating a miktoarm star from its

polymeric precursors.
Scheme 8 Synthesis of an ABC miktoarm star from a trifunctional core

by ATRP, NMP, and ‘‘click’’ chemistry.

This journal is ª The Royal Society of Chemistry 2010
Monteiro’s group demonstrated in an excellent study that

facile synthesis of miktoarm AB2 stars can be easily achieved by

optimizing the ‘‘click’’ coupling reaction conditions, resulting in

low PDI and high yield in relatively short reaction times.45 For

instance, during the growth of polymeric precursors, ATRP was

allowed to occur until a conversion of 50% was achieved, at

which point the reaction was terminated. This technique reduces

the presence of dead polymers in the final product, thus

enhancing the purity of chain end-functionalized polymers. Also,

to overcome the kinetic barriers associated in ‘‘click’’ reactions

with long polymer arms, the core (in this case, tripropargyl-

amine) was added with a syringe pump so as to maximize

coupling between the core and the polymer. To this end, mon-

osubstitution of one polymer onto the tripropargylamine core

was achieved by adding the core in excess to a solution of the first

polymer. Afterwards, a solution of this polymer was added with

a syringe pump to a heated solution of the second polymer,

affording AB2-type miktoarm stars with a variety of arms

(PS and PtBA, PS and PMA, PMA and PtBA, etc.). These

conditions yielded a variety of miktoarm stars which all featured

high yield in short time (usually above 80% in 5 hours), along

with excellent PDI (from 1.03 to 1.07). Further optimization of

the ‘‘click’’ coupling reaction was achieved by using the same

technique, i.e., feeding tripropargylamine through a syringe

pump to a heated polymer solution to create a 3-arm homoarm

star polymer. Optimization of both the reaction time and overall

yield revealed that addition of the core with a syringe pump yield

stars with high yield and much shorter reaction times. Also, the

overall yield increased by 10% when unpurified azide-terminated

polymer arms from the functionalization of the chain-end of the

polymer from a bromide atom to an azide were coupled to the

core. These efforts to optimize the ‘‘click’’ coupling reaction to

produce a miktoarm star clearly paid off, as some of the best PDI

and yields attained from the coupling method were reported in

this study.

Liu and coworkers combined the ‘‘click’’ reaction between an

azide and an alkyne with ROP and ATRP to synthesize an ABC

miktoarm polymer composed of PCL, poly((2-dimethylami-

no)ethyl methacrylate) (PDMA) and either PS or PEG in a one-

pot fashion.46 The trifunctional core, 3-caprolactone monomer,

2-(dimethylamino)ethyl acrylate monomer, and an azide-termi-

nated polymer (PS or PEG) were mixed together with catalysts

tin(II) 2-ethylhexanoate (Sn(Oct)2), copper(I) bromide (CuBr),

and N,N,N0,N0,N00-pentamethyldiethylenetriamine (CuBr/

PMDETA) and stirred at 80 �C for 12 hours. Sn(Oct)2 works asa

catalyst for ROP while CuBr/PMDETA doubles as a catalyst for

both ATRP and the ‘‘click’’ reaction. Regardless of whether PS

or PEG was clicked to the core, relatively low PDIs of 1.18 and

1.20, respectively, were attained in a miktoarm star with an

approximate Mn of 18 kg mol�1 (both determined by GPC).

Similarly, the group of Tunca has created an ABC miktoarm

polymer in a one-pot fashion by combining NMP (instead of

ATRP), ROP, and the same ‘‘click’’ coupling reaction.47 NMP

was used to grow PS, ROP for PCL, and either azide-function-

alized PtBA, PMMA, or PEG were clicked to the core to yield

the final star (Scheme 9). They varied the technique to make the

full miktoarm-star in two ways in an attempt to optimize the

synthesis. The NMP and ROP reactions were simultaneously

conducted prior to addition of azide-terminated polymer
Polym. Chem., 2010, 1, 1171–1185 | 1177
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Scheme 9 Synthesis of an ABC miktoarm star by one of two methods in

a one-pot fashion.

Scheme 10 Synthesis of an ABCD miktoarm star polymer by ‘‘click’’

coupling between two diblock copolymers.
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(one-pot/two-step); or the NMP, ROP, and ‘‘click’’ reaction were

all allowed to proceed simultaneously (one-pot/one-step). In

making miktoarm stars with Mn ranging from 13.5–16.5 kg

mol�1, a lower PDI was found from two different miktoarm stars

made by the one-pot/two-step technique (1.10 and 1.03) as

compared to the one-pot/one-step technique (1.29 and 1.21)

(Mn and GPC were obtained from triple detection GPC).

