
Synthesis of Star Polymers by RAFT Polymerization as
Versatile Nanoparticles for Biomedical Applications*

Jinming Hu,A Ruirui Qiao,BMichael R.Whittaker,B John F. Quinn,B and
Thomas P. DavisB,C,D

ACAS Key Laboratory of Soft Matter Chemistry, Department of Polymer Science and

Engineering, University of Science and Technology of China, Hefei, Anhui 230026,

China.
BARC Centre of Excellence in Convergent Bio-Nano Science and Technology, Monash

Institute of Pharmaceutical Sciences, Monash University, Parkville, Vic. 3052,

Australia.
CChemistry Department, University of Warwick, Coventry CV4 7AL, UK.
DCorresponding author. Email: thomas.p.davis@monash.edu

The precise control of polymer chain architecture has been made possible by developments in polymer synthesis and
conjugation chemistry. In particular, the synthesis of polymers in which at least three linear polymeric chains (or arms) are
tethered to a central core has yielded a useful category of branched architecture, so-called star polymers. Fabrication of star
polymers has traditionally been achieved using either a core-first technique or an arm-first approach. Recently, the ability

to couple polymeric chain precursors onto a functionalized core via highly efficient coupling chemistry has provided a
powerful new methodology for star synthesis. Star syntheses can be implemented using any of the living polymerization
techniques using ionic or living radical intermediates. Consequently, there are innumerable routes to fabricate star

polymers with varying chemical composition and arm numbers. In comparison with their linear counterparts, star
polymers have unique characteristics such as low viscosity in solution, prolonged blood circulation, and high
accumulation in tumour regions. These advantages mean that, far beyond their traditional application as rheology control

agents, star polymers may also be useful in the medical and pharmaceutical sciences. In this account, we discuss recent
advances made in our laboratory focused on star polymer research ranging from improvements in synthesis through to
novel applications of the product materials. Specifically, we examine the core-first and arm-first preparation of stars using

reversible addition–fragmentation chain transfer (RAFT) polymerization. Further, we also discuss several biomedical
applications of the resulting star polymers, particularly those made by the arm-first protocol. Emphasis is given to
applications in the emerging area of nanomedicine, in particular to the use of star polymers for controlled delivery of
chemotherapeutic agents, protein inhibitors, signalling molecules, and siRNA. Finally, we examine possible future

developments for the technology and suggest the further work required to enable clinical applications of these interesting
materials.
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Introduction

The synthesis of polymers with well-defined molecular archi-
tecture has been the subject of mounting interest over the past
few decades. Specifically, polymers with linear, cyclic, comb,

brush, hyperbranched, star, and dendritic structures have been
successfully designed and synthesized.[1,2] Of these, star poly-
mers possess a unique topology in which several linear chains
(i.e. arms) are linked together at a central core. In comparison

with linear polymers of similar molecular weight, star polymers
have considerably lower viscosity and as such are useful as
rheology control agents.[3,4] Moreover, star polymers are find-

ing increasing application in nanomedicine, and as nano-
containers and nanoreactors.[5] Although star polymers can be

prepared via cationic or anionic polymerization,[6,7] the reaction

conditions required are challenging and have limited the extent
to which star polymers have found widespread application. In
recent years, the advent of living radical polymerization meth-

ods such as reversible addition–fragmentation chain transfer
(RAFT) and atom transfer radical polymerization (ATRP) and
the use of highly efficient coupling chemistry (e.g. click
chemistry) has revolutionized the synthesis of polymers with

diverse molecular architectures. Owing to their synthetic ease
and high versatility, these techniques have provided an excellent
alternative for the preparation of star polymers.[8–11]

Herein, we highlight several recent achievements in the
synthesis and application of star polymers. In particular, we
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examine the preparation of star polymers using RAFT polymer-

ization, exploring both core-first and arm-first synthesis. In this
account, we focus primarily on work originating in our own
laboratories. The advantages and disadvantages of each tech-

nique are presented, along with suggestions for achieving well-
defined materials. Thereafter, we discuss several potential
applications for star polymers, particularly in biomedicine.
Specifically, we explore the utility of star polymers for drug

and gene delivery, as magnetic resonance imaging (MRI)
contrast agents or fluorescent imaging agents, and as theranostic
vectors, which combine both imaging and delivery modalities.

