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Advances in PEG-based ABC terpolymers and their
applications
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ABC terpolymers are a class of very important polymers because of their expansive molecular topologies
and extensive architectures. As block A, poly(ethylene glycol) (PEG) is one of the most principal
categories owing to good biocompatibility and wide commercial availability. More importantly, the
synthetic approaches of ABC terpolymers using PEG as a macroinitiator are facile and varied. PEG-based
ABC terpolymers from design and synthesis to applications are highlighted in this review. Linear, 3-
miktoarm, and cyclic polymers as the architecture are separated. The synthetic approaches of PEG-
based ABC terpolymers mainly include the sequential polymerization or coupling of polymers. PEG-
based ABC terpolymers have wide applications in the fields of drug carriers, gene vectors, templates for

rsc.li/rsc-advances

1. Introduction

Poly(ethylene glycol) (PEG) is a commercial product with good
water solubility. It is widely used in many fields such as medi-
cine, health, food, and the chemical industry.* It can be quickly
eliminated by the body without significant toxicity and side
effects. Therefore, its application in medicine has received
extensive attention and has been recognized by the Food and
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the fabrication of inorganic hollow nanospheres, and stabilizers of metal nanoparticles.

Drug Administration of the United States (FDA).> According to
the structure, PEG can be divided into monofunctional (e.g
mPEG-OH), homobifunctional (e.gz HO-PEG-OH), hetero-
bifunctional (e.g. HO-PEG-NH,), and multi-arm (e.g. 4-armPEG.
8-armPEG). In practical applications, the functional end groups
of PEG are not limited to hydroxyl, but others with stronger
reactivity, such as p-toluenesulfonate, amino, carboxyl, alde-
hyde, thiol, NHS ester, azido, acrylate, acrylamide and epoxide,
can also be incorporated into PEG to enlarge the application
prospects in macromolecule synthesis, in particular, PEG-based
copolymers.?

PEG is usually a hydrophilic segment in PEG-based copoly-
mers. Taking AB diblock copolymers as an example, hydrophilic
polymers or hydrophobic polymers are incorporated into PEG to
yield double-hydrophilic block copolymers or amphiphilic
block copolymers, respectively. By temperature and pH changes
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Scheme 1 Synthesis of ABC terpolymers via (a) the sequential RAFT polymerization, (b) Suzuki reaction, ROP, ATRP, and click coupling.

or in the presence of a substrate, amphiphilicity is just induced,
thus double-hydrophilic block copolymers become amphiphilic
block copolymers.* Amphiphilic block copolymers self-
assemble to form various nanoparticulate morphologies (e.g.
micelles, polymersomes, rods) in aqueous solution.” These
nanoparticles have potential applications for drug carriers,
mesoporous materials, and photoelectric materials, thus have
received considerable attention.® Compared to AB diblock
copolymers, ABC terpolymers have a dramatically increased
number of unique sequences capable of producing extensive
nanoparticles.” According to the selectivity of solvents toward
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different blocks, ABC terpolymers can form a series of nano-
particles with different morphologies, such as Janus and mul-
ticompartment architectures.® The morphologies are influenced
by many factors such as block length,® block sequence,* poly-
mer concentration," temperature,”> pH,"” and external light.*
By controlling these factors, various morphologies (e.g. rasp-
berry-like,' virus-like,*® cloud-like'”) can be prepared to meet
different needs.

ABC terpolymers are typically synthesized by the sequential
polymerization or coupling of polymers.” In the sequential
approach, the monomers one after another are polymerized
through various polymerization techniques such as reversible
addition-fragmentation chain transfer (RAFT) polymerization,"
atom transfer radical polymerization (ATRP),*® anionic polymeri-
zation (AP),** anionic ring-opening polymerization (AROP),*
cationic ring-opening polymerization (CROP),” or a combination
of several polymerization techniques.* For example, Pispas et al.
reported the synthesis of poly(2-(dimethylamino)ethyl methacry-
late)-b-poly(lauryl methacrylate)-b-poly(oligo(ethylene glycol) mon-
omethyl ether methacrylate) (PDMAEMA-b-PLMA-b-POEGMA) by
the sequential RAFT polymerization (Scheme 1a).>* In the second
approach, AB diblock copolymers (or A homopolymer and B
homopolymer) and C homopolymer are covalently bound together
to achieve the desired ABC terpolymers.*® For instance, Wei et al.
prepared polyfluorene-b-poly(e-caprolactone)-b-poly(oligo(ethylene
glycol) monomethyl ether methacrylate) (PF-b-PCL-b-POEGMA) by
Suzuki reaction, ring-opening polymerization (ROP), ATRP, and

