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ABSTRACT: Stimuli-responsive star polymers gain more and
more interest over the last decades due to their unique proper-
ties compared to their linear counterparts. The branched struc-
ture for instance has influence on the responsive behavior of
these polymers. This review offers an overview of stimuli-re-
sponsive star polymers generated by different polymerization
techniques, e.g. anionic and controlled radical polymerization
(CRP). Beside conventional branched homopolymers different
other types like block copolymers, miktoarm star copolymers,
core crosslinked star polymers (CCS) and comb polymers are

INTRODUCTION During the past decades the use of stimuli-
responsive (synthetic) polymers e. g. mimicking biopolymers
and biological systems became a very important field of
research."? Stimuli-responsive polymers are able to undergo
significant property changes as a reply to relatively small
external or internal variations of the environmental condi-
tions (stimuli). Therefore, these polymers are also named
“stimuli-sensitive,” “smart,” “intelligent,” or “environmentally
sensitive.” The nature of the environmental stimulus can be
classified into three categories: physical, chemical and
biomedical stimuli®> The response of the material can have
miscellaneous forms: a change in shape and dimension of
the polymer material, altering its mechanical, optical or elec-
trical properties as well as changes in permeability can be
observed. Smart polymers in solution can also show a mac-
roscopic phase separation as response to a stimulus.* The
architecture of smart polymer systems covers not only differ-
ent polymer geometries but also several orders of magnitude
in size. Both, the ability to respond to various stimuli and
the numerous possible architectures, are prerequisites for
tailor-made polymeric systems for a broad range of applica-
tions covering the fields of drug-delivery,5 diagnostics,®
biotechnology,”® sensors,”'® micromechanical and optical
systems'! as well as coatings and textiles.'?*3

The effects of branching on stimuli responsive polymers are
an important issue since the polymer topology can have a
significant influence on the response behavior. The hyper-
branched structure of poly(N-isopropyl acrylamide)
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also presented. Furthermore their responsive behavior in solu-
tion or immobilized on a substrate, and their applications are
outlined. © 2013 Wiley Periodicals, Inc. J. Polym. Sci., Part A:
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(PNIPAAm), as an example, led to reduced lower critical so-
lution temperatures (LCST) as compared to linear ones,
which was primarily attributed to an increased contribution
of hydrophobic end groups.'* Turbidimetry indicates a clear
effect of chain architecture as well.'>'® Other branched
structures are star polymers with multiple arms linked to a
central core.”””*® Their preparations have been mainly dem-
onstrated by precise polymerization techniques, in which
much effort has been devoted to achieve high degrees of
control over the arm-lengths, arm numbers, and architectural
branching points.?°

STAR-SHAPED STRUCTURES

Much interest has been directed to investigate the syntheses
and properties of well-defined macromolecules with complex
architectures.”! Star polymers are one example of macromo-
lecules with a precisely controlled architecture containing
several linear polymer chains connected at one central
core.”>** The synthesis of star polymers had first been stud-
ied using ionic polymerization.’® After the development of
CRP star polymers have been frequently synthesized using
atom transfer radical polymerization (ATRP)***°> NMRP?®
and RAFT?’ via three methods: the “core-first” method pro-
viding well-defined star macromolecules by growing arms
from a multifunctional initiator;?®?° the “arm-first” method
forming stars by crosslinking linear arm precursors using a
crosslinker,®**! and the “coupling-onto” method attaching
linear arm precursors onto a well-defined multifunctional
core (Fig. 1).** With the “core-first” approach the major
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limitation is the limited access to suitable star cores with
sufficient functionalities to give polymer stars with larger
arm numbers. Although the “arm-first” approach can provide
larger number of arms than the “core-first” approach. This
technique employs the coupling of preformed macroinitiators
in the presence of divinyl compounds also called core cross-
linked stars (CCS).

Star Polymers with Low Molecular Weight Cores

Star polymers are comprised of multiple arms or branches
radiating from a central point or core and have been of huge
scientific interest since they were first prepared sixty years
ago, as a result of their unique physical properties. A variety
of small low-molecular compounds are ascribed in literature
for the used as core molecules in the “core first” approach.

Homo Polymers

Employing the “core-first” approach a quantity of different
initiators can be used for the synthesis of star polymers. The
chemical structure of these initiators can either be aliphatic
or cyclic and involve generally more than three groups for
initiation.**3** The synthesis of four-arm PNIPAAm star poly-
mers with different molecular weights was realized using
RAFT techniques. The scope of this study was to investigate
the effect of polymer architecture and the end group (R
group) on the LCST behavior on the PNIPAAm stars. For this
reason the LCST of the star polymers was determined first
followed by the cleavage of the arms of the stars at the tri-
thiocarbonate linkage by piperidine and a second LCST
determination of the linear chains. It was found that the
LCST transition of the stars was significantly lower in com-
parison to linear PNIPAAm polymers and may be explained
by the presence of the hydrophobic star core and the benzyl
end group. This effect showed molecular weight dependence
and diminished once the number of repeating units was
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greater than 70. The cleaved linear PNIPAAm chains exhib-
ited identical LCST transitions independent from molecular
weight and T, values were higher than normally obtained for
linear PNIPAAm, which might be due to the presence of
hydrophilic and hydrophobic units on opposite ends after hy-
drolysis from the star core.

