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Recent development of unimolecular micelles as
functional materials and applications

Xiaoshan Fan,? Zibiao Li*® and Xian Jun Loh*®<<

Unimolecular micelles have attracted increasing attention due to their high functionality, encapsulation
and site specific confinement capabilities in various applications. Compared to conventional supramole-
cular micelles, unimolecular micelles possess unique single molecular architectures which can maintain
excellent stability when they are subjected to extreme surrounding environment changes such as high
dilution and alterations in temperature, pH, ionic strength etc. In this review, the most recent advances in
the design strategies of unimolecular micelles are presented with respect to different types of archi-
tectural polymers, including dendrimers, and hyperbranched, dendritic, star, brush-like and amphiphilic
cyclic polymers. The diverse functions of these sophisticated materials endow a biosignificance in thera-
peutic agent delivery. And the use of unimolecular micelles as templates for inorganic nanoparticle prepa-
ration, catalysis, and energy harvesting are also summarized in this review. Finally, the challenges for the
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facile fabrication of unimolecular micelles and future perspectives are also discussed.

1. Introduction

Amphiphiles can self-assemble into nano-sized micelles, also
known as multimolecular micelles, of various morphologies in
aqueous solution.’'® During the past few decades, micelles
have attracted tremendous attention owing to their appli-
cations in drug delivery, tissue engineering, diagnostic
imaging, catalysis etc."” "> However, conventional polymeric
micelles represent thermodynamic aggregations of multi-
amphiphilic macromolecules above their critical micelle
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concentration (CMC). When these polymeric micelles are
subjected to high dilution and alterations in other factors
such as temperature, pH, and ionic strength, they disassemble
into free polymeric chains.”®*” This inevitable drawback has
heavily hindered their applications in different fields."***

To overcome the thermodynamic instability issue of poly-
meric micelles, core and/or shell cross-linking approaches
have been proposed. The crosslinked core-shell particles are
often obtained by a two-step emulsion polymerization to result
in the chemically stabilized micelles.***” To date, a library of
core and/or shell cross-linked micelles with different compo-
sitions and architectures have been reported in the literature.
For example, Leroux and co-workers recently reported core
cross-linked micelles from eight-arm star-shaped polymers
using a cellobiose-derived initiator.*® In this study, star poly-
mers poly(glycidyl methacrylate) (PGMA) were firstly syn-
thesized by ATRP, followed by hydrolysis to yield hydroxyl-rich
PGouMA. The partial cross-linking of these -OH groups
allowed for the preparation of the stabilized micelles. In
another study, Gong and his co-workers fabricated cross-
linked nanovesicles from amphiphilic ABA triblock copolymers
and embedded drugs into the hydrophobic bilayers for tar-
geted therapeutic delivery.*>*® Shell and/or core cross-linking
endows polymeric micelles with excellent structural stability.
However, their biodegradability or drug release profiles are
compromised after crosslinking.”*"*> From certain respects,
the crosslinked core-shell particles can be also considered as
single macromolecules. However, this is beyond the scope of
the current review since the stabilized particle structures are
based on the aggregation of multiple polymer chains before
cross-linking.

In addition to the cross-linking approach, design of unimo-
lecular micelles provides an alternative strategy and opportu-
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Fig. 1 Different behaviors of unimolecular and multimolecular micelles
under dilution. Unimolecular micelles are stable and multimolecular
micelles can fall apart. Reproduced with permission from American
Chemical Society.*®
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nity to prepare stable polymeric micelles.**** Unimolecular

micelles are defined as a class of single-molecule micelles with
a distinct core and shell that are covalently bound together.*®
Due to their unique architecture, unimolecular micelles show
excellent stability regardless of the high dilution condition
and other microenvironment changes, making them particu-
larly attractive for the design of stable micelles for specific
applications (Fig. 1).*® This review presents the most recent
progress in the development of unimolecular micelles from
various types of architectural materials. To highlight the struc-
tural uniqueness of these sophisticated materials, the diverse
applications are summarized in three active domains of
therapeutic agent delivery and catalysis and the use of
unimolecular micelles as templates for the preparation of in-
organic nanoparticles.