RSC Adv, 2020, 10, 21602-21614 | 21603
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click coupling (Scheme 1b).*” The synthesis of ABC terpolymers is
facile if using commercially available polymers (e.g. PEG, poly-
styrene, polyethylene) as a macroinitiator.”® Among them, PEG is
the most frequent choice due to its advantageous properties and
wide commercial availability. In particular, PEG with a functional
end group is usually used as a macroinitiator to prepare ABC
terpolymers, for example, hydroxyl or amine for ROP, a chain
transfer agent (CTA) for RAFT polymerization, 2-bromoisobutyrate
for ATRP. It should be noted that poly(ethylene oxide) (PEO)
prepared by AROP of ethylene oxide is also widely used to
synthesize ABC terpolymers.” In this review, the developments in
the design, synthesis, and applications of PEG-based ABC
terpolymers are summarized.

2. Design and synthesis

As for the architecture, PEG-based ABC terpolymers may be
divided into three major groups: linear, 3-miktoarm, and cyclic
(Fig. 1). ABC cyclic terpolymers have rarely been reported. As
a case, ABC cyclic terpolymer consisting of poly(isoprene), poly-
styrene, and poly(2-vinylpyridine), was synthesized via a combina-
tion of anionic polymerization and Glaser coupling.** An o-t-
butyldimethylsilyloxy-w-hydroxy terpolymer, ¢butyldimethylsily-
loxy-PI1,4-b-PS-b-P2VP-OH was first synthesized by the sequential
anionic copolymerization of isoprene (Is), styrene (St), and 2-
vinylpyridine (2-VP) with 3-(t-butyldimethylsilyloxy)-1-propyl-
lithium as an initiator, followed by end-capping with ethylene
oxide. t-Butyldimethylsilyl was deprotected and then hydroxyl was
esterified to incorporate alkyne onto both chain ends. Finally,
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Fig. 1 Topology of PEG-based ABC (linear, 3-miktoarm, cyclic)
terpolymers.
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Fig. 2 Synthetic route for the preparation of PEG-based ABC linear
terpolymers via (a) the sequential polymerization, (b) polymerization
followed by coupling.
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intramolecular ring closure was carried out by Glaser coupling to
obtain ABC cyclic terpolymers. As a result, the emphasis of this
review will be placed on PEG-based ABC linear and 3-miktoarm
terpolymers.

2.1. Synthesis of PEG-based ABC linear terpolymers

A great deal of PEG-based ABC linear terpolymers are
commercially available (e.g. purchased from Polymer Source
Inc.). Particularly, polystyrene as block C in ABC linear
terpolymers is the major choice in the products. As a result,
commercially available PEG-based ABC linear terpolymers may
be divided into two major catalogues: PEG as block B and PEG
as block A. The corresponding polymers have poly(2,2,3,3,4,4,4-
heptafluorobutyl methacrylate)-b-poly(ethylene glycol)-b-poly-
styrene and poly(ethylene glycol)-b-poly(2-vinyl pyridine)-b-
polystyrene (PEG-b-P2VP-b-PS). PEG-b-P2VP-p-PS is the most
frequently used PEG-based ABC linear terpolymers for applica-
tions in drug carriers,** the stabilizer of metal nanoparticles,*
and the synthesis of inorganic hollow nanospheres.** Besides,
a large number of PEG-based ABC linear terpolymers have been
designed and synthesized through the synthetic approaches
(Fig. 2).

2.1.1. The sequential polymerization. The sequential
approach presenting various polymerization techniques such
RAFT polymerization,*** ATRP,***** AROP,**** and CROP*~** has
been developed to synthesize PEG-based ABC linear terpolymers.
For example, Meier et al. synthesized poly(ethylene glycol)-b-pol-
y(diisopropylaminoethyl methacrylate)-b-poly(styrene sulfonate)
(PEG-b-PDPA-b-PSS) by the sequential RAFT polymerization
(Scheme 2a).* Steglich-esterification transformation of PEG-OH
was performed to allow a PEG-RAFT macro-CTA that initiated
the sequential RAFT polymerization of DPA monomer and SS
monomer to afford PEG-b-PDPA-b-PSS. Zhao et al. reported the
synthesis of poly(ethylene glycol)-b-poly(2-hydroxyethyl methacry-
late)-b-poly(tert-butyl acrylate) (PEG-b-PHEMA-b-PtBA) through the
sequential ATRP (Scheme 2b).** Hydroxyl of PEG-OH was con-
verted into 2-bromoisobutyrate that initiated the sequential ATRP
of HEMA monomer and tBA monomer to obtain PEG-b-PHEMA-b-
PtBA. Schubert et al. synthesized poly(ethylene glycol)-b-poly(allyl
glycidyl ether)-b-poly(tert-butyl glycidyl ether) (PEG-b-PAGE-b-
PtBGE) using the sequential AROP (Scheme 2c).*> Hydroxyl of PEG-
OH was activated using sodium hydride and the sequential addi-
tion of AGE monomer and tBGE monomer generated PEG-b-PAGE-
b-PtBGE. Meier et al. reported the synthesis of poly(ethylene oxide)-
b-poly(e-caprolactone)-b-poly(2-methyl-2-oxazoline) (PEO-b-PCL-b-
PMOXA) by the sequential CROP (Scheme 2d).”> PEG-OH was
chosen as a macroinitiator for the sequential CROP of CL mono-
mer and MOXA monomer to yield PEO-b-PCL-b-PMOXA. A
combination of different polymerization techniques grants an
accessed pool of monomers and functionalities.*** Liu et al.
synthesized poly(ethylene glycol)-b-poly(e-caprolactone)-b-poly(2-
(dimethylamino)ethyl methacrylate) (PEG-b-PCL-b-PDMAEMA) via
a combination of CROP and ATRP (Scheme 2¢).* After CROP of CL
monomer with PEG-OH as a macroinitiator, hydroxyl of PEG-b-
PCL was converted into 2-bromoisobutyrate that initiated ATRP of
DMAEMA monomer to obtain PEG-b-PCL-b-PDMAEMA. As