The strong dependence of the molecular structure on the
stimuli-sensitive behavior of the polymers could also be
observed by the use of cyclic compounds as core molecules.
Cyclodextrins belong to one of the most popular cyclic com-
pounds and many examples are reported in literature using
p-cyclodextrin (f-CD) as initiator in combination with PNI-
PAAm as stimuli-sensitive polymer.3® The Composition of fully
functionalized f-cyclodextrin could be performed by ATRP.
The prepared star-PNIPAAm and star-PNIPAAm with cyclo-
dextrin end groups (star-PNIPAAm-CD) exhibit temperature
sensitivity and inclusion functionalities. These polymers can
self-assembly to form nanosized aggregates above LCST and
show molecular recognition capacity. For the normal star
polymer molecular recognition was carried out by the interac-
tion of PNIPAAm arms with guest molecules, for the end func-
tionalized star polymer in contrary the molecular recognition
is based on the formation of inclusion complexes of CD end
groups with guest molecules.®” Beside the molecular structure
of the polymers the inclusion of guest molecules also can
influence the LCST of polymers. To investigate the effect of
PEG chain length and structure of the adamantyl-containing
PEGs on their LCST behavior f-CD-core PNIPAAm star poly-
mers (f-CD-(PNIPAAm),) were synthesized via ATRP. The use
of monoadamantyl-terminated PEGs with different molecular
weights as macromolecular guests led to a shift in the LCST
form 37.8 °C for MPEG-750-Ad (17 PEG units) to 39.5 °C for
MPEG-2K-Ad (48 PEG units). Thus, control over the LCST can
be gained by the chain lengths of the PEG block.3®
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FIGURE 1 Synthetic approaches for the preparation of star
polymers using controlled radical polymerization techniques:
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PNIPAAm stars having a hyperbranched polyester (Boltorn
H40) core were prepared using reversible addition-fragmen-
tation chain transfer (RAFT) polymerization and possess
double phase transition behavior. The polymers exist as
unimolecular micelles with a hydrophobic Boltorn H40 core
and a shell densely grafted with PNIPAAm brushes. With
increasing temperature first the inner part of PNIPAAm
brushes collapse in a broad range (20-30 °C), which can be
ascribed to the n-cluster-induced collapse resulting from the
higher chain density. The second phase transition ascribed to
the collapse of the outer part of PNIPAAm brushes takes
place above 30 °C.>° In recent years polyhedral oligomeric
silsesquioxanes (POSS, RgSigO1;), which belong to a class of
unique inorganic components, gain more and more interest
as potential core molecules for star polymer synthesis. POSS
end-capped poly[2-(N,N-dimethylamino)ethyl methacrylate]s
(PDMAEMA) were prepared by ATRP using POSS-Br as mac-
roinitiator. Analysis of the self-assembly behavior depending
on pH, ionic strength and temperature displays the possibil-
ity to change between single and complex micelles (Fig. 2).*°

Focusing on double stimuli-responsive polymers well-defined
star polymers of poly(N,N-diethylaminoethylmethacrylate)
(PDEAEMA) with three to eight arms were synthesized via
ATRP using “core-first” approach with sugar-based multifunc-
tional initiator. It was found that the pH and temperature-
response is analogous to that indicated by PDMAEMA.
PDEAEMA exhibits a critical value at which the chains collapse
and form aggregates. Its temperature responsive behavior is
independent of molecular weight or architecture.**

Block Copolymers

Beside conventional AB diblock or ABC triblock copolymers a
variety of stimuli-responsive copolymers with complex struc-
tures were synthesized using CRP techniques.*? The preparation
of star block copolymers with four arms possessing an interior

FIGURE 2 Self-assembly process of POSS-PDMAEMA in aqueous solution (Reproduced from Ref. 40, with permission from

Copyright © 2011 ACS Publications).
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Supramolecular Assembly

FIGURE 3 Schematic of using four-arm star polymers that form tetrafunctional nanoparticles when the polymer is in a collapsed
conformation (Reproduced from Ref. 43, with permission from Copyright © 2006 American Chemical Society).

block comprised of PNIPAAm and an exterior block of PDMAAm
was realized via RAFT. These star polymers were observed to
form monodisperse supramolecular aggregates in aqueous pH 4
buffer solution when heated above the LCST of PNIPAAm. Using
a simple model based on optimal area per headgroup developed
for linear block copolymers micelles it was possible to predict
the number of star unimers per aggregate in the final structure
and the size of those micelles (Fig. 3).**

N-isopropylacrylamide/2-hydroxyethyl methacrylate (PNI-
PAAm/HEMA) tri-arm star diblock copolymers were gener-
ated in methanol via a two-step ATRP method. The
polymerization of the first block takes place in a controlled
manner regarding to the low polydispersity. The results of
the thermo-responsive behavior of the star diblock copoly-
mer solution revealed that introducing a higher ratio of
HEMA into copolymers could facilitate the formation of
micelles and the occurrence of phase transition at lower
temperatures.44 The synthesis of temperature-responsive
hydrogel, composed of star shaped [-CD-g-(PNIPAAm-b-
PDMAAm); copolymers, was performed via sequential RAFT
method, initiated by a f-CD-xanthate as chain transfer agent.
Below the LCST of the PNIPAAm segments, the copolymer
exists as uniform solution. Above the LCST free-standing
hydrogels can be formed rapidly at sufficient concentration.
Using Rhodamine B as a molecule to model a typical drug,
the in situ encapsulation and release from the hydrogel was
analyzed at physiological temperature.*® To investigate the
gelation characteristics and rheological properties of block
copolymers with a central hydrophilic poly(ethylene glycol)
(PEG) segment and temperature-responsive terminal PNI-
PAAm segments, copolymers with various architectures
(A(B)2, A(B)4, A(B)g) were prepared. All copolymers of PEG
and PNIPAAm form liquid aqueous solutions at low tempera-
ture and transfer to relative strong elastic gels upon heating
which occurs via a physical crosslinking mechanism. The
rheological properties of the gels depend on the molecular
structure.*® Smart hydrogels based on dual stimuli respon-
sive star-block copolymers responding to pH and tempera-
ture were prepared via atom transfer radical polymerization
(ATRP) employing the “core first” method. They consist of
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PDMAEMA inner blocks and outer blocks comprised of pol-
y(di(ethylene glycol) methyl ether methacrylate) (PDEGMA).
Above the transition temperature of the PDEGMA outer
blocks the stars form flower-like aggregates in dilute solu-
tion or free-standing gels at higher concentrations. When the
temperature is increased further above the transition tem-
perature of the PDMAEMA inner block, the aggregates start
to contract and a weakening was observed for soft gels,
whereas for strong gels no influence on the moduli was
detected. The minimum polymer concentration for gel forma-
tion can be lowered by quaternizing the inner block of the
stars, but a second response to stimuli is lost during the
procedure.*’

Referring to homo polymers possessing a hyperbranched
polyester core the synthesis of a H40-PNIPAAm-PDMAEMA
block copolymer using a Boltorn H40-based macro-RAFT

H40 PNIPAM

PDMA

FIGURE 4 Schematic illustration of the thermally induced col-
lapse of H40-PNIPAM-PDMA upon heating through the LCSTs
of PNIPAM and PDMA (Reproduced from Ref. 48, with
permission from Copyright © 2006 ACS Publications).