2. Design strategies of unimolecular
micelles

Unimolecular micelles are covalently bound molecular archi-
tectures that can be made from a variety of amphiphilic poly-
mers. In this section, various types of architectural materials
that have been applied in the fabrication of unimolecular
micelles will be reviewed and the structural uniqueness
mediated specific properties and functionalities will also be
highlighted.

2.1 Unimolecular micelles from amphiphilic dendrimers

Dendrimers are highly branched macromolecules that exhibit
regular branching and structural symmetry. The presence of
multiple terminal groups on the surface makes this type of
monodisperse and globular polymers attractive in the design
of unimolecular micelles to achieve high functionality and
reactivity. In addition, the nanometer dimensions, discrete
size and tailored structure of dendrimers have led to a wide
range of diversified applications in scaffolds for drug
delivery,"”” " carriers for gene transfection,’®°® biosensors®"®>
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and catalytic “nanoreactors”.>***"%” Amphiphilic dendrimers,
in addition to their characteristic dendritic properties, also
possess different regions of contrasting polarity that can be
easily used for unimolecular micelle fabrication. Unimolecular
micelles made from amphiphilic dendrimers can maintain
excellent stability under extremely high dilution. This unique
property has made amphiphilic dendrimers appealing for
many drug delivery applications because the hydrodynamic
volumes are typically small enough to prevent accumulation in
the spleen, liver and elsewhere yet large enough to slow renal
filtration.®® Dendrimers can be synthesized through divergent
or convergent approaches. In 1993, Fréchet and co-workers
reported the first synthesis of amphiphilic dendrimers using a
convergent approach.®® In this study, dendritic polyether
macromolecules based on 3,5-dihydroxybenzyl alcohol build-
ing blocks were prepared and the presence of carboxyl end
groups endowed good water-solubility to the as-formed unimo-
lecular micelles (Fig. 2). When the resultant dendrimers were
mixed with hydrophobic drugs, the drug concentration exhibi-
ted a linear relationship with the concentration of dendrimers
even at very low concentrations of dendrimers, indicating the
strong drug encapsulation capability of amphiphilic dendri-
mers. Since then, a large variety of amphiphilic dendrimers
have been synthesized and used as hosts for encapsulation
and delivery of different small drug molecules.”® "> As a typical
example highlighted here, Meijer and his co-workers demon-
strated a unique method for the preparation of drug-loading
amphiphilic dendrimers consisting of an inner fifth gene-
ration poly(propylene imine).”®”* In this regard, the hydro-
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philic dye Rose Bengal was used as a guest molecule and
sequestered into the internal cavities of the dendrimer. The
drugs were then sealed by a rigid and bulky shell formed by
the attachment of #-butoxycarbonyl (-BOC)-protected phenyl-
alanine groups onto each of the 64 chain ends. The following
acid hydrolysis of the amino acid end groups could regenerate
the “open shell” to programme the drug release in a controlled
manner (Fig. 3).”77*

These studies represent the early concept of unimolecular
micelle fabrication from dendrimers, in which the outer shell
of the dendrimers consists of a single type of functional com-
ponent or steric blocking group. Recently, dendrimers contain-
ing multiple distinct polymer chains have attracted
tremendous interest in the fabrication of unimolecular
micelles due to their versatile structural complexity and
superior properties. Among these, poly(ethylene glycol) (PEG)
was widely employed as a hydrophilic component in the outer
shell (so-called PEGylation) of dendrimers to increase the
water solubility and biocompatibility of the formed unimolecu-
lar micelles.”*”* In addition, biodegradable polyesters are
extensively used as the dendrimer core, which can be further
used as a reservoir to encapsulate hydrophobic drug mole-
cules. More importantly, polyesters can be degraded into small
molecules through hydrolysis and the degradation products
can be easily excluded from the body at the end of its func-
tional life.>***>7°%% In one example, Shen et al. recently
reported an efficient synthesis approach of aliphatic polyester
derived dendrimers via the combination of a thiol/acrylate type
click reaction and esterification. With the further endowed