Finally, we discuss the future direction of star polymer research
and the next steps required to enable widespread clinical
application of these interesting materials.

The Preparation of Star Polymers via RAFT Polymerization

Star polymers are principally prepared via core-first or arm-first
strategies, utilizing various polymerization or post-polymerization
assembly methodologies. Herein, we focus on the fabrication

of star polymers using RAFT polymerization owing to the
excellent compatibility of RAFT with a variety of functional
monomers. Further, in comparison with ATRP, RAFT poly-
merization offers a considerable advantage in that the product

polymers do not require removal ofmetal catalyst. Nevertheless,
for a discussion of star polymer preparation using other tech-
niques, the reader is referred to several excellent review arti-

cles.[6,12,13] Recently, coupling linear polymeric chains to a
multifunctional core using highly efficient coupling chemistry
such as click chemistry has also been demonstrated, in particular

for the synthesis of miktoarm star polymers.[14] In the para-
graphs that follow, we summarize the synthesis of star polymers
via RAFT polymerization using either a core-first or arm-first

approach.

Core-First Approach

Core-first approaches for preparing star polymers typically

require a multifunctional initiator from which the polymeric
arms effectively grow. However, for RAFT polymerization, a
multifunctional transfer agent (rather than an initiator) is

employed. These agents include multiple thiocarbonylthio
moieties that are pendant from the core. When a propagating
polymer chain undergoes chain transfer with one of these thio-
carbonylthio groups, formation of an arm is facilitated.

Depending on the orientation of the thiocarbonylthio group, the

arm either propagates outward from the core or undergoes
addition and fragmentation reactions as the polymerization
proceeds. The number of arms can be readily and precisely

dictated by varying the number of thiocarbonylthio moieties in
the RAFT agent. Obviously, a necessary precursor to this
approach is the synthesis of an appropriate multifunctional
RAFT agent, which introduces a degree of complexity into the

overall synthesis.
As noted above, the preparation of star polymers via a core-

first methodology can be further subdivided by reference to the

orientation of the thiocarbonylthio moiety in the transfer agent
(see Fig. 1). These have been classified as the Z-group approach
(where the thiocarbonylthiomoiety remains proximal to the core

and the arms undergo fragmentation and addition as the poly-
merization proceeds), or the R-group approach (where the core
is essentially the leaving group and the chains polymerize

outward from the core). The pioneering work using multivalent
RAFT agents to synthesize star polymers was performed by the
CSIRO group.[15] Subsequently, we have prepared a variety of
star polymers using multifunctional RAFT agents based on

hexakis(thiobenzoylthiomethyl)benzene,[16] b-cyclodextrin
(b-CD),[17] pentaerythritol[18] or 1,1,1-tris(hydroxymethyl)pro-
pane,[18,19] (co)polymers of vinyl benzyl dithiobenzoate,[20] and

dendrimers.[21,22]

Although the multifunctional transfer agents mentioned
above enable the synthesis of a wide variety of polymers, these

particular agents yield materials built using carbon–carbon
bonds. In order to prepare degradable star polymers, stimuli-
responsive bonds (e.g. disulfide bonds) must be incorporated

into the structure. This can be achieved by conjugating RAFT
agents that include a thiol-labile disulfide bond to a multifunc-
tional core such that the labile bond remains proximal to the
core. As a result, the arms of the star polymers can be cleft by

thiol (e.g. glutathione (GSH), or dithiothreitol (DTT)), thus
triggering a drop in molecular weight. This unique property
may be useful for thiol-triggered release of encapsulated

payloads.[23–25]