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2013, 57, 2980-2994

2983



2984

HIGHLIGHT

agent could also be performed. The dendritic molecules exist
as unimolecular core-shell nanostructures with hydrophilic
H40 as core, PNIPAAm as the inner shell and PDMAEMA as
the corona. The combination of two polymers with different
LCST behavior (PNIPAAm: 32 °C, PDMAEMA: 40-50 °C) lead
to the formation of dendritic unimolecular micelles that ex-
hibit two-stage thermally induced collapse with increasing
temperature (Fig. 4).*8

The preparation of poly(e-caprolacton-star-N-isopropylacryla-
mide) (PCL-b-PNIPAAm) could be carried out using
hydroxyl-functionalized polyhedral oligomeric silsesquiox-
anes (POSS) as core to initiate the ROP of &-caprolactone, fol-
lowed by ATRP of NIPAAm. These star block copolymers
form micelles in aqueous solution and show temperature-de-
pendent hydrophobic drug release behavior*® With the
intention of tuning the LCST of PNIPAAm via the star
approach coupled with the incorporation of pH-responsive
blocks octafunctional POSS-cored star-block PAAc-PNIPAAm
(POSS-PAAc-b-PNIPAAm) copolymers were created via two
steps of core-functionalized ATRP. When very short PAAc
blocks (POSS-PAAc,-b-PNIPAAmy,) are introduced into the
polymer the critical temperature (7.) of the star polymers
varies in a wide temperature range with pH. Whereas, when
the PAAc block is relatively long (POSS-PAAcg-b-PNIPAAmM,,)
pH response disappear owing to the reduced local PNIPAAm
chain density.>°

In addition to star block copolymers comprised of
PNIPAAm, other thermo-sensitive blocks have also been
investigated. Well-defined block copolymers consisting of
four-arm poly(ethylene oxide)-b-poly(2-diethylaminoethyl
methacrylate) (PEOsq-b-PDEAEMA,,) were synthesized via
ATRP. The investigation of the pH-responsive behavior
showed that at high pH spherical core-shell micelles
comprising a hydrophobic DEAEMA core surrounded by a
four-arm PEO corona were formed. At low pH the micelles
dissociated into unimers.”* A pH-dependence on the micelle
morphology could also be observed by four arm star block
polymers with a hydrophobic PCL block and hydrophilic
PDEAEMA block employed by ROP and ATRP? Focusing
also on biocompatible and biodegradable star-shaped poly-
mers the preparation of four-arm star triblock copolymers
containing a hydrophobic PCL segment, a hydrophilic poly
(oligo(ethylene oxide)475 methacrylate) (POEOMA475)
segment and a thermoresponsive poly(di(ethylene oxide)
methyl ether methacrylate) (PMEO,MA) segment occurred
using ROP and ATRP. These amphiphilic copolymers can
self-assemble into spherical micelles in aqueous solution at
room temperature (Fig. 5).

The properties of the two series of copolymers (PCL-b-
POEOMA475-b-PMEO,MA), and (PCL-b-PMEO,MA-b-
POEOMA475), were quite different and depended on the
sequence distribution of each block along the arms of the
star. The first series of star copolymers, with the thermores-
ponsive PMEO,;MA segment on the periphery, could undergo
reversible sol-gel transitions between RT (22 °C) and human
body temperature (37 °C).>3
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FIGURE 5 Proposed mechanism for the temperature induced
self-assembly of thermoresponsive star triblock copolymers in
aqueous solution (Reproduced from Ref. 53, with permission
from Copyright © 2011 Wiley Periodicals).

Water soluble four- and six-arm star shaped polymers with
(bio)degradable hydrophobic cores (PCL) and dense hydro-
philic corona (various mPEGMA monomers) were prepared
according the previous mentioned procedure. The densely
grafted shell [p(mPEGMA)] stabilizes the host-guest com-
plexes and prevent undesired multimolecular aggregation.
These systems are able to encapsulate hydrophobic, neutral
guest molecules, and release them during the (bio)degrada-
tion process of the core under acidic conditions. The dual-
stimuli responsiveness of the hydrophobic core to enzymes
and pH may facilitate increased control over in vivo drug
release.”

To study the use of star-shaped block copolymers as unimo-
lecular nanocontainers for encapsulation and release experi-
ments five-arm star block copolymers with a hydrophilic
poly(ethylene oxide) (PEO) core and a hydrophobic poly(t-
butyl acrylate) (PtBA) shell were prepared by making use of
the ATRP technique. Release of the encapsulated guest mole-
cules was performed in acidic media by subsequent hydroly-
sis of the tBA groups to acrylic acid moieties.>® Recently, the
design of novel porphyrin functioned star-shaped amphi-
philic PCL-b-p(mPEGMA) via the combination of ROP and
ATRP were reported. They can easily self-assemble into
micelles in aqueous solution via dialysis method and exhibit
a controlled drug release by the change of temperature.®®

Miktoarm Copolymers

Typically miktoarm copolymers (also called asymmetric or
heteroarm star polymers) possess various types of polymer
arms, that can differ in the molecular weight, the chemical
composition and the functional end group, connected to a
central core (Fig. 6). Because of their opposed properties,
which can be adjusted by the variation of the polymer arms,
miktoarm polymers belong to a new and special class of
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FIGURE 6 Schematic representation of star-shaped segmented
polymers: A,B, heteroarm star copolymer, AB; miktoarm star
copolymers, (A-b-B), star block copolymer, u-ABC miktoarm
star terpolymer, A(B-b-C),, and A,(B-b-C),, heteroarm star block
terpolymers [Reproduced from Ref. 59, with permission from
Copyright © 2011 MDPI AG (Basel, Switzerland)].

macromolecules. The various types of asymmetry within the
macromolecule allows chemist to create novel morphological
nanostructures and self-assembled organizations different
from those noted with linear homologs.®’