Compared to the work of Liu and coworkers, longer reaction

time and higher temperatures were used to obtain miktoarm

stars. It is evident from these two studies that a variety of

conditions and polymers can be used to create a library of mik-

toarm stars in a one-pot fashion, as long as a well-defined

multifunctional core is synthesized. It should be noted that any

impurities that were obtained in these reactions, such as an

unreacted PS-b-PCL block copolymer, were easily removed by

filtration and precipitation. One notable study combined the

azide–alkyne ‘‘click’’ coupling reaction with an atom transfer

nitroxide radical coupling (ATNRC) reaction to create an ABC

miktoarm star polymer in a one-pot synthesis.48 Unlike the

previous two examples, this study demonstrated the synthesis of

a miktoarm polymer by combining three end-functionalized

polymers (rather than a mixture of polymers and monomers) in

a one-pot fashion.

The studies mentioned for the coupling method so far have been

used to make relatively simple miktoarm stars—AB2 and ABC—

which could also be made using a variety of other techniques, such

as the ‘‘core-first’’ method or through the use of chlorosilane

compounds. While many synthetic benefits from the coupling

method have become evident relative to these other techniques,

including a wider variety of monomers, it is important to note that

any useful synthetic protocol for the synthesis of miktoarm stars

must allow increasingly complex structures to be formed. In one

example, ABCD miktoarm star polymers (rarely found in the
1178 | Polym. Chem., 2010, 1, 1171–1185
literature due to stringent reaction conditions) were made by

simply coupling two diblock copolymers together through azide–

alkyne ‘‘click’’ chemistry (Scheme 10).49 One of the two diblock

copolymers was made starting from polystyrene synthesized by

living anionic polymerization. Capping the chain end with

ethoxyethyl glycidyl ether yielded a polymer with a chain end-

functionality that was modified through a series of steps to yield

a bifunctional polymer containing an alkyne and 2-bromoisobu-

tyl bromide. Subsequent ATRP with the monomer tert-butyl

acrylate yielded the diblock copolymer PS-b-PtBA with an alkyne

at the junction. The second diblock copolymer was synthesized

starting from the living anionic polymerization of a polymer, in

this case PI, and capping the living end with ethoxyethyl glycidyl

ether. Ethylene oxide was directly polymerized from this macro-

initiator and end-capped using bromoethane to yield a diblock

copolymer. Finally, to prepare a diblock copolymer PI-b-PEO

with an azide at the junction point, the ethoxyethyl group at the

center was converted to an alcohol, whereupon subsequent

introduction of a bromide atom and its conversion to an azide

yielded the desired diblock copolymer. Finally, these two diblock

copolymers were coupled with an azide–alkyne ‘‘click’’ reaction.

An excess of one of the diblocks was deliberately used (�1.5 : 1) to

ensure the complete removal of one of the two diblock copolymers

in the final product, leaving behind both the 4-arm miktoarm

polymer and a single type of unreacted diblock copolymer. The

different solubilities of these two types of polymers in water were

taken advantage of during the separation of these two polymers,

yielding a purified ABCD-type miktoarm star polymer in

approximately 70% yield. Seven different polymers with differing

molecular weights were obtained with approximate PDI varying

from 1.19–1.26 and Mn (determined from 1H NMR) from roughly

12–28 kg mol�1. The same strategy of coupling two block copol-

ymers together through ‘‘click chemistry’’ to create the final

miktoarm star was employed to yield a unique H-shaped polymer

composed of five different arms (PS, PCL, PtBA, PEG, and

PMMA) in moderately high yield.50 This was achieved by conju-

gating an end-functionalized polymer arm on an ABC-type mik-

toarm star polymer with a diblock copolymer functionalized at

the junction point.
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 The transition in morphology in aqueous solution of an ABC-

type miktoarm star, from ‘‘hamburger’’ micelles (left) to segmented

worms (right), as hydrophobicity of the polymer increases. The colors in

the picture of the self-assembled structures (bottom) correspond to the

polymer’s structure (above).
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Though most examples of miktoarm polymer synthesis in the

literature employ a coupling strategy by utilizing the Cu(I)-

catalyzed Huisgen cycloaddition between an azide and an alkyne,

there are other reactions that are available to achieve both effi-

cient coupling and a facile synthetic route.51 Other popular

variants of the ‘‘click’’ reaction that are widespread in macro-

molecular synthesis include thiol–ene coupling reactions and

Diels–Alder reaction, yet only the Diels–Alder reaction has been

utilized in the synthesis of miktoarm polymers. Altintas et al.