Although the core-first approach enables control over arm
number and incorporation of degradable linkages, the technique

does lead to some molecular weight broadening. This is true
for both the Z-group and R-group approaches. In general,
intermolecular (star–star) coupling is less pronounced with the
Z-group approach. However, this orientation also results in
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Fig. 1. Multifunctional RAFT agents suitable for application in core-first star polymer synthesis. In the example on the left, the thiocarbonylthio is oriented

such that the core is effectively the leaving group and the arms propagate outward from the core. In the example on the right, the arms add and fragment as the

polymerization proceeds, with the thiocarbonylthio groups remaining close to the core.
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thiocarbonylthio groups remaining proximal to the core, rendering

the star polymers sensitive to reducing agents or amines. More-
over, at higher arm numbers and arm molecular weights, steric
hindrance becomes substantial, which may impede the polymeri-

zation of bulky monomers. By contrast, the R-group technique
yields star polymers with the thiocarbonylthio moiety distal from
the core, which should substantially reduce steric hindrance.
However, with the R-group technique, intermolecular coupling

between stars is increased, leading to broader molecular weight
distributions (MWDs). As such, strategies to minimize side
reactions are essential to achieve high-quality star polymers.

Specifically, lower arm number, reduced radical concentration,
and higher concentration of RAFT agent enhance formation of
well-defined star polymers for both the Z- and R-group

approaches, with the particular conditions required varying
between different monomer types.[26]

Arm-First Approach

As the name suggests, the arm-first approach requires the
preparation of polymeric arms (macromolecular chain transfer
agent, or ‘macroRAFT agent’) as the initial step in the star

polymer synthesis. The macroRAFT agent is then chain
extended with a multifunctional crosslinker, resulting in the
formation of star polymers or microgels. The arm-first method

abrogates the need to synthesize multifunctional chain transfer
agents and therefore simplifies the synthesis. An early example
of this approach in the literature involved the synthesis of

polystyrene (PS) star polymers with a crosslinked poly(divi-
nylbenzene) (PDVB) core. These materials were synthesized by
chain-extending PS macroRAFT agent with divinylbenzene
(DVB). The MWDs of the resulting star polymers broadened at

longer polymerization times at a low crosslinker ratio (DVB/PS
macroRAFT agent¼ 2 : 1), whereas increasing the ratio of
crosslinker to macroRAFT (e.g. DVB/PS macroRAFT agent¼
5 : 1) led to significant broadening of the MWD, suggesting the
formation of hyperbranched structures rather than star poly-
mers.[27] The arm number varied from 2 to 16 per star on

average, depending on polymerization time and feed ratio of
crosslinker to PSmacroRAFT agent. Moreover, the resulting PS
star polymer could be used to form macroporous films. Of
course, as these materials are hydrophobic and chemically inert,

they are unlikely to have significant utility for biomedical
applications.

In order to prepare water-miscible and stimuli-responsive

star polymers, hydrophilic poly(oligo(ethylene glycol) methyl
ether methacrylate) (POEGMA) arms and acid-labile or thiol-
responsive crosslinkers have been investigated. For this system,

a ratio of crosslinker to macroRAFT agent of 8 : 1 led to optimal
arm incorporation efficiency. Moreover, thiol groups can be
generated within the star via aminolysis of the residual thiocar-

bonylthio moieties, furnishing new reactive sites and enabling
the incorporation of various agents via Michael addition. The
resulting star polymers were water soluble, and degradation
could be triggered through cleavage of the crosslinkers in the

presence of acid or reducing agents.[28] Additionally, hydrophilic
miktoarm star polymers have been successfully prepared by a
similar protocol using several different macroRAFT agents

during the polymerization process.[29] These materials were
shown to assemble into larger aggregates due to the incorporation
of a hydrophobic portion (poly(n-butyl methacrylate)) into the