Although a lot of different AB, miktoarm star copolymers are
reported in the literature,”® only a small part show stimuli-
responsive behavior in aqueous solution.’” To investigate the
influence on the overall morphologies of the formed aggre-
gates under external stimulus AB, type star copolymers
combining hydrophilic and hydrophobic blocks within one
molecule separated by one branching point were created.
The water-soluble miktoarm star polymers own a single
polystyrene (PS) block and two ionogenic PAAc or poly(glu-
tamic acid) (PGA)) blocks. First of all, the PS block was pre-
pared using ATRP followed by derivatization of the bromo
end-group (with either 1-aminotriethylenetriamine or dietha-
nolamine and bromoesters), polymerization of (1) y-benzyl-
L-glutamate or (2) tert-butylacrylate and hydrolysis of the
copolymers. By changing the pH value from 5-12 in aqueous
solution formation of narrow sized spherical micelles with
the PS part constituting the core and two PGA blocks form-
ing the shell were observed in both cases, although the Ry
value under acidic conditions was smaller (R, = 11 nm) than
under basic conditions (R, = 16 nm, pH > 12). The difference
in size can be explained by the o-helix to coil transition of
the electrostatically charged PGA blocks.®°

Two thermally responsive miktoarm star polymers in which
PNIPAAm or poly(oligo(ethylene glycol) methacrylate)
(POEGMA) served as the thermo-sensitive building blocks
were synthesized. The obtained miktoarm star polymers
were comprised of a f-CD core, a PEG arm and about six
PNIPAAm or POEGMA arms. Above the LCST of the polymers
in aqueous solution, PEG-CD-b-PNIPAAm, can self-assemble
into nano-structures with PNIPAAm as the core and PEG as
the corona, whereas PEG-CD-POEGMA, self-assembled into

WWW.MATERIALSVIEWS.COM
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nano-architectures possessing hydrophilic surfaces which
were constructed by the hydrated oligo(ethylene glycol) side
chains of the POEGMA arms. The hydrophobic moiety of the
nano-architectures was formed by the methacrylate back-
bone and the dehydrated oligo(ethylene glycol) side chains
of POEGMA. Furthermore, it was found that the thermally
induced dehydration of PEG-CD-PNIPAAm, is completely dif-
ferent from that of PEG-CD-POEGMA,. For the former, the
dehydration occurs abruptly and intensively near the LCST of
PEG-CD-PNIPAAm,, whereas the dehydration for the latter is
gradual and continuous throughout the whole temperature
rise. The architecture of the nano-assemblies formed by PEG-
CD-PNIPAAm, or PEG-CD-POEGMA, was affected by the ther-
mally induced dehydration of the polymers.®*

The design of miktoarm star polymers using a combination
of SET-LRP with other CRP methods is rarely investigated.®*
One example is the synthesis of A3B miktoarm star polymers
composed of PNIPAAm and poly(N-vinylcarbazole) (PNVC).
The fluorescent micelle from self-assembly of (PNI-
PAAm)3(PNVC) are responsive to the temperature, which
made it well suited for potential applications as sensitive
probe for the microscopic environmental change.®® The prep-
aration of amphipilic ABC miktoarm star copolymers based
on PS, and PEO, poly(methyl acrylate) or PNIPAAm blocks
were realized by RAFT techniques and the use of maleic an-
hydride as a nonhomopolymerizable linking agent. First of
all PS with a terminal dithio group was successfully reacted
with an excess of maleic anhydride resulting now in a PS
with terminal anhydride and dithio group. Polymerization of
the second monomer via RAFT techniques and reaction of
the anhydride group at the junction of two polymer blocks
with PEGM led to miktoarm star polymers with a narrow
molecular weight distribution (PD = 1.12-1.18).%*

The first example of temperature-sensitive core-shell nano-
particles were generated from amphiphilic ABC miktoarm
star terpolymers. These terpolymers consist of hydrophobic
PS, PCL and PNIPAAm and were prepared via a combination
of ATRP, ROP, and click reaction (Fig. 7). Because of their
chemical composition they should self-assembly in aqueous
solution into micelles with a PS/PCL mixed core and a PNI-
PAAm corona. Moreover these micelles exhibit thermo-re-
sponsive size shrinkage induced by the collapse of the
PNIPAAm corona upon the LCST. The size of the nanopar-
ticles can be controlled by the PNIPAAm content within the
shell. PS43(-b-PNIPAAmg,)-b-PCLss miktoarm terpolymers
formed smaller nanoparticles (decreasing from 51 nm at 25
°C to 38 nm at 45 °C) than PS43(-b-PNIPAAms;)-b-PCLss (75
nm at 25 °C, 65 nm at 45 °C).®

Examination of the micellization behavior of double-respon-
sive hydrophilic ABC miktoarm star terpolymers with PEO,
PDEAEMA and PNIPAAm arms synthesized employing ATRP
and click techniques display interesting activities, which
were ascribes as “schizophrenic” micellization behavior. Com-
bination of different polymer arms which exhibit pH-
(PDEAEMA) and thermo-responsive (PNIPAAm) behavior
within one molecule lead to two different types of micelles
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FIGURE 7 (a) Synthetic schemes employed for the preparation of PS(-b-PNIPAM)-b-PCL amphiphilic ABC miktoarm star terpolymer
via a combination of ATRP, ROP, and click reactions. (b) Schematic illustration of the fabrication of micelles with mixed PS/PCL
cores and thermoresponsive coronas from PS(-b-PNIPAM)-b-PCL amphiphilic ABC miktoarm star terpolymer (Reproduced from

Ref. 65, with permission from Copyright © 2009 Wiley Periodicals).