coupled PCL functionalized with anthracene to PtBA function-

alized with maleimide in a Diels–Alder reaction to create a block

copolymer, so that subsequent NMP of PS followed by free

radical photopolymerization of PMMA from the diblock

copolymer junction yielded the final ABCD miktoarm star.52 The

Diels–Alder reaction has also been used to make ABC miktoarm

polymers.53 Though coupling reactions outside of the classifica-

tion of ‘‘click’’ reactions are rather sparse, one notable example

arose recently where an A2B2 miktoarm polymer was made by

coupling two diblock copolymers together at their junction

points in an alkyne–alkyne homocoupling reaction.54 Yields and

polydispersity were comparable to those already described by the

Huisgen ‘‘click’’ reaction.
Self-assembly and applications

Changes in morphology from varying polymer arm length

As discussed above, many methods for the synthesis of miktoarm

polymers have emerged in the past decade. The discovery of these

reliable synthetic protocols for a variety of miktoarm polymers

has undoubtedly simplified our ability to pursue studies of their

self-assembly and applications. This interest in miktoarm star

polymers stems from the combination of virtually any type and

number of polymer arms into a single unique architecture. The

widespread research and success in applications of linear block

copolymers55 have increased the desire to understand what can

happen when the same set of polymer arms are constructed as

a star. In observing the general arrangement of core–shell–

corona micelles formed from linear triblock copolymers,

Timothy Lodge best expressed the source of interest in under-

standing ABC-type miktoarm polymers: ‘‘the mandatory

convergence of the three immiscible blocks at one common

junction suppresses the formation of concentric structures and

leads to an array of new morphologies with compartmentalized

micellar cores.’’56 With this in mind, the self-assembly and

potential applications of any type of miktoarm star (ABC, A2BC,

ABCDE, and so on) ought to be worth examining.

One of the landmark studies in the self-assembly of miktoarm

polymers demonstrated the changing morphologies in aqueous

solution which can be attained as the sizes of various arms are

adjusted.57 A series of ABC miktoarm polymers were made by

a variant of the ‘‘core-first’’ technique using living anionic

polymerization methods, whose arms were composed of

poly(ethylene oxide) (PEO), polyethylethylene (PEE), and poly-

(perfluoropropylene oxide) (PFPO) (i.e. one hydrophilic PEO

arm and two immiscible hydrophobic PEE and PFPO arms).

Many unique morphologies were observed for the first time by

cryo-TEM, and a reduction of the size of PEO arms led to

transitions from so-called ‘‘hamburger’’ micelles to a mixture of
This journal is ª The Royal Society of Chemistry 2010
hamburger micelles and worm-like structures in aqueous solu-

tion. This reduced size of the hydrophilic PEO arm was believed

to have led to the transition from hamburger micelles to worm-

like structures, as the short hydrophilic arms of many micelles

were believed to group together and create a shared PEO corona

so as to best protect the larger hydrophobic inner domains

(Fig. 3). Increases in the size of hydrophobic PEE and hydro-

phobic PFPO further led to a preponderance of worm-like

micelles and a marked reduction of individual micelles, an

observation which corroborated their overall theory of self-

assembly of these systems. They postulated that, within the

micellar core of the observed hamburger micelles, PEE segments

provided a layer which shielded any interaction between PEO

and PFPO blocks.

This work was extended to further understand various

morphologies that can be attained by simply varying the length

of the two hydrophobic arms, revealing a vast variety of

morphologies that were attained in aqueous solution.56 A series

of miktoarm polymers where the length of PEO was systemati-

cally decreased revealed a transition from hamburger micelles to

a mixture of worm-like micelles with varying lengths. Further

reduction of PEO size past a distinct volume fraction resulted in

a mixture of many morphologies, including segmented ribbons,

Y-junctions, network micelles, segmented bilayers, and toroids,

and finally to a mixture of large bilayer sheets and vesicles. This

general transition (vesicles to worms to spheres) had been

documented for diblock copolymers.58 A second series of poly-

mers featured variations in the size of PFPO. As the size of this

arm increased, a transition in morphology was observed, from

segmented worms to a mixture of worms and Y-junctions, and

eventually into a wide variety of morphologies including

segmented worms, raspberry-like micelles, and multi-

compartmentalized worms. In these series of miktoarm poly-

mers, the transition from one set of morphologies to another was

understood as a result of the changes in polymer arm length in

a series of miktoarm polymers. For instance, most of the changes

described occurred below a certain volume fraction of PEO, yet

above this volume fraction, however, hamburger micelles were

consistently observed. Once again, the changes in morphology

were understood in terms of the mutual incompatibility of the
Polym. Chem., 2010, 1, 1171–1185 | 1179
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three arms, as well as the protection of segregated hydrophobic

domains by hydrophilic coronas. Studies which seek to under-

stand the relationship between arm size and morphology are

important for understanding structure–property relationships

for miktoarm star polymers. Increasing research in recent years is

being done to this end for various types of ABC miktoarm star

polymers.59
Fig. 4 Depiction of the change in morphology in aqueous solution of an