miktoarm structure.
Ensuring that star polymers have narrow MWDs has been the

subject of considerable attention. By screening the polymerization

conditions (solvent, crosslinker, and arm molecular weight), we

found that when polymerizations were conducted in a poor solvent
for the crosslinker, the polydispersity index (PDI) of the resulting
stars was reduced (typically ,1.2) and incorporation of the arms

wasmaximized. Conversely, polymerizations conducted in a good
solvent for the crosslinker correlated with poorer incorporation of
the arms and higher polydispersities (.1.5). For example, when
using poly(oligo(ethylene glycol)methyl ether acrylate) (POEGA)

macroRAFT (molecular mass ,20 kDa) as the arm and N,
N-methylenebisacrylamide or N,N-bis(acryloyl)cystamine as the
crosslinker, polymerizations performed in a poor solvent for the

crosslinker (toluene) affordedwell-defined star polymerswith very
narrow MWDs, i.e. PDI, 1.2. In contrast, when using the same
armmaterial and crosslinkerwith a good solvent for the crosslinker

(e.g. N,N-dimethylformamide or acetonitrile), much broader
MWDs were observed (Fig. 2).[30] Importantly, the MWD of the
star polymers synthesized in this manner was not significantly
affected by varying the arm material, providing the opportunity to

prepare awide variety of star polymers. In furtherwork, generation
of star polymers in a heterogeneous solvent was demonstrated in
water by using a hydrophilic POEGMA macroRAFT agent and

water-immiscible crosslinker (e.g. 1,6-hexanediol diacry-
late).[31,32] Other work has shown that if the polymeric arms are
able to self-assemble into micelles rather than unimers and the

thiocarbonylthio moiety is embedded within the micellar core,
subsequent chain extension with the crosslinker remains localized
to the core, leading to low-polydispersity star polymers.[33]

The incorporation of functional units into the star polymer
structure is important for enabling subsequent conjugation of
dye or therapeutic molecules. For instance, by incorporating
activated ester-based monomers (such as pentafluorophenyl

acrylate (PFPA)) into the arms, it is possible to construct star
polymers that can react with amine-bearing molecules. As a
result, the properties (e.g. water solubility and fluorescence) of

the star polymers can be easily modified.[34] Altogether, the
arm-first approach represents a versatile method for preparing
star polymers with narrowMWDs in which the corona (and also

the core) can be readily functionalized. This paves the way for a
multiplicity of possible applications.

Biomedical Applications of Star Polymers

In the emerging field of nanomedicine, water-soluble star

polymers with stimuli-responsive properties are ideally suited
owing to their nearly monodisperse size, stability during cir-
culation, and ease of functionalization. In the following section,

we highlight several applications of star polymers in the fields of
drug and gene delivery, magnetic resonance and fluorescence
imaging, and theranostics.

Star Polymers for Drug and Gene Delivery

The possible application of star polymers as drug delivery
vehicles has attracted considerable attention.[35] Such materials
are interesting because they can potentially limit the systemic

exposure of chemotherapeutic agents, thereby reducing off-
target effects. To this end, star polymer comprising a POEGA
corona and benzaldehyde moieties within the core have been

synthesized via an arm-first protocol using POEGA macro-
RAFT agent.[36] The POEGA corona is included to give stability
during circulation, while the benzaldehyde moieties can be used

to conjugate amine-containing drugs (e.g. doxorubicin (DOX))
via the formation of imine bonds. Importantly, imine bonds are
stable at neutral pH, yet labile at acidic pH. As such, the DOX

RAFT Stars 1163



remains conjugated to the star polymer during circulation (i.e. at
neutral pH) but is released when the star polymers are inter-

nalized into cancer cells owing to the action of the acidic
organelles (e.g. endosomes and lysosomes). Moreover, the
crosslinker can be engineered to include a biodegradable link-

age, providing a further functional handle on the drug release
profile (Fig. 3). In addition to chemotherapeutic drugs, amine-
containing protein inhibitors can also be introduced into this
system using a similar protocol. As a proof-of-principle, amine-

bearing heat shock protein 90 (hsp 90) inhibitor was incorpo-
rated into the system in place of DOX, with the acid-mediated
release of hsp 90 inhibitor inducing cell apoptosis via a caspase