Fig. 2 Structure of water-soluble unimolecular micelles made from dendritic polyether. Reproduced with permission from Royal Society of

Chemistry.®°
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Reproduced with permission from American Association for the Advancement of Science and Elsevier.
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Fig. 4 PEGylation of a fifth generation polyester dendrimer and the unimolecular micelles fabricated as drug carriers. Reproduced with permission

from American Chemical Society.®*

PEGylation effect, the obtained water-soluble and biocompati-
ble unimolecular micelles exhibited a strong capability in
encapsulation and controlled release of a hydrophobic anti-
cancer drug (Fig. 4).

2.2 Unimolecular micelles from amphiphilic hyperbranched
polymers

Hyperbranched polymers are another type of materials that
have been widely used for unimolecular micelle preparation.
In contrast to the multi-step synthesis of precisely defined den-
drimers, hyperbranched polymers can be synthesized in an
easier approach, such as a convenient one-step synthesis on a

This journal is © The Royal Society of Chemistry 2016

large scale and proper yields with high purities. Feasible tech-
niques including polycondensation of ABx monomers, self-
condensation vinyl polymerization, ring-opening polymeriz-
ation of latent ABx type cyclic monomers and copolymerization
of two complementary monomers have been reported for the
successful synthesis of different hyperbranched polymers.®*®”
Similar to dendrimers, strategies developed for preparing
amphiphilic hyperbranched polymers include the incorpor-
ation of hydrophobic components into a hydrophilic scaffold
and modifying the scaffold by attaching different functional
polymer arms onto the surface.®*®*° For example, Emrick et al.
reported the synthesis of amphiphilic hyperbranched polymers

Polym. Chem., 2016, 7, 5898-5919 | 5901


https://doi.org/10.1039/c6py01006g

Published on 05 septiembre 2016. Downloaded on 20/12/2025 06:00:10 p. m..

Review

consisting of a branched polyphenylene backbone and car-
boxylic acid end groups. The obtained polymers could form
unimolecular micelles in basic aqueous medium due to the
presence of multiple carboxylates on the periphery.*®

On the other hand, attaching polymer arms onto a hyper-
branched core is another efficient approach to yield amphiphi-
lic hyperbranched polymers. Because of the easy control of
polymer size and functionality, hyperbranched polymers pro-
duced by this method have recently received significant atten-
tion in the design of functional unimolecular micelles.”" %
For example, Song and co-workers recently reported an amphi-
philic hyperbranched polymer, H40-PLLA-block-mPEG, consist-
ing of a Boltorn H40 (H40) core, an inner poly(r-lactide) shell
and an outer PEG shell. Aliphatic polyester H40 was selected
as the core of a hyperbranched polymer due to its good biode-
gradability and biocompatibility. A DLS study showed that the
obtained amphiphilic H40-PLLA-block-mPEG formed uni-
molecular micelles with hydrophobic H40-PLA as the micelle
core and hydrophilic MPEG as the shell. The diameter of the
unimolecular micelles was in the range of 11-17 nm.** The
same research group later went on to develop a Folate-conju-
gated amphiphilic hyperbranched block copolymer (H40-PLA-b-
MPEG/PEG-FA) and used it as a carrier for tumor-targeted
drug delivery.”®> Cellular uptake and cytotoxicity studies
showed that DOX-loaded H40-PLA-b-MPEG/PEG-FA micelles
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had a greater cellular uptake when compared to DOX-loaded
H40-PLAb-MPEG micelles, indicating enhanced cytotoxicity
against 4T1 tumor cells. Recently, Malmstrom et al. reported
the fabrication of an intelligent unimolecular micelle system
from amphiphilic hyperbranched dendritic-linear polymers
(HBDLPs) (Fig. 5).”* In this regard, the high molecular weight
and core-shell structured HBDLPs were synthesized through a
combination of self-condensing vinyl copolymerization
(SCVCP) and atom transfer radical polymerization (ATRP).
Cleavable disulfide bonds were also introduced either in the
backbone or in pendant groups of the hyperbranched core of
the HBDLPs to make the materials sensitive to Redox. By trig-
gered reductive degradation, the HBDLPs showed up to 7-fold
decrease in molecular weight and this could further result in
an instant release of the conjugated drugs.