ABC-type miktoarm polymer (above), where the P2VP arm (red) shifts

from the core to the corona with decreasing pH in aqueous media.
pH-induced changes in morphology

While variations in polymer arm size can lead to an array of new

morphologies, the use of responsive polymer arms can lead to

dynamic changes within a single miktoarm star, and therefore

offer enormous potential in applications of these polymers.60 For

instance, in a ‘‘core-first’’ fashion with a linear PEG macro-

initiator, Armes and coworkers synthesized a variety of AB2

miktoarm stars with various pH-responsive methacrylic mono-

mers by ATRP, such as poly(2-(diethylamino)ethyl methacry-

late) (PDEA).61 AB2 stars of PEG(PDEA)2 were fully dissolved

in acidic solution, but once the pH rose above 7.3, the PDEA

polymers became increasingly deprotonated and hydrophobic,

resulting in the formation of micelles whose properties differed

from their linear counterparts. Other similar polymers in their

library of AB2 stars also demonstrated similar pH-dependent

micellization and properties.

J�erôme and coworkers built an ABC miktoarm star composed

of PEO, PCL, and pH-responsive P2VP (poly(2-vinyl pyri-

dine)).62 Micelles were made in acidic solution, resulting in

a micelle with a core composed of PCL and a mixed corona

composed of PEO and protonated P2VP. Addition of NaOH to

the micelle solution resulted in deprotonation of the P2VP block.

Because neutral P2VP could no longer favorably interact with

the surrounding solution, the P2VP block in basic conditions was

believed to have collapsed from the corona into the core to form

a micelle with a corona composed of only PEG (and a core

composed of PCL and P2VP) (Fig. 4). This transition from

mixed corona micelles to mixed core micelles was accompanied

by a marked decrease in micelle size (also referred to as hydro-

dynamic diameter, or DH) as observed by dynamic light scat-

tering (DLS) studies and transmission electron microscopy

(TEM). Two general trends were observed by DLS from a study

of a series of these miktoarm polymeric micelles. First, in

a micelle with neutral P2VP, the size of the micelle increased with

increasing PCL length. Second, in acidic conditions, the size of

the micelle increased with increasing P2VP length. Here, just two

general types of micelles were observed. The synthesis of a mik-

toarm star with two pH-responsive polymer arms has been

accomplished by Liu and coworkers to demonstrate more

complex changes and morphologies that can be achieved with

simple pH changes in miktoarm stars. Aqueous micelles from

ABC miktoarm polymer composed of PEG, PMMA, and poly(2-

(diethylamino)ethyl methacrylate) (PDEA) (which was obtained

from PtBA by hydrolysis with trifluoroacetic acid) were

prepared.63 At pH 10, PMMA was fully ionized while PDEA was

fully neutral, so that a micelle was formed with a mixed corona of

PEG and PMMA and a core of PDEA. At pH 6, PEG formed

the corona and PMMA and PDEA formed a mixed hydrophobic

core due to charge compensation between two partially charged

polymer arms. At pH 2, PMMA was fully neutral while PDEA
1180 | Polym. Chem., 2010, 1, 1171–1185
was fully protonated so as to yield a core composed of PMMA

and a mixed corona of PEG and PDEA.

With intended applications in biological systems, an AB2-type

miktoarm polymer composed of one poly(3-benzyloxycarbonyl-

L-lysine) (PZLL) arm and two poly(g-benzyl-L-glutamate)