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Synthesis of PEG-based ABC linear terpolymers via the sequential (a) RAFT polymerization, (b) ATRP, (c) AROP, (d) CROP, and (e)

a combination of CROP and ATRP.

expected, PEG-b-PCL-b-PDMAEMA could self-assemble into
micelles with a pH-responsive characteristic due to pH-responsive
PDMAEMA block.

2.1.2. Polymerization followed by coupling. PEG-based
ABC linear terpolymers can be engineered through polymeri-
zation of monomer B with PEG as an initiator, followed by
coupling with polymer C. Such approach requires a functional
end group from post/pre polymerization modification.**** For
example, Liu et al. synthesized poly(ethylene glycol)-b-poly(N-
isopropylacrylamide)-b-poly(e-caprolactone) (PEG-b-PNIPAM-b-
PCL) by a combination of ATRP and click coupling (Scheme
3a).”* ATRP of NIPAM monomer was initiated by PEG-Br and
then the substitution reaction using sodium azide generated
azido-terminated PEG-b-PNIPAM diblock copolymer. Alkynyl-
terminated PCL was clicked to azido-terminated PEG-b-PNI-
PAM by click chemistry to obtain PEG-b-PNIPAM-b-PCL. By
introducing the thermoresponsive PNIPAM block, the size of
the structure of the resultant micelles changed with tempera-
ture increasing. Gu et al. reported poly(ethylene glycol)-b-poly(i-
histidine)-b-poly(r-lactide) (PEG-b-PH-b-PLLA) via a combina-
tion of CROP and condensation reaction (Scheme 3b).*> CROP
of N'™-DNP-i-histidine carboxyanhydride was performed with
PEG-NH, as a macroinitiator to synthesize amino-terminated

This journal is © The Royal Society of Chemistry 2020

PEG-b-PH diblock copolymer. Hydroxyl-terminated PLLA was
coupled with amino-terminated PEG-b-PH in the presence of
succine anhydride to prepare PEG-b-PH-b-PLLA.

2.2. Synthesis of PEG-based ABC 3-miktoarm terpolymers

PEG-based ABC 3-miktoarm terpolymers can be synthesized by
the sequential polymerization or coupling of polymers. The
synthetic approaches may be divided detailedly into four major
routes (Fig. 3).

2.2.1. Polymerization followed by coupling. A popular
approach for the synthesis of PEG-based ABC 3-miktoarm terpoly-
mers is polymerization of monomer B with difunctional end group-
modified PEG as an initiator, followed by coupling of polymer C.
For example, Ma et al. developed poly(ethylene glycol)-arm-poly(2-
nitrobenzyl methacrylate)-arm-poly(N-isopropylacrylamide) (PEG-
arm-PNBM-arm-PNIPAM) via a combination of ATRP and click
coupling (Scheme 4a).*® PEG-OH was modified using epoxide that
was subsequently ring-opened to provide difunctional end group-
modified PEG with both hydroxyl and azido groups. Hydroxyl was
converted into 2-bromoisobutyrate that initiated ATRP of NBM
monomer. Finally, azido reacted with alkynyl-terminated PNIPAM
via click chemistry to produce PEG-arm-PNBM-arm-PNIPAM. The