2.3 Unimolecular micelles from amphiphilic dendrimer-like
polymers

Dendrimer-like are a new class of macromolecules built from
narrowly polydipersed polymer chains, which is different from
the construction of dendrimers using different types of mono-
mers.”” In addition, the dendrimer-like are superior to dendri-
mers in terms of synthesis feasibility and structural accuracy
control in functional materials.”® For example, a few
generations of dendrimer-like can offer a 3D highly branched
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Fig. 5 Schematic illustration of the synthetic route to the unimolecular micelles with (a) backbone-cleavable disulfide bonds and (b) azide-
functional cleavable pendant disulfide bonds. Reproduced with permission from American Chemical Society.94
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globular structure with comparable properties to the dendrimer
analogy. Also, the particle size of dendritic polymer mediated
self-assembly can be easily controlled by tuning the length of
polymeric building blocks. Moreover, the flexible interior cav-
ities in a dendrimer-like core can significantly improve the
drug-loading capacity compared with rigid cores in dendri-
mers. In recent years, although amphiphilic dendrimer-like
have attracted increasing attention, studies on using this type
of materials as unimolecular micelles and applications have
not been extensively reported. For instance, Hirao and He’s
groups have recently done some excellent studies on the
design consideration and synthesis of amphiphilic dendrimer-
like polymers, yet understanding the self-assembling pro-
perties in aqueous solution was not explored.”” '°° Recently,
our group reported the synthesis of a well-defined amphiphilic
dendritic copolymer, POSS-(G;-PLLA-b-PEO-COOH)g, with a
hydrophobic third generation dendritic PLLA core and a hydro-
philic PEO shell functionalized with carboxylic groups
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(Fig. 6)."°" The DLS and TEM results revealed that POSS-(Gs-
PLLA-b-PEO-COOH); existed as stable core-shell unimolecular
micelles in aqueous solution with a uniform size distribution.
The mean size was in the range of 99.9-102.5 nm. The in vitro
release profile indicates that DOX encapsulated within the
unimolecular micelles was released over a sustained time
period in a slow and steady release manner. The POSS-(G3-
PLLA-b-PEO-COOH)g unimolecular micelles can be considered
as promising candidates for controlled hydrophobic cancer
drug delivery due to their biocompatibility and biodegradabil-
ity, excellent stability and controlled release ability."**

In a similar approach, we recently demonstrated the fabri-
cation of unimolecular micelles that possess a pH-induced
“breathing” feature (Fig. 7)."°> In this study, a hybrid copoly-
mer, POSS-(PAA-(PLLA-PEG),)g, in which eight linear-dendritic
like arms poly(acrylic acid)-(poly(i-lactide)-poly(ethylene
glycol)), (PAA-(PLLA-PEG),) are grafted onto an oligomericsil-
sequioxane core, was synthesized. The unimolecualr micelles
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Fig. 6 Schematic illustration of the synthetic route to the core—shell structural amphiphilic copolymer POSS-(Gs-PLLA-b-PEO-COOH)g and the
101

unimolecular micelle formation formed from the copolymer. Reproduced with permission from Royal Society of Chemistry.