(PBLG) arms was synthesized with Mn of 26.7 kg mol�1 and PDI

of 1.13.64 Once this biologically relevant polymer was synthesized

via a combination of ROP and ‘‘click’’ coupling, hydrolysis

with trifluoroacetic acid resulted in deprotection of the peptide

monomers, yielding a miktoarm star with one PLL

(poly(L-lysine)) and two PLGA (poly(L-glutamate)) arms. The

interest in this polymer lies in the water solubility of its compo-

nent arms. PLL is hydrophilic in acidic conditions while PLGA is

hydrophilic in basic conditions. The solubility of the miktoarm

polymer in aqueous solution at varying pH’s reflected the char-

acteristic hydrophilicity of each arms outside the pH range of

4.6–6.2. Within this range, however, macroscopic phase separa-

tion occurred due to the insolubility of both arms in their

surrounding environment. These solubility results were

confirmed by 1H NMR, where the hydrophilic polymer is not in

a restricted environment and thus exhibits its characteristic

spectral peak. A very slight increase in DH was observed in going

from a PLL corona micelle to a PLGA corona micelle. Previous

studies of the linear counterparts of these polymers indicated the

formation of vesicles, yet these miktoarm stars yielded spherical

micelles, thereby demonstrating the unique properties that can be

attained from miktoarm stars as a result of a simple change in the

chain architecture.
Electrolysis-induced micellization

There are many other ways to induce changes in the morphology

of a self-assembled solution of miktoarm stars besides pH

changes. A fascinating study by Plamper et al. allowed

the manipulation of micelles composed of miktoarm

polymers with one longer PEG arm and 5 shorter arms of
This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 Structure of the miktoarm polymer, with PEG in blue and

PMOTAC in red.

Fig. 6 Structure of ABC miktoarm polymer with PCL (red), PS (blue),

and PNIPAM (pink).
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poly[{2-(methacryloyloxy)ethyl}trimethylammonium chloride]

(PMOTAC) (Fig. 5). PMOTAC is a polyelectrolyte polymer that

reacts in the presence of certain counterions.65 This is the only

example of such manipulation of miktoarm polymer micelles in

the literature. At high enough concentration of the counterion in

aqueous micellar solution, PMOTAC was expected to become

hydrophobic, thus driving a phase transition from unimers to

micelles. Indeed, micellization of this miktoarm polymer was

induced in an aqueous solution of this polymer with a specific

molar ratio of hexacyanoferrate(III)/hexacyanoferrate(II) coun-

terions at a specific concentration. It is important to note that

inversing the molar ratio of the counterion at the same concen-

tration that induced micellization could lead to the prevalence of

unimers in solution. Electrolysis was used to reversibly oxidize

(complete in 35 min) and reduce (complete in 20 min) the

counterions in solution which in turn resulted in micelles and

unimers in solution, respectively. Cryo-TEM studies of this

polymer indicated that even the morphology in aqueous solution

could be tuned by electrochemical stimuli due to the different

morphological transition states that occur as the miktoarm

polymer transitions from unimer to the final state where vesicles

were observed.
Thermoresponsive micelles

Thermosensitive polymers are currently widespread in polymer

science because of their suggested industrial applications. To

incorporate thermosensitivity in miktoarm polymers, Liu’s

group synthesized an ABC miktoarm polymer composed of PS,

PCL, and poly(N-isopropylacrylamide) (PNIPAM) (Fig. 6).66

PNIPAM polymers were expected to remain soluble in water

below 32 �C (the lower critical solution temperature, or LCST)

and insoluble above this temperature. These miktoarm polymers

formed aqueous micelles with hydrophilic PNIPAM coronas and

mixed hydrophobic PCL and PS cores at room temperature. An

�10 nm size decrease of these micelles was observed by DLS

upon heating of the aqueous micelle solution to 45 �C, where-

upon the PNIPAM coronas collapse upon themselves due to

their decreasing solubility with the surrounding solvent. This
This journal is ª The Royal Society of Chemistry 2010
work was further expanded by combining a different hydro-

phobic polymer poly(tert-butyl methacrylate) (PtBMA) with

thermoresponsive PNIPAM and hydrophilic PEG to form an

ABC miktoarm star.67 Compared to the previous study, similar

qualitative results were obtained here as well. At room temper-

ature micelles formed in aqueous solution with PtBMA cores and

mixed PNIPAM and PEG coronas with an intensity–average

hydrodynamic radius hRhi of 30 nm (from DLS). As the

temperature of the aqueous micellar solution was gradually

increased, a phase transition was observed between 40 and 47 �C

where hRhi increased to the final steady-state value of 110 nm.

This change in size is likely accompanied with the formation of

mixed PtBMA/PNIPAM cores and PEG coronas, as a result of

PNIPAM’s temperature-induced insolubility in water as the

system rises above the LCST. One very interesting observation

was found from this study: the LCST transition for PNIPAM

was higher than that of free PNIPAM linear chains in solution.

This transition was thought to occur as a result of the interaction

between the two polymers composing of the PEG/PNIPAM

corona during the phase transition, where PEG is hydrophilic

and PNIPAM is gradually becoming insoluble in the

surrounding solvent.

Light-responsive micelles

Relatively few studies of light-responsive miktoarm polymers

have been conducted. Tunca and coworkers made an A2B2-type

miktoarm star composed of PMMA and PS (made by CRP

methods) and a core functionalized with an azobenzene moiety.68

With the polymer dissolved in chloroform, UV light with l < 350

nm was found to incur a photochemical isomerization from

trans-azobenzene to cis-azobenzene, though this transition was

slow (�7 h). This isomerization was accompanied by a reduction

in hydrodynamic volume of the dissolved polymer. Complete

back isomerization of the polymer from cis-azobenzene to

trans-azobenzene took approximately 2 days to occur in the

dark.