3-dependent pathway (Fig. 3).[37] These results can be attributed
to the dynamic nature of the imine bonds; intact drugs and
inhibitors can undergo triggered release on exposure to the

acidic milieu. In addition to small-molecule chemotherapeutics
and protein inhibitors, polymeric chains can also be attached to
star polymer cores. Specifically, the formation of pH-sensitive

bonds between aldehyde and aminooxy groups has been
explored to fabricate miktoarm star polymers.[38,39]

Star polymers have also been used to deliver the ubiquitous
cellular signalling molecule nitric oxide (NO) and so prevent

biofilm formation.[40] To this end, a novel NO delivery agent
was synthesized via the integration of NO donor molecules
into star polymers. Specifically, amine-reactive 2-vinyl-

4,4-dimethyl-5-oxazolone monomer (VDM) was introduced

during the crosslinking process, and further treated with sper-
mine andNOgas under increased pressure (e.g. 5 atm [506 kPa])

to yield N-diazeniumdiolate moieties (NONOates). The result-
ingNO donor-modified star polymerswere shown to release NO
when pH values were lower than 7.5 owing to the hydrolysis of

NONOates. In vitro experiments suggested that star polymer
with sustained NO release capability efficiently prevented the
formation of biofilms of Pseudomonas aeruginosa, whereas
neither spermine-functionalized star polymers without NO-

release capability nor small-molecule-derived NO donor were
able to effectively inhibit biofilm formation.

The above examples of controlled delivery using star poly-

mers mainly involve functionalizing the core of the star, leaving
the POEGA coronas intact to provide anti-fouling properties
during circulation. However, the coronas can also be modified

for certain applications. In recent work, the hydrophilic POEGA
corona was substituted by cationic poly(2-dimethylaminoethyl
methacrylate) (PDMAEMA) to facilitate intracellular gene

delivery through the electrostatic interactions between nega-
tively charged nucleic acids and cationic PDMAEMA. Using a
pancreatic cell line that stably expresses high levels of firefly
luciferase 2 (Luc2) gene, cationic star polymers loaded with

small-interfering RNA (siRNA) where shown to reduce the
expression of Luc2mRNA by up to 50%, with a commensurate
decrease in Luc2 protein expression also observed. Further, in

vivo experiments using mice injected with H460 non-small-cell

S S OH
�

R O

S O

Z

O O
AIBN

R O

HN

O

O

tBA

NIPAM

OEGA

Z
N
H

N
H

H
N

S
S

N
H

N
H

H
N

OH

OH

O
O

Arm-First
Approach

MacroRAFT agents (Arms) Crosslinkers Star polymers

(a)

Toluene

DMF
10 20 30 40

20 30 40

10 20 30 40

10 20

Retention time [min]

30 40

Acetonitrile

POEGA Arm

0 h

6 h

12 h

18 h

24 h

48 h

2 equiv.

8 equiv.

16 equiv.

(b) (c)

10

20

Retention time [min]
30 40

Retention time [min]

3028262422 403836343220

(d)

4 equiv.

Fig. 2. (a) Synthetic routes for preparing well-defined star polymers via an arm-first approach. (b, c, d) Gel permeation chromatography traces of as-

synthesized polymers with variation of (b) solvent; (c) polymerization time; and (d) amount of crosslinker. Reproducedwith permission from ref. [30].� 2011

Royal Society of Chemistry.