with a hybrid corona in aqueous solution. At pH 4 and 25 °C
the PEO(-b-PDEAEMA)-b-PNIPAAm miktoarm terpolymers
were dissolved and form unimers, whereas the variation of
temperature and pH induced supramolecular self-assembly.
Adjusting alkaline pH (pH ~ 10) and room temperature
PDEAEMA-core micelles occurred. Switching to acidic pH at
higher temperature (50 °C) micelles with a PNIPAAm-core
were formed. Compared to linear ABC triblockcopolymers
the PEO(-b-PDEAEMA)-b-PNIPAAm miktoarm star terpoly-
mers seemed to form more compact pH-/ thermo-induced
aggregates, which can be explained by their topology.®® A
similar behavior could be observed in Janus-type A;Bq4 star
copolymers of NIPAAm and DEAEMA, (PDEAEMA),-CD-(PNI-
PAM),4 synthesized by coupling ATRP and click chemistry
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techniques, starting from a well-defined f-CD derivative.
Upon adjusting  solution pH and temperatures,
(PDEAEMA3(),-CD-(PNIPAAm;5) 4 can reversibly self-assem-
ble into two distinct types of polymeric vesicles with
“inverted” nanostructures in aqueous solution.®’” The forma-
tion of photo-switchable, supramolecular aggregates (called
“confused micelles”) from miktoarm stars bearing two PEO
and three to four PDMAEMA arms was performed in aque-
ous solution. Utilizing a polymer, which shows both LCST
and UCST behavior in the presence of hexacyanocobalta-
te(IlI) [Co(CN)e]®~ in water mixture, it was possible to gen-
erate micelles at low and also at high temperatures with
PDMAEMA as core-forming component. Furthermore the
addition of photosensitive [Co(CN)¢]>~ allowed the
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FIGURE 8 Chemical structures of the synthesized PS-star-P2VP
heteroarm star copolymer (Reproduced from Ref. 71, with per-
mission from Copyright © 2008 Society of Chemical Industry).

introduction of another parameter and therefore the possibil-
ity to reverse the mizellization by light.*®

ABCD-type 4-miktoarm star copolymers of styrene, a-methyl-
styrene), tert-butyl methacrylate (tBuMA), and 4-vinylpyri-
dine (4VP) were synthesized via anionic polymerization
using 1,3-bis(1-phenylvinyl)benzene (m-DDPE) as the linking
molecule. The final product was hydrolyzed to produce a
zwitterionic miktoarm star copolymer, which was soluble at
lower pH but insoluble in neutral and basic solution.®® To
develop miktoarm star copolymers with an even more com-
plex structure functionalized hyperbranched polyglycerols
(MI-HPG) were employed as multifunctional initiator (MI-
HPG). Controlled synthesis of heteroarm star copolymers
containing thermosensitive PNIPPAm and nonresponsive
PDMAAm arms was achieved using sequential RAFT and
ATRP techniques. First, the MI-HPG core was prepared from
an amine-functionalized polygylcerol, modified with 2-chloro-
propionamide (ATRP initiator) and 4,4’-azobis(4-cyanovale-
ric) (azo initator). Polymerization of N,N'-dimethyl
acrylamide (DMAAm) was performed in the next step fol-
lowed by cografting of PNIPAAm onto the HPG-g-PDMA mac-
roinitiator by ATRP. Formation and stabilization of the
aggregates were a function of molecular weight of the arms
and the PNIPAAm/PDMAAm content of the star polymer.”°

Smart star polymers grafted on a surface show interesting
morphologies. For the purpose of studying the morphological
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change of asymmetric amphiphilic PS-P2VP heteroarm star
copolymer prepared by ATRP they were diluted in solutions
of tetrahydrofuran (THF) and methanol (MeOH). Various ag-
gregate morphologies (spheres, vesicles, rods, large com-
pound micelles, two-dimensional (2D) ring-like and 3D
hollow structures) were formed by varying the hydrophilic
coil length and the selective solvent content. Silver nanopar-
ticles showed good dispersion behavior in both types of
copolymers (Fig. 8).”*

Studies of the surface micelles of A,(B-C), star terpolymers
were performed. The pH-responsive amphiphilic star block
terpolymer PS,(P2VP-b-PtBA) were synthesized by a multi-
step, one-pot, sequential anionic living polymerization proce-
dure following the “in-out method.” They focus on the effect
of pH on the morphology of these star-shaped polymers with
different architecture (co-/terpolymer), arm/block length
(molecular weight of P2VP segments) and number of arms
(n=29, 22, and 28). Their results demonstrate a strong pH
dependence of the surface aggregation leading to different
limiting molecular areas and resulting in distinct surface
morphologies  for  stars  with  different = chemical
compositions.72

Core Crosslinked Stars (CCS)

Primary focused on star polymers prepared by “core-first”
method another promising approach, which involves the cou-
pling of preformed linear chains, containing a dormant chain,
with a crosslinkable monomer such as divinylbenzene should
be mentioned. Starting with telechelic linear polymer chains,
for example, derived from NMRP techniques star copolymers
with various numbers of arms and functional groups along
the backbone or as chain end groups were accessible. The
potential of this approach to star polymers was further dem-
onstrated by employing block copolymers as linear chains.”?

Although there are many different types of star polymers
and methods for their synthesis, recent advances in the field
of controlled radical polymerization have enabled the facile
production of complex star polymer architectures from a
large range of monomer families, without the requirement of
highly stringent reaction conditions. In particular, well-
defined, nanometer scale core crosslinked star (CCS) poly-
mers, which are readily accessible by controlled radical poly-
merization techniques, have been increasingly prominent in
the scientific literature.”* However, base-stabilized cationic
living polymerization also allowed the quantitative synthesis
of star-shaped polymers with a narrow molecular weight dis-
tribution via polymer linking reactions and the precision
synthesis and self-assembly of stimuli-responsive block
copolymers.”>’® Particular emphasis is placed on the strat-
egy of employing divinyl crosslinkers to introduce branching
points into polymer chains during the copolymerization pro-
cedures. By rational selection of initiator, monomer and
divinyl crosslinker and their polymerization sequence, star-
like polymers with a crosslinked core but various arm com-
positions and site-specific functionalities are formed.”” CCS
polymers, also referred to as core-shell microgel (CSMG)
nanoparticles, can be envisaged as permanently crosslinked
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FIGURE 9 Schematic Representation of the Synthesis of PNIPAM-PEG Miktoarm Star Copolymers via Combination of RAFT Poly-

merization and Aldehyde-Aminooxy Click Reaction.®?