The only other reported example of light-responsive micelles

arose from Plamper et al., where a miktoarm star composed of

two PEO arms and 3 or 4 poly(N,N-dimethylaminoethyl meth-

acrylate) (PDMAEMA) arms (A2B3 and A2B4) resulted in

so-called ‘‘confused micelles’’ in aqueous solution.69

PDMAEMA is an extremely unique polymer which has both an

LCST and an upper critical solution temperature (UCST), which
Polym. Chem., 2010, 1, 1171–1185 | 1181
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imparts unique hydrophilic properties in response to temperature

and light (pH-dependent properties were not studied). As

a result, their miktoarm stars formed self-assembled structures

both above and below the LCST and UCST respectively, while

unimers were found in aqueous solution between these two

critical temperatures (multivalent counterions were necessary in

order to access the UCST). Regardless of temperature, the

micellization of this polymer was characterized by a PEG corona

and a PDMAEMA core. Furthermore, morphology was found

to be dependent on the number of PDMAEMA arms—spherical

micelles were formed from A2B4 polymers while vesicles were

formed from A2B3 polymers. Finally, because of the unique

interaction between PDMAEMA and hexacyanocobaltate(III)

below the UCST temperature, UV light induced the irreversible

disassembly of micelles into unimers in solution. These two

examples clearly illustrate the unique self-assembly behavior that

can be attained by incorporation of light-responsive moieties or

polymers within the overall structure of the miktoarm star.
Fig. 7 Schizophrenic micelle where the core and corona are inverted

upon an increase in temperature in aqueous solution. The color of the

polymers in the molecular structure (above) corresponds to the location

of the polymer within the micelle (below); R ¼ H or CH3.
Solvent-induced changes in micellization

One of the only studies in the literature of a micelle transition

induced by solvent mixtures for miktoarm stars was reported by

Lodge et al. for an ABC-type miktoarm star polymer with PEO,

PEE, and PFPO arms (structure shown in Fig. 3).70 As the

hydrophilic PEO arm length decreased in size, they had previ-

ously observed a general transition from micelles to segmented

worms to vesicles, and it was thought that a gradual change in

composition of a solvent mixture THF/H2O could induce this

transition within a single aqueous micellar solution. Tetrahy-

drofuran (THF) is a solvent selective for PEE and PEO blocks,

while water is only selective for PEO. The different miktoarm

polymers they examined in pure water adopted morphologies

resembling multicompartment disks. In increasing THF/H2O

mixtures, a transition to smaller disks, then a mixture of worms

and spherical micelles, and finally an oblate ellipsoid-shaped

micelle was observed. This oblate micelle was also observed by

cryo-TEM of miktoarm polymers in pure THF. To assist their

studies of solvent mixture-inducing transitions in morphology,

they examined self-assembled linear diblock copolymers of PEE

and PEO in aqueous media as they added increasing amounts of

THF, finding two distinct transitions in morphology as a transi-

tion from spherical micelles (in pure aq. solution) to worms/

vesicles and eventually to unimers in solution was observed. The

specific solvent mixture that led to unimers in block copolymer

solution (60 wt% THF) also led to a similar transition with

miktoarm polymers, where the PEE arm seemed to shift

completely from the core to the corona based on 1H NMR

spectroscopy, as this arm became fully solvated by the

surrounding solvent mixture, thus forming oblate ellipsoid-sha-

ped micelles. The correlation between linear diblock copolymer

and miktoarm star polymer phase transition is fascinating, as the

solvent mixture which induces a micellar phase transition in

miktoarm polymer solutions can be predicted from its linear

diblock counterpart. This correlation of phase transition

between two polymers of different architectures suggests how

self-assembly behavior of copolymer solutions is primarily

dictated by the identity of composite polymer arms, rather than

the architecture. At the same time, however, two completely
1182 | Polym. Chem., 2010, 1, 1171–1185
different morphologies were observed in the linear and miktoarm

star solutions past the phase transition point, simply because of

the polymer chain architecture.
Schizophrenic micelles

So-called ‘‘schizophrenic’’ micelles were characterized by

a complete inversion of the polymers composing the core and

corona in response to external stimuli including temperature,

pH, ionic strength, etc. The effect of stimuli on schizophrenic

micelles is different from the aforementioned examples thus far,

where a miktoarm star was composed of one polymer arm that

displays responsive hydrophilicity in response to external stimuli

and a second hydrophilic polymer arm which was unresponsive.