Self-assembly

Fig. 7 Unimolecular micelle formed from the hybrid POSS-(PAA-(PLLA-OH),)g copolymer and its pH-dependent size change behavior. Reproduced

with permission from Royal Society of Chemistry.2°?
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were made from POSS-(PAA-(PLLA-PEG),)s copolymers in
aqueous solution, which was composed of a biocompatible
PEG outer corona, a biodegradable hydrophobic PLA layer in
the middle and inner hydrophilic PAA cavities. Interestingly,
the formed micelles can “breathe”, namely, the size of the
micelles changes as pH values vary. The unique architecture
and features make this novel amphiphilic dendritic polymer a
promising material in controlled drug delivery due to its
ability for encapsulation of both hydrophobic and hydrophilic
drugs.'*

2.4 Unimolecular micelles from amphiphilic star polymers

Star polymers are a kind of macromolecules containing a
central core from which multiple chains emanate.'”*™% Due
to the facile synthesis, tunable feature and accessible core
cavity, well-defined amphiphilic star polymers have also been
used as alternative materials for unimolecular micelle fabrica-
tion and their applications in a range of fields have been
explored. Typically, star polymers can be synthesized via three
main strategies: (1) core-first,'*® (2) coupling onto,'®” and (3)
arm-first."*® Specifically, amphiphilic star polymers are further
classified into two categories by considering the different com-
positions of the arms, i.e., homoarm amphiphilic star poly-
mers and miktoarm amphiphilic star polymers.'® Homoarm
amphiphilic star polymers consist of arms with similar mole-
cular weights and identical chemical composition, in which
the structures of the arm could be linear, rod-coil or linear-
dendritic like (Fig. 8). In contrast, miktoarm amphiphilic star
polymers have two or more arm species with different chemi-
cal compositions and/or molecular weights.

Amphiphilic star block copolymers of vinyl ethers were first
reported by Kanaoka via living cationic polymerization, where
the arm chain consists of hydrophilic polyalcohol and hydro-
phobic poly(t-butyl vinyl ether) segments."'® The solubility
characteristics of these polymers are primarily dependent on
the properties of the outer segments and showed a clear differ-
ence from those of the corresponding linear block copolymers.
During the past few decades, the rapid development of living
polymerizations combined with other synthetic techniques
has diversified a library of amphiphilic star block copolymers
with different compositions and complex structures.’***** For
example, Pang et al. recently reported the synthesis of an

\
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amphiphilic 21-arm star block copolymer, poly(acrylicacid)-b-
polystyrene (PAA-b-PS), by a sequential ATRP of ¢-butyl acrylate
and styrene using 21Br-p-CD as a macroinitiator (Fig. 9). The
21 substitutable hydroxyl groups on the outer surface of -CD
could provide the capability of making a core with 21 initiation
sites to form 21-arm, star-like block copolymers. The well-
defined star-like PAA-H-PS diblock copolymers were composed
of hydrophilic PAA blocks as the core and hydrophobic PS
blocks as the shell with a narrow molecular weight distribution
and good control of the molecular weight of each block."**
The unimolecular micelles formed from amphiphilic star-like
PAA-b-PS had an average diameter of 19 nm and possessed
monodisperse size distribution. With the increase of the mole-
cular weight of PAA-b-PS, the average diameter of unimolecular
micelles increased to ~65 nm, indicating a tunable micelle
size through the control of the compositions of amphiphilic
star block copolymers.**

In another aspect, amphiphilic star polymers with
miktoarm can be prepared by attaching different types of
polymer arms with desired functionalities to the same core. For
example, Tsitsilianis et al. reported the synthesis of a series of

PBA<«— ()

N/

B-CD 21 Br—B-C initiator 21-arm star-like PABA
0= p-CD StlATRP

PSe;