block copolymer micelles and, as such, afford novel opportu-
nities for chemical functionalization, templating, and encap-
sulation.”® Indeed, several research groups reported that CCS
polymers containing the arms of PNIPAAm were prepared
via the RAFT polymerization method showing interesting
behavior.”® A facile synthetic pathway to PNIPAAm-PEG mik-
toarm star copolymers with multiple arms has been devel-
oped by combining RAFT polymerization and aldehyde-
aminooxy “click” coupling reaction. The polymer was then
used as a multifunctional coupling agent for the subsequent
formation of the second-generation PEG arms via the click
coupling reaction between its aldehyde groups and amino-
oxy-terminated PEGs. Double-hydrophilic copolymers, com-
prised of two different hydrophilic segments, can self-
assemble into micelle-like aggregates in water if one segment
becomes hydrophobic upon external stimulus such as a
change in solution pH, temperature, and ionic strength.®°
This kind of copolymer has emerged as an important class of
polymers due to their potential applications in drug delivery
and as intelligent materials.® The thermo-responsive behav-
ior of PNIPAAm-PEG miktoarm star copolymer with different
PEG arm numbers in water showed thermo induced intermo-
lecular or intramolecular micellization of PNIPAAm-PEG mik-
toarm star copolymers via controlling the content ratio of
PNIPAAm and PEG, forming multimolecular micelles and
unimolecular micelles, respectively (Fig. 9).2? Highly reactive
aldehyde functions in the arms of the star polymer could
provide the key intermediates to conjugate biomolecules.
The conjugation with an aminooxy functionalized BSA model
protein was an example of how the star polymer can be uti-
lized to conjugate bioactive molecules, constructing fluores-
cently labeled “smart” polymerprotein conjugates.®
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The structural features of stimuli-responsive CCS polymers
are defined by a core consisting of crosslinked polymer
chains surrounded by a corona of polymeric arms. Much of
the interest in CCS polymers is as a consequence of their
architectures, possessing crosslinked cores which can be uti-
lized as carriers for small molecules such as drugs or fra-
grances, and coronal chains which help to solubilize and
shield the cargo from its external environment. Dual stimuli-
responsive water-soluble CCS polymers which are prepared
from crosslinking polymer chains possessing amino and alde-
hyde functions through the formation of dynamic covalent
imine bonds have been prepared. The reversible nature of
this bond allows the position of the imine equilibrium to be
modulated by changing the pH, as imine formation is favored
at high pH and disfavored at low pH. Consequently, the as-
sembly and disassembly of aqueous solutions of the CCS
polymer can be triggered simply by changing the pH, a pro-
cess which can lead to the release of hydrophobic dye mole-
cules complexed within the polymer cores.®*

A new method for synthesis of smart nanohydrogels under
additives-free conditions and at high solid content has been
presented. The new core-shell nanohydrogels with cross-
linked PNIPAAm core and hydrophilic poly(glycidol) (PGI)
shell were obtained by photo crosslinking of PGl-b-PNIPAAm
copolymers above their phase transition temperature (7). As
UV-active group, the chromophore 2-(dimethylmaleimido)-N-
ethylacrylamide (DMIAAm) was synthesized and successfully
incorporated in the PNIPAAm segment, while poly(glycidol)
chains were responsible for stability of aggregates above 7.2
PBMA-PCEMA block copolymer micelles, consisting of poly(2-
cinnamoyloxyethyl methacrylate) (PCEMA) crosslinked core
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FIGURE 10 Synthesis of peptide star-polymers by the macromonomer approach: (1) Synthesis of PBLG macromonomer with
styrene end-groups; (2) Radical polymerization (FRP or RAFT) in the presence of DVB. (3) Crosslinking of block copolymers in the
presence of DVB; and (3) Deprotection of PBLG shell (Reproduced from Ref. 90, with permission from Copyright©2010

WileyPeriodicals).

and poly(butyl methacrylate) (PBMA) hairs (shell), are used
as model responsive soft colloids, where the core swelling
can be tuned by changing solvent quality. The advantage of
this particular system is the ability to vary its size (and thus
the volume fraction in a suspension of constant mass con-
centration) by changing the solvent or the temperature, mak-
ing it responsive in different environments.?® The synthesis
of spherical surface-functionalized organic nanoparticles has
been accomplished using reactive diblock copolymer micelles
as precursor. Well-defined poly(4-vinylbenzocyclobutene-b-
butadiene) diblock copolymers were prepared using living
anionic polymerization, and micelles of these diblock copoly-
mers were formed. Thermal crosslinking of benzocyclobu-
tene pendants at the core of the micelles was accomplished
at different temperatures. Ozonolysis of the crosslinked
micelles produced insoluble nanoparticles with aldehyde
functional groups at the surface.?’

Thiol-yne photochemistry was applied for simultaneous
functionalization and crosslinking of the core of poly(2-(3-
butinyl) — 2-oxazoline)-block-poly(2-ethyl-2-oxazoline)  micelles
in water to yield functional star polymers. The micelles of
poly(2-(3-butinyl) — 2-oxazoline)-block-poly-(2-ethyl-2-oxazoline)
were simultaneously functionalized and crosslinked by thiol-
yne photochemistry in water to yield well defined star poly-
mers. Star polymer samples with core-confined carboxylate or
amine groups exhibited stimuli-responsive properties and were
sensitive to changes in temperature, pH, ionic strength, and
nature of the salt.®®

Free radical and RAFT polymerization of poly(benzyl-L-gluta-
mate) (PBLG) macromonomers in the presence of divinyl ben-
zene produced star polymers of various molecular weights,
polydispersity, and yield depending on the reaction conditions
applied. The highest molecular weight (M,,) of 10,170,000
g/mol was obtained in a free-radical multibatch approach. It
was shown that the PBLG star polymers can be deprotected
to obtain poly(glutamic acid) star polymers, which form water
soluble pH responsive nanoparticles. Synthetic polypeptides
are of interest because they are synthetically readily accessi-
ble by the controlled ring-opening polymerization of amino
acid N-carboxyanhydrides (NCA).° Star polymer formation
occurs through propagation when the CRP is continued from
the macroinitiator in the presence of multifunctional
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monomers connecting a precise number of arms to a central
core molecule. An alternative to the macroinitiator route is
the macromonomer (MM) approach. In this method, the num-
ber of initiating sites and arms are independently controlled.
Therefore, the number of initiating sites per star polymer may
be smaller than the number of arms when a lower molar ratio
of initiator to MM is used. Lower number of initiating sites in
the star core decreases the possibility of star-star reactions
and results in the formation of star polymers with narrow
molecular weight distribution (Fig. 10).”°