Schizophrenic micelles, on the other hand, undergo complete

inversion in the composition of the micellar corona and core in

response to stimuli, so that no polymer arm remains hydrophilic

throughout micellization. Examples of these polymers have

become widely investigated in linear block copolymers.71 A few

publications have emerged in recent years which report schizo-

phrenic micellization in miktoarm polymers. The first example of

schizophrenic micelles in self-assembled miktoarm polymers was

found by Armes and coworkers.72 They prepared an AB2 mik-

toarm polymer composed of two rarely studied arms: one Jeff-

amine arm (a statistical copolymer of ethylene oxide and

propylene oxide) and two poly(sulfobetaine methacrylate)

(PSBMA) arms. PSBMA homopolymer is known to be hydro-

phobic at temperatures below the UCST. Consequently, at low

temperatures of aqueous solution of this AB2 miktoarm star,

micelles were formed with PSBMA core and Jeffamine coronas

(Fig. 7). Upon increasing the temperature above the UCST of

PSBMA, complete dissolution of these polymer arms resulted in

unimers in solution as both arms are dissolved. As the temper-

ature was further increased, the critical micelle temperature was

reached at which point micelles were again formed, but this time

with Jeffamine cores and PSBMA coronas.

Another example of schizophrenic micelles arose from the

synthesis of zwitterionic AB2 miktoarm polymers, composed of

one PDEA arm and two poly(succinyloxyethyl methacrylate)
This journal is ª The Royal Society of Chemistry 2010
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Fig. 8 Loading of two immiscible dyes into separate domains in a mul-
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(PSEMA) arms.73 Schizophrenic micelles were formed by the

response of these two polymers to acidic and basic solutions. At

low/high pH, PDEA is charged/hydrophobic, while PSEMA is

hydrophobic/charged. Therefore, at low pH, micelles were

formed with PSEMA cores and PDEA coronas, and vice versa

for high pH. These results were confirmed by 1H NMR in various

deuterated solvents. In between the pH at which these polymers

become soluble, precipitation occurred. Subsequent adjustment

of solution pH to either acidic or basic conditions induced

formation of self-assembled structures as one of the two polymer

arms became soluble in the surrounding solvent. DLS did not

indicate the formation of micelles at acidic pH, but instead

suggested the formation of large undefined aggregates. Mean-

while, DLS from basic pH indicated the formation of well-

defined micelles. In this study, pH was the only variable that

needed to be controlled in order to regulate the formation of

micelles. The combination of polymers that respond to two

different stimuli can also lead to the formation of schizophrenic

micelles. Indeed, such micelles were achieved with AB4-type

miktoarm star polymers with one PNIPAM arm and four PDEA

arms.74 The choice of these two polymer arms with response to

different stimuli (temperature and pH) required specific control

of two different variables in order to achieve the formation of

schizophrenic micelles instead of unimers or precipitates. The

micelles formed with PDEA cores were almost twice as large as

those formed with PNIPAM cores, as measured by DLS.
Small molecule storage and release

In one of the best examples of miktoarm polymer applications,

Lodge and coworkers exploited the unique architecture and

resultant self-assembly of miktoarm polymers, as they demon-

strated the potential biological applications of this unique class

of polymers. Using the ABC-type star composed of PEE, PFPO,

and PEO, they achieved the simultaneous and segregated storage

of two immiscible types of dyes within the multicompartment

core of aqueous micelles (Fig. 8).75 Because the two hydrophobic

dye molecules, pyrene and 1-naphthyl perfluoroheptanyl ketone

(or NFH), were found to selectively associate with PEE and

PFPO respectively in a block copolymer mixture of PEE/PEO

and PFPO/PEO, it was believed that an aqueous micelle would

similarly sequester these two dyes into separate compartments.

UV-Vis absorption spectrophotometry helped to confirm this

theory. Thus, each of the two linear counterparts of the mik-

toarm star helped to successfully predict the uptake of the two

small molecules in aqueous miktoarm polymeric micelles.