1164 J. Hu et al.



lung cancer cells expressing high levels of green fluorescent
protein (GFP) demonstrated that delivery of siRNA via intratu-

moral injection of the cationic PDMAEMA star polymers could
silence GFP mRNA expression by 50% (Fig. 4).[41] Using
cationic star polymers to deliver siRNA has also been shown

to have potential for treating pancreatic cancer. After systemic
administration, the in vivo results indicated that the star polymer
could efficiently deliver siRNA to orthotopic pancreatic
tumours in mice and effectively inhibit the expression of bIII-
tubulin.[42] Notably, the gene delivery capability of
PDMAEMA-based cationic star polymers was not compro-
mised by employing other synthetic protocols for the star

formation, such as an ATRP arm-first approach.[43]

Compared with other drug and gene carriers self-assembled
fromamphiphilicmolecules, the synthesis of star polymers is both

time- and cost-effective. The ability to incorporate functional
moieties and to tailor the outer corona means that star polymers
can readily accommodate various chemotherapeutic agents or

genes, either covalently or by electrostatic association.Moreover,
star polymers exhibit good stability and are not susceptible to
disassociation in the same way as self-assembled structures.
Further, star polymers typically have a hydrodynamic diameter

of ,20nm, which is ideal for delivery via the enhanced

permeability and retention (EPR) effect. Finally, using stimuli-
responsive crosslinking agents can impart programmed degrada-

tion, thereby reducing the cytotoxicity of polymeric scaffolds.

Star Polymers for Imaging and Theranostic Applications

MRI is a powerful, non-invasive technique for the diagnosis of
numerous illnesses including cancer and cardiovascular disease.
During MRI, so-called contrast agents are often administered to
enhance contrast and distinguish pathological regions from

normal tissue. Macromolecular MRI contrast agents have sev-
eral advantages over small-molecule-based agents, such as
enhanced sensitivity and improved accumulation in pathogenic

regions (due to the EPR effect). In this context, star polymer-
based macromolecular MRI contrast agents have been prepared
by conjugating small-molecule contrast agents to star polymer

structures derived from hyperbranched H40 polyester, b-CD,
and tetraphenylethylene cores.[44–47] These star-shaped macro-
molecular contrast agents have substantial benefits in terms of

stability, enhanced circulation time, increased relaxivity, and
potential for functional modification.

Building on our previous work on the functionalization of
star polymers, we successfully prepared star polymer-based

macromolecular MRI contrast agent by conjugating the
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gadolinium ion (Gd3þ) chelating agent 1-(5-amino-3-aza-2-oxy-
pentyl)-4,7,10-tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraaza-

cyclododecane (DO3A-tBu-NH2) to the polymer via activated
ester chemistry. The macromolecular MRI contrast agent formed
exhibits higher relaxivity comparedwith the corresponding small-
molecule MRI agent. Interestingly, we found that the location of

the gadolinium complex within the polymeric structure signifi-
cantly affected the relaxivity. More specifically, hyperbranched
structures and linear polymer labelled with gadolinium complex

show similar relaxivities, both of which are superior to star
polymer with the complex localized to the cores. This is presum-
ably due to reduced accessibility of water to the star polymer

cores.[48] Further studies wherein the precise location of the
gadolinium complex within the star polymers is varied reveal that
the star polymer having the complex at the chain ends of the

hydrophilic corona has the maximal relaxivity at a low magnetic
field strength (e.g. 0.47 T), whereas the star polymer with
gadolinium complex randomly distributed along the hydrophilic
arm has significantly compromised relaxivity under the same

conditions. Moreover, the relaxivity of star polymer with the
complex in the core is even worse (Fig. 5).[49] Importantly, the
relaxivities of all three kinds of star polymers are profoundly

affected by the magnetic field strength. Moreover, the MRI

relaxivities could be further regulated by introduction of functional
monomers that respond to endogenous signals of pathological

regions. This can further enhance the contrast and resolution of
regions of interest by selectively suppressing imaging signals in
normal regions.[50,51]

In addition to small-molecule MRI contrast agents, fluor-

ophores can also be readily incorporated into star polymers,
yielding fluorescent star polymers for cellular imaging.[52,53]