A poly(n-butyl acrylate)-based star polymer was synthesized
by ATRP using a modified core-first method. Further poly-
merization of a disulfide (SS) crosslinking agent bis(2-metha-
cryloyloxyethyl) disulfide from the arm end produced a SS
crosslinked star polymer. The disulfide functionality could be
cleaved via reducing reactions, generating individual stars
containing SH groups at the chain ends. The transformation
between SS-crosslinked star and SH-star was reversible via
repetitive reduction and oxidation. The results showed that
SS-functionalized star polymers respond to reduction oxida-
tion conditions, indicating that the disulfide bonds do cleave
and re-form. These stimuli responsive star polymers have
potential utility as intelligent polymeric materials such as
self-healing materials (Fig. 11).°" A similar approach for the
synthesis of well-defined multistar assemblies (in which the
stars contain crosslinked cores) involving the ATRP of mac-
roinitiators (MIs) and crosslinker with the use of telechelic
macroinitiators (TMIs) as the connecting blocks was also
described.’?

A series of disulfide-core-crosslinked poly(ethylene glycol)-
poly(amino acid)s star copolymers were synthesized through
one-step ring-opening polymerization of L-phenylalanine N-
carboxyanhydride (LPheNCA) and L-cystine N-carboxyanhy-
dride (1-CysNCA) with amino group terminated poly(ethylene
glycol) monomethyl ether (mPEG-NH;) as macroinitiator. The
in vitro release results revealed that the release behaviors
could be adjusted by glutathione concentration, and poly
(amino acid)s content and composition.”® Well defined, nar-
row polydispersity, “arm-first” star polymers were made by
RAFT polymerization using poorly soluble crosslinked cores
for a range of polymers POEGA, PNIPAAm, and PtBA. The
approach described in this article involves a highly efficient
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incorporation of arms into the star polymer structures (close
to quantitative yields for molecular weight arms less than
20,000 g/mol). In contrast, when a fully solvent compatible
crosslinked core is used, a significantly reduced incorpora-
tion of arm polymers into the star structures and molecular
weight broadening were observed.’*

Multifunctional microgel-core star polymers with ruthenium
catalysts are designed as catalyst-bearing nanoreactors to
improve activity, controllability, and functionality tolerance
in living radical polymerization. Multifunctional ligands are
efficiently incorporated into the core of star polymers by se-
quential tandem procedures: (1) ruthenium-catalyzed living
radical polymerization, (2) in situ core hydrogenation, and
(3) core-ruthenium removal. Typically, the star polymer
ligands comprising multiple phosphines and amines within
the core cooperatively enclose a ruthenium complex (>100
per core). As a result, the in-core pseudo hetero PN-chela-
tion of the ruthenium complexes not only showed high activ-
ity for methyl methacrylate but also high tolerance to
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unprotected methacrylic acid.’® Statistical copolymers are
reactivated to prepare amphiphilic block copolymers and
star polymers with crosslinked core. The LCST is maintained
by varying the architecture; however, the LCST originated
behavior changes due to self-aggregation. Statistical copoly-
mers and short block copolymers show complex aggregation,
whereas midsize block copolymers and star polymers show
shrinkage of aggregate dimensions.”®

Comb Polymers

The direct dispersion approach is a convenient and simple
method to form star shaped polymer structures. Therefore,
amphiphilic comb copolymers are dispersed in aqueous solu-
tion to yield nanoobjects. Amphiphilic PDMS-containing pol-
y(ether amine) (PDMS-g-PEA) synthesized through one-pot
condensation polymerization of commercial di-epoxy and
amine monomers could be dispersed directly in aqueous so-
lution to form stable uniform-sized nanoobjectes with a di-
ameter of about 16 nm, whose aggregation is responsive to
temperature, pH and ionic strength with tunable cloud point
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(T.).>” PDMS-g-PEA nanoparticles are composed of hydro-
phobic PDMS and PPO as their core and a hydrophilic part
(EO co PPO) as the outer shell. The hydrophilic outer shell
optimizes the surface contacting with water and prevents
the star shaped nanoparticle from aggregating further. With
an increase in temperature, the hydrogen bonds between the
water molecules and the hydrophilic part are destroyed. The
outer shell becomes less hydrophilic, leading to the aggrega-
tion of PDMS-g-PEA nanoparticles. The responsive nanopar-
ticles of PDMS-g-PEA possessed the unique selective
encapsulation of water-soluble dye.

As a hybrid of star and comb structure a series of water-
soluble star brush copolymers with four arms consisting of
PEO as the backbone and PAAc as side chains with different
grafting density were prepared by sequential anionic copoly-
merization and then ATRP.?® Comb structures can also be
used to prepare double responsive polymers. The results for
chitosan- based materials have recently been highlighted.”’
Poly(2-vinylpyridine) (P2VP) containing functionalized end
groups was synthesized using nitroxyl-mediated radical poly-
merization with a hydroxy-functionalized stable free radical.
The transformation of the hydroxy groups to an acrylic ester
led to the formation of macromonomers. A free-radical
copolymerization of these macromonomers with NIPAAm
gave a graft copolymer with a PNIPAAm backbone and P2VP
side chains.’® The preparation of temperature-responsive
colloidal nanogels with a pH-responsive shell could be
achieved by photo-cross-linking of PNIPAAm graft terpoly-
mers. The resulting solutions of nanogel with temperature
responsive core and chemically bounded P2VP arms exhib-
ited more stability upon heating and low pH as compared to
the corresponding PNIPAAm nanogels. A large transition of
the average hydrodynamic diameter of the gels could be
observed by increasing either the temperature above 32 °C
or the pH above 5.1%1

Application of Stimuli-Responsive Star Polymers

Star polymers with globular architecture and multiple arms
are among the simplest forms of polymers with branched
topologies. The combination of their unique architecture and
high local densities of active functional groups makes star
polymers unique candidates for a diverse range of applica-
tions, including drug delivery’®® and advanced coatings.
Their unique solution properties and high functionality also
make them attractive building blocks for the preparation of
nanostructured thin films.