To study the encapsulation and release of paclitaxel from AB2-

type miktoarm stars, Nederberg et al. constructed stars

composed of one PEG arm and either two poly(D-lactide)

(PDLA) arms, two poly(L-lactide) (PLLA) arms, or a mixture of

both.76 Both PEG–PLLA–PDLA and a blend of PEG–PLLA–

PLLA and PEG–PDLA–PDLA were found to exhibit a lower

critical micelle concentration than PEG–PLLA–PLLA and

PEG–PDLA–PDLA. Loading these micelles with paclitaxel

induced dramatic change in size of the micelles, according to

DLS, of at least 100 nm. However, the loaded micelles main-

tained their narrow polydispersity. The miktoarm polymer blend

allowed paclitaxel loading of 11.6 wt%, while PEG–PDLA–

PLLA showed loading of approximately 10 wt%. Furthermore,
This journal is ª The Royal Society of Chemistry 2010
these miktoarm polymers demonstrated a sustained release of

paclitaxel without any initial burst under simulated biological

conditions, thus proving that miktoarm polymers have great

potential as drug delivery vehicles. PEG–PLLA–PLLA mik-

toarm star polymers were loaded with doxorubicin hydrochlo-

ride in a separate study by a different group.77 With smaller

overall Mn, excellent encapsulation of the small molecule (within

polymerosome structures) was also achieved. Release of the drug

was accomplished in similar conditions as the other study, where

an initial burst for 2 hours released 30% of the drug, followed by

steady and prolonged release of the drug. The correlation

between these two studies is encouraging as the success of

loading and release of drug molecules is reproducible. However,

these results demonstrate how more work needs to be done with

small molecule loading and release in new types of miktoarm star

polymers in order to establish their benefits and shortcomings

relative to their linear counterparts. Although there have been

few published studies which focus on miktoarm polymers in

terms of drug delivery,78 yet these results demonstrate the

promise that lies ahead.

Conclusions

The field of miktoarm polymers has grown considerably in the

past decade and the future looks very promising for these star-

shaped macromolecules. Many methods have emerged to

synthesize miktoarm polymers, each with its own set of benefits

and disadvantages. For instance, the ‘‘in–out’’ and ‘‘arm-first’’

techniques lack the ability to synthesize a structure with a defined

number of arms, but it is a relatively quick and easy way to

synthesize miktoarm star polymers. Living anionic polymeriza-

tion techniques are still used to combine living polymers with

chlorosilane linking agents or divinyl compounds to synthesize

stars. However, the benefits of controlled radical polymerization

have become unavoidably evident, such as the wide variety of

monomers that can be synthesized under relatively benign reac-

tion conditions, thereby yielding polymers which easily lend

themselves to postpolymerization functionalization. Not only

has CRP found increasingly widespread use in miktoarm poly-

mer synthesis in recent years, but also has ‘‘click’’ chemistry due

to its efficiency, orthogonality to other functional moieties
Polym. Chem., 2010, 1, 1171–1185 | 1183
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present, simple workup, and compatibility with CRP techniques.

Of course, numerous elements of different synthetic strategies

can be combined to create one miktoarm star polymer. The

choice of a specific synthetic strategy depends heavily on the type

of miktoarm polymer desired. Nonetheless, careful design of

synthetic protocols has been highly beneficial, as increasingly

complicated miktoarm polymers are easier to build now than

they were ten or fifteen years ago. For instance, there are

numerous examples available of ABCD-type miktoarm polymers

being made in an efficient manner.

A growing understanding of the behavior of miktoarm poly-

mers in aqueous solution and the relation between polymer arm

length and overall morphology is becoming increasingly impor-

tant. Lodge’s group has done excellent studies to lead the way in

developing an understanding of this relationship, but it needs to

be established for more types of miktoarm stars—ABC stars with

chemically different arms, or AB2 and ABCD stars, for instance.

Many polymer arms have been used for miktoarm polymer

synthesis. It is important now to understand how they influence

the morphology of the assembled structure in solution. A study

of the response of morphology to external stimuli has just begun,

and studies related to pH-response, temperature, light, redox

chemistry, and solvent have corroborated with predicted

behavior of miktoarm stars in solution, and have shown fasci-

nating behavior. However, thorough studies of these stimuli have

not yet been conducted. Part of this can be attributed to the fact

that much of the work with stimuli-responsive behavior has come

about in the past five years as the synthesis of miktoarm poly-

mers has become easier and better understood. Indeed, inter-

esting results have been achieved which most certainly precludes

further studies and applications.

One of the most interesting areas of research in macromole-

cules is in small molecule encapsulation and delivery. Multi-

compartment micelles offer the potential to uniquely sequester

small molecules. Furthermore, the unique assembly of unimers

into micellar aggregates offers different properties as compared

to their linear counterparts (such as lower critical micelle

concentration in water or well-defined structures), which renders

miktoarm polymers as attractive candidates for further studies in

drug delivery and biological applications. Since preliminary

work in this field has been done with AB2 and ABC systems,

extension of these studies is important to pursue and further

understand these promising systems, and also perhaps include

other types of miktoarm stars such as an ABCDE-type star as

drug delivery vehicles.
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