PS Shell «<— ¢ Ly ¥

A Hydrolysis
_,;(—/ in TFA
PAA (‘.ore/ el Lt

21-armstar-like PAA-5-PS 21-arm star-like P/BA-5-PS

Fig. 9 Schematic representation of the synthetic route to a novel
amphiphilic 21-arm, star-like diblock copolymer PAA-b-PS by sequential
ATRP and its unimolecular micelle structure in aqueous solution.
Reproduced with permission from American Chemical Society.™*
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Fig. 8 Categories of amphiphilic star polymers: (A) homoarm star polymers with block copolymer arms; (B) homoarm star polymers with rod-coil
like arms; (C) homoarm star polymers with linear-dendritic like arms; (D) miktoarm star polymers with two types of homopolymer arms.
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amphiphilic miktoarm star polymers consisting of differing
numbers of poly(ethylene oxide) (PEO) and polystyrene (PS)
arms by sequential anionic living copolymerization."*® The
obtained results showed that the functionality of the star co-
polymers was influenced mainly by the molar ratio of divinyl
benzene per living end and the molecular weight of the linear
PS precursor. The amphiphilic behavior of the star-shaped
copolymers also exhibited strong association phenomena in
both water and THF solution. Recently, Wang and co-workers
synthesized a series of amphiphilic A;B;miktoarmstar poly-
mers by mechanisms transformation combining with a thiol-
ene reaction.’”''® In this design, to avoid the introduction of
two types of initiating sites simultaneously, the authors intro-
duced the first class of active hydroxyl groups by designing an
amikto-initiator containing the same number of active
hydroxyl groups and allyl groups, and then the second class of
active hydroxyl groups at core position was introduced by
transformation of relative inert allyl groups through thiol-ene
reaction. Hydrophilic arms poly(ethylene oxide) and hydro-
phobic arms poly(e-caprolactone) (PCL), polystyrene (PS) or
poly(tert-butyl acrylate) were selected to prepare amphiphilic
A4B, star-shaped copolymers (PEO),(PCL),, (PEO)4(PS)s, and
(PEO)4(PtBA),, respectively. In addition, amphiphilic dendri-
mer-like star polymers are another special kind of star poly-
mers which consist of a star-shaped core and a dendron shell.
The development of dendrimer-like star polymers has shown
superior properties in the combination of rapid synthesis of
star polymers with large size and multiple peripheral func-
tional groups of dendrimers. As a typical example highlighted
here, Zhu et al. recently reported the synthesis of functiona-
lized amphiphilic dendrimer-like star polymers with a hydro-
phobic star-shaped poly(i-lactide) (PLLA) core and a
hydrophilic poly(amidoamine) (PAMAM) dendron shell
(Fig. 10).""” During the synthesis, a carboxylic acid-functiona-
lized PLLA star polymer was first obtained by the ROP of
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t-lactide followed by functionalization with succinic anhy-
dride. 1-, 2-, and 3-generation PAMAM dendrons with a
primary amine at the dendron root and benzyl ester protec-
tions at the periphery were then prepared via a divergent
method. Through amide coupling between the carboxylic acid-
terminated PLLA star polymer and six PAMAM dendrons,
amphiphilic DLSPs were successfully synthesized. To further
enhance the bioactivity and bioconjugation capability,
different functional groups including carboxylic acid, primary
amine, and triethylene glycol functional groups were intro-
duced onto the surface of the PAMAM shell, respectively. The
nature of different surface groups could result in large differ-
ences in thermal behaviors. The functionalized amphiphilic
dendrimer-like star polymers exhibited a unique unimolecular
micelle (14-28 nm) behavior in aqueous solution and could
greatly enhance the water solubility of a hydrophobic DOX
from 0.0625 up to 0.272 mg mL~", indicating their potential
use in controlled hydrophobic drug delivery.'”

2.5 Unimolecular micelles from other types of amphiphilic
polymers

Amphiphilic brush-shaped and cyclic polymers have also been
used in the fabrication of stable unimolecular micelles. Brush-
shaped polymers are a special category of synthetic macro-
molecules that contain multiple side chains grafting from a
backbone, including star-graft,'*®''® block-graft,'***** v-shaped
graft,*¢'?” heterograft and heterograft block structure.'?®3°
The three main strategies utilized to synthesize amphiphilic
graft copolymers are “grafting through”, “grafting onto”, and
“orafting from”.>**>'3! Despite the wide use of core-shell
unimolecular micelles in many applications, unimolecular
micelle formation from amphiphilic brush-shaped polymers
has not been extensively explored. Recently, the investigation
of brush-shaped unimolecular micelles has begun to attract
increasing interest from researchers. In one example, Gong
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Fig. 10 Structures of the amphiphilic dendrimer-like star polymer with a hydrophobic star-shaped poly(L-lactide) (PLLA) core and a hydrophilic