For instance, by employing acrolein-labelled thermoresponsive

poly(N-isopropylacrylamide) (PNIPAM) as the arm and alu-
minium tris(8-hydroxyquinoline)-bearing fluorescent crosslin-
ker, thermoresponsive fluorescent star polymers were

successfully synthesized via an arm-first approach. These
materials could be further functionalized with aminooxy-group
modified proteins (e.g. bovine serum albumin, BSA) by using

the acrolein moieties in the corona to form dynamic imine
bonds.[54] Notably, star polymers can also be used as bimodal
imaging agents after incorporating both fluorophores and MRI
contrast agents into the star polymer structure.[55]

The application of star polymers as nanocarriers and macro-
molecular imaging agents demonstrates the power and versatil-
ity of the platform. However, in most cases, star polymers have

been engineered for just a single function (e.g. drug delivery or
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imaging). Given the variety of routes that can be used to

incorporate functionality into a star polymer (i.e. via the arm
monomer, crosslinker or secondary monomer in the core), there
is significant potential for fabricatingmaterials that include both

an imaging modality and a therapeutic capability. These ther-
anostic star polymers can release their payload at a precise
physical location and provide instant feedback of the successful

delivery. In this context, we recently developed a star polymer-
based theranostic nanovector via the incorporation of both MRI

contrast agent functionality and reversibly conjugated chemo-

therapeutic drug (DOX) (Fig. 6).[56] In brief, activated-ester
monomer (PFPA) and aldehyde-functional monomer (vinyl
benzaldehyde, VBA) were included in the corona and core of

star polymers respectively. The PFPA andVBAmonomerswere
subsequently modified with DO3A-tBu-NH2 chelate and DOX
by exploiting the disparate reactivities of PFPA and VBA.[57] In

vitro experiments demonstrated that the dual-functionalized star
polymers could be readily taken up by MCF-7 breast cancer

Gd

Proton Larmor frequency [MHz]

0.01 0.1 1 10 100 1000

R
el

ax
iv

ity
 [s

�
1  

m
M

�
1 ]

0

5

10

15

20

25

30
MRI contrast agents

in the end-groups
of star polymer

MRI contrast agents
in the arms

of star polymer

MRI contrast agents
in the cores

of star polymer

MRI contrast agents
in the core star hyper-

branched polymer

MRI contrast agents
in the classic hyper-
branched polymer

(a)

(b)

Post modification Gd3+

DO3A-tBu-NH2

OO

O

O
O

O
O

O

O

S

SS

O

N
H

N S

S

S

S
S

O

H
N

O

OH

Si

O

O
O

O
O

F

F
F

F

F

O
N

S
S

OH

N
H

OO

O

O

O
Si

S

S

S

O

OH

O
S

S
O

H
N

H
N

F F

F

F

F
O O

F F

F

F

F

OOO

O

ON
O

O
O

O

O

O
O

O

SS

O

O
S

S O

OHS

O
OH

Si
O

S

O

O

O

N
H

N
H

Si

F

F

F

F

F

OO

F

F

F

F

F

OOO

O

O

N
O

O
O

O

O
O

O
O

N

N
N
H

N
H

N

NO

O
O O

O

O
OO

O O O

N N

N

NH

HN

O

O

O

N

O

O O
O

O

O

O
O

O

O

O

O

O

O
OO

O

O

O

N
N

N

NH

N N
Gd

NN

HN

H
N

H
N

OO O

O

O

O O

NNH
H2N

N

NN

Gd

Fig. 5. (a) Synthetic routes for preparing various polymer architectures labelled with MRI contrast agents. (b) 1H nuclear magnetic relaxation dispersion

profiles of resultant polymers with varying architectures. Reproduced with permission from ref. [45]. � 2014 Royal Society of Chemistry.