Specifically, two types of highly defined, high charge density
star polymers with oppositely charged arm structures were
prepared: PDMAEMA star and PAAc star polymers with
crosslinked cores. Star polymers with precisely controlled
structures were synthesized via ATRP using the one-pot
arm-first method. By exploiting the electrostatic interactions
between the polyelectrolyte arms, the PDMAEMA star and
PAAc star polymers were integrated within alternating multi-
layer thin films using layer-by-layer (LbL) assembly to gener-
ate all-star polyelectrolyte LbL films. The prepared star/star
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multilayer films illustrate nonuniform and nanoporous struc-
tures, which result from the characteristic architecture of
star polymers.’®® In solution PAAc star polyelectrolyte dis-
played pH-responsive behavior, as studied by dynamic light
scattering, where a reversible size change was observed in
response to pH changes. At pH 8-10, the acrylic acid seg-
ments are fully charged, adopting a more stretched confor-
mation, and larger diameters (~30 nm) were observed.
When the pH decreases, and associated protonation of the
acid segments occurs, the PAA chains adopt a more coiled
conformation, and the diameters decrease to ~23 nm at pH
2. At pH 11, the star polymer adopted a stretched conforma-
tion and smoother films were obtained, whereas at pH 2,
grain domains were visible and comparatively rougher films
were formed.'®® Heteroarm star block copolymers made
from seven PS and seven P2VP arms were grafted onto a
solid substrate to fabricate a responsive polymer surface
consisting of a densely packed monolayer of copolymer mol-
ecules. The grafted layer demonstrates a two-level hierarchi-
cal response upon external stimuli combining core-shell
transitions of single stars with cooperative transitions of the
interacting arms between “dimple” and “ripple” morpholo-
gies of the monolayer. The response allows for the switching
of the surface properties upon changing solvent selectivity or
pH of the aqueous environment.'°> The assembly of struc-
tures, molecule by molecule, into a defined macroscopic or
mesoscale object is known as the “bottom-up” approach to
nanomanufacturing. A bottom-up route to unimolecular mi-
cellar star polymers using ruthenium-catalyzed ring-opening-
metathesis polymerization (ROMP) is used to provide a con-
trolled templating effect during the thermal cure of amor-
phous silsesquioxane derivatives. The unimolecular nature of
the polymeric micellar materials eliminates the complex
dynamic assembly characterizing most amphiphilic systems.
Porogen burnout results in nanoporous films where the pore
sizes and distributions reflect the dimensions of single poly-
mer molecules.'%®

Amphiphilic star polymers offer substantial promise for a
range of drug delivery applications owing to their ability to
encapsulate guest molecules.'®” Star polymers whose core
consisted of either PS or PnBA, having different glass-transi-
tion (Ty) values, were used as macroinitiators in the polymer-
ization of the cationic DMAEMA. Glassy state of the star-
shaped architecture decreased the DNA transfection compared
with the rubbery polymer structures.!®® Cation-condensed
microgel-core star polymers with PEG-based arms were
designed as unimolecular polycationic nanocapsules (hosts) to
encapsulate and stimuli-responsively release hydrophilic and
anionic dyes (guests) in water. The efficient dye encapsulation
is due to the high concentration of quaternary ammonium cat-
ions in the core.'® Poly(oligoethylene glycol) methyl ether ac-
rylate was polymerized via RAFT, and then chain extended in
the presence of both a crosslinker and vinyl benzaldehyde
(VBA), yielding monodisperse star polymers. The sizes of the
stars are typically around 20 nm, a size ideal for tumor site
accumulation via the enhanced permeation retention effect.
The presence of aldehyde groups in the core was exploited to
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attach doxorubicin. The drug loading was controlled by the
amount of VBA incorporated (until 28 wt % in drug). The
doxorubicin release was studied at pH=5.5 and 7.4; condi-
tions representative of endosomal and extra cellular environ-
ments. In vitro studies revealed that the doxorubicin-
conjugated star polymers had a level of cytotoxicity compara-
ble to that found for free doxorubicin.'*°

CONCLUSIONS

In recent years, the continuous development of the con-
trolled polymerization methods enabled a great progress of
macromolecular engineering. Of particular interest has been
the development of star-shaped macromolecules with special
architectures, for example, different kinds of blocks in differ-
ent topologies showing stimuli-responsive behavior. Such
polymers, for example, are able to mimic biopolymers and
biological systems. The spontaneous self-organization of
those polymers by a variety of stimuli, for example, tempera-
ture and pH value have led to the formation of micellar
aggregates with differing properties compared to their linear
counterparts. The effects of branching on stimuli responsive
polymers are an important issue since the polymer topology
can have a significant influence on the response behavior.
Morphological variations can be achieved by varying the arm
length or composition. For instance, if the stimuli-responsive
block constitutes the inner part of the star aggregation to
larger self-assemblies occur, whereas for star block copoly-
mers with an outer stimuli-responsive block self-organiza-
tion to a 3D network can be observed. Three different
methods have been established to synthesize star polymers:
the “core-first” method providing well-defined star macromo-
lecules by growing arms from a multifunctional initiator, the
“arm-first” method forming stars by crosslinking linear arm
precursors using a crosslinker, and the “coupling-onto”
method attaching linear arm precursors onto a well-defined
multifunctional core. Because of the large diversity of macro-
molecules adopting star architecture, the establishment of
structure-property relationships such as, number of arms,
arm length, segment topology, and specific functionality of
each arm/block, with the self-assembly and responsive prop-
erties in aqueous media, will need much more work to be
devoted to this topic to fully understand these relationships.
The combination of their unique architecture and high local
density of active functional groups makes star polymers
unique candidates for a diverse range of applications, includ-
ing drug delivery and advanced coatings. Hence, the goal of
designing stars with tunable properties for specific applica-
tions currently remains an attractive challenge.
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