poly(amidoamine) (PAMAM) dendron shell and the formed unimolecular micelles. Reproduced with permission from American Chemical Society.
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and co-workers reported multifunctional unimolecular
micelles based on a brush-shaped amphiphilic block copoly-
mer for both tumor-targeted drug delivery and noninvasive
PET imaging (Fig. 11)."*> The backbone of the brush-shaped
amphiphilic block copolymer was poly(2-hydroxyethyl metha-
crylate) (PHEMA) and the side chains were poly(r-lactide)-poly
(ethylene glycol) (PLLA-PEG). The results demonstrated that
DOX-loaded micelles exhibited a uniform size distribution and
the release of DOX from the unimolecular micelles was over a
sustained time period in a pH-dependent manner. When
CD105-targeting antibodies (TRC105) were conjugated onto
unimolecular micelles, the cellular uptake of the unimolecular
micelles was much higher in CD105-positive cells than that in
non-targeted micelles. A much higher level of tumor accumu-
lation was also demonstrated in 4T1 murine breast tumor-
bearing mice treated with ®**Cu-labeled targeted micelles when
compared with those treated with non-targeted ones based on
the PET imaging and bio-distribution studies. These multi-
functional tumor-targeting unimolecular micelles with pH-
controllable drug release profiles and PET imaging capability
are promising drug/agent nanocarriers for targeted cancer
theranostics."*>

In addition to amphiphilic brush-shaped polymers, unimo-
lecular micelles formed from cyclic polymers are also drawing
increasing attention. The “endless” topology and confined
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Fig. 11 Schematic illustration of the multifunctional unimolecular
micelles fabricated from brush-shaped amphiphilic block copolymers
for cancer therapy. Reproduced with permission from American
Chemical Society.**2
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conformational freedom afford cyclic polymers a number of
different properties in both solution and bulk when compared
with their linear counterparts, including reduced viscosity and
glass transition temperatures, lower hydrodynamic volume
and higher refractive index.’**"** In addition, the cyclic con-
formation also demonstrated increased circulation lifetimes
for soluble drug carriers in the bloodstream and improved tar-
geting to tumor tissue.'*® During the few past decades, the fast
development of living polymerization techniques and emer-
gence of highly efficient coupling reactions have provided
more approaches to synthesize cyclic polymers and lined up
with a platform to investigate their different applications. For
example, some single macromolecular amphiphilic cyclic poly-
mers such as “sun-shaped” and dendronized cyclic polymers
have been previously reported (Fig. 12). In one particular
example, Huang and his co-workers reported a “sun-shaped”
amphiphilic polymer consisting of a hydrophilic PEO ring and
PS lateral chains (c-PEO-g-PS)."*” Subsequent studies demon-
strated that micelles of the amphiphilic cyclic polymer c-PEO-
g-PS can be used as a carrier to efficiently transfer dye mole-
cules from the water to organic phase.

The intriguing architecture also brought some novel charac-
teristics to amphiphilic cyclic polymers. Recently, Williams
et al. reported the synthesis of cyclic amphiphilic graft copoly-
mers with a hydrophobic polycarbonate backbone and hydro-
philic poly(N-acryloylmorpholine) (PNAM) side arms via a
combination of ROP, cyclization via copper-catalyzed azide-
alkyne cycloaddition (CuAAC), and reversible addition-frag-
mentation chain transfer (RAFT) polymerization (Fig. 13).®
The obtained cyclic graft copolymers were able to form unimo-
lecular micelles when dispersed in water and the as-formed
particles size could be finely tuned by the variation of PNAM
arm length. However, significant differences in solution con-
formations, loading capabilities and morphologies of cyclic
graft copolymers were observed in comparison with linear
graft copolymer analogues. For example, at short PNAM arm
lengths, cyclic graft copolymers exhibited larger particle
dimensions and greater loading capacities than the equivalent
linear graft copolymers. When the PNAM arm length was
increased, the assemblies of cyclic and linear graft copolymer
particles were observed in different morphologies, 