RAFT Stars 1167



cells. Moreover, intracellular DOX release was confirmed by
fluorescence lifetime imaging microscopy (FLIM) using the

distinctly different fluorescence lifetimes of free DOX and
conjugated DOX. Further, the star polymer-based theranostic
nanovector showed significant increase in relaxivity as com-
pared with that of small-molecule MRI contrast agent precursor

(i.e. DO3A-NH2-Gd).
[56]

In Vivo Applications of Star Polymers

Despite extensive investigation of star polymers in vitro, the
evaluation of their in vivo properties has been quite limited.

Recently, we have started to scrutinize the in vivo performance
of star polymers for drug and gene delivery applications. For
example, the effect of molecular weight on the pharmacoki-
netics and tumour disposition of POEGA star polymers has been

evaluated.[58] POEGA star polymers with varying molecular
masses (49, 64, and 94 kDa) were synthesized via an arm-first
approach, followed by modification with tritiated (3H) residues.

The in vivo studies revealed that the POEGA star polymers were
well tolerated at potential therapeutic concentrations and that
the star polymer with the highest molecular mass (i.e. 94 kDa)

exhibited the longest blood circulation time and tumour bio-
distribution. A subsequent study on the POEGA star with a
molecular mass of 64 kDa suggested that it behaved similarly to

PEGylated dendrimers after subcutaneous and inhaled delivery.
That said, pulmonary administration of the star polymer
(64 kDa) resulted in poor bioavailability (,3%), with most of
the star polymer retained in lung tissue and excreted in fae-

ces.[59] Evidently, both the molecular weight (hydrodynamic
size) and route of administration play an important role in
determining the biological fate of star polymers. A further

interesting study geared towards clinical application was

recently carried out in which the interaction between star
polymers and human blood cells was investigated. In contrast

with a control star polymer bearing phenyl residues on the
coronas, star polymers with thiol-reactive pyridyl disulfide
(PDS) moieties possessed enhanced association with white
blood cells at 378C, particularly so with the phagocytic mono-

cyte, granulocyte, and dendritic cell subsets.[60]

Concluding Remarks

Star polymers prepared via RAFT polymerization represent a
new category of polymer nanoparticles suitable for drug and

gene delivery, MRI, and theranostic applications. The use of
living radical polymerization techniques to synthesize star
polymers abrogates the need to use ionic polymerization, which
requires more demanding synthetic conditions. Star polymers

can be successfully prepared via either core-first or arm-first
approaches, with the arm-first approach providing a particularly
attractive route owing to its simplicity and versatility. Per-

forming the arm-first technique in heterogenous media holds
particular promise for achieving well-defined star polymers
with narrow MWD. Moreover, the use of functional monomers

such as PFPA or VBA in either the macroRAFT arm or core
enables facile post-synthesis modification of the stars. Notably,
beyond traditional RAFT polymerizations, the RAFT prepara-

tion of star synthesis is continuing to advance and recent studies
have revealed that thiocarbonylthio compounds can be effi-
ciently activated by photoirradiation or redox reactions.[61]

Importantly, star polymers have potential owing to their

reasonable renal clearance and tumour accumulation.[62] As
such, applications in the emerging field of nanomedicine are
possible, with the integration of controlled release and imaging

capability providing for novel theranostic applications.
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Although work to date has focussed on in vitro studies, prelimi-

nary in vivo work in our laboratory has now revealed new
insights into the biodistribution and pharmacokinetic properties
of star polymers.[58,59] Moreover, the specific recognition

between star polymers and human blood cells has been exam-
ined as well.[60] Such investigations are a necessary next step
towards ultimate clinical application of these materials. Nota-
bly, further in vivo studies have revealed a bright future for star

polymers in gene therapy.[41,42]

In addition to the biomedical applications noted in the
present review, star polymers can also be employed in several

other fields such as membrane science, catalysis, and photonics.
Given the variety of potential applications for these versatile
materials, we envision that, going forward, star polymers

prepared using RAFT polymerization will continue to be the
subject of considerable interest.
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