RSC Adv, 2020, 10, 21602-21614 | 21605
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connector is 1-azido-3-hydroxypropan-2-yl 2-bromoisobutyrate with
trifunctional groups (hydroxyl, 2-bromoisobutyrate, and azido).
Similarly, other PEG-based ABC 3-miktoarm terpolymers such as
poly(ethylene  glycol)-arm-poly(e-caprolactone)-arm-poly(benzyl-i-
aspartate) (PEG-arm-PCL-arm-PBLA) (the connector is 3-azido-1,2-
propanediol),” poly(ethylene glycol)-arm-poly(2-vinylpyridine)-arm-
poly(e-caprolactone) (PEG-arm-P2VP-arm-PCL) (the connector is
glycerol),*** poly(ethylene glycol)-arm-poly(2-(dimethylamino)ethyl

21606 | RSC Adv, 2020, 10, 21602-21614

methacrylate)-arm-polytetrahydrofuran (PEG-arm-PDMAEMA-arm-
PTHF) (the connector is 1-azido-3-hydroxypropan-2-yl 2-chlor-
opropionate),”  poly(ethylene  glycol)-arm-poly(1H,1H,5H-octa-
fluoropentyl methacrylate)-arm-poly(2-ethylhexyl methacrylate)
(PEG-arm-POFPMA-arm-PEHMA) (the connector is 3-azido-1,2-
propanediol),”  poly(ethylene  glycol)-arm-poly(1H,1H,5H-octa-
fluoropentyl methacrylate)-arm-polystyrene (PEG-arm-POFPMA-
arm-PS) (the connector is 3-azido-1,2-propanediol),”” have been
synthesized through this approach.

In the conventional methodology, a multistep reaction and
the purification of intermediate polymers are often required. To
overcome these problems, it is quite necessary to decrease the
functional number of the connector and replace one of the
covalent connections by non-covalent recognition. The result-
ing polymers are also called as supramolecular ABC 3-miktoarm
terpolymers. For instance, Zhu et al. designed and synthesized
poly(ethylene glycol)-arm-poly(2-(dimethylamino)ethyl methac-
rylate)-arm-poly(methyl methacrylate) (PEG-arm-PDMAEMA-
arm-PMMA) via a combination of ATRP and molecular recog-
nition (Scheme 4b).” Alkynyl-terminated PEG reacted with
mono-6-deoxy-6-(p-tolylsulfonyl)-B-cylcodextrin-azide via click
chemistry. Then, p-tolylsulfonyl was converted into azido that
was linked with 2-bromoisobutyrate via click chemistry. The as-
prepared macromolecular initiator was employed for ATRP of
DMAEMA monomer. Molecular recognition between [-cylco-
dextrin and adamantane (adamantane-terminated PMMA)
resulted in the formation of PEG-arm-PDMAEMA-arm-PMMA.
The connector is diazido cyclodextrin with difunctional groups
(azido) and a hydrophobic cavity capable of incorporating guest
molecules selectively to form the inclusion complexes. Apart
from host-guest interaction, Hamilton wedge/a-cyanuric acid
complementary recognition (H-bonding) is an accessed method
to construct supramolecular ABC 3-miktoarm terpolymers.”

2.2.2. Coupling followed by polymerization. An alternative
approach for the synthesis of PEG-based ABC 3-miktoarm
terpolymers is coupling of polymer B with difunctional end group-

This journal is © The Royal Society of Chemistry 2020
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modified PEG bearing azido and hydroxyl. PS was coupled to PEG
by click chemistry. Hydroxyl of the resulting polymer was con-
verted into 2-bromoisobutyrate that further initiated ATRP of
MMAZO monomer to afford PEG-arm-PS-arm-PMMAZO. The azo-
benzene chromophores of PEG-arm-PS-arm-PMMAZO located in
different aggregation states had a significant effect on the photo-
induced isomerization behaviors. The connector is 1-azido-3-
hydroxypropan-2-yl 2-bromoisobutyrate. Similarly, other PEG-
based ABC 3-miktoarm terpolymers such as poly(ethylene glycol)-
arm-poly(e-caprolactone)-arm-poly(benzyl-.-aspartate)  (PEG-arm-
PCL-arm-PBLA) (the connector is 3-azido-1,2-propanediol),*” poly(-
ethylene  glycol)-arm-poly(e-caprolactone)-arm-polyphosphoester
(PEG-arm-PCL-arm-PPE) (the connector is 3-azido-1,2-propane-
diol),” poly(ethylene glycol)-arm-polystyrene-arm-poly[(3-
triisopropyloxysilyl)propyl methacrylate] (PEG-arm-PS-arm-PIP-
SMA) (the connector is 1-azido-3-hydroxypropan-2-yl 2-bromoiso-
butyrate),” poly(ethylene glycol)-arm-polystyrene-arm-poly(2-(N,N-
diethylamino)ethyl methacrylate) (PEG-arm-PS-arm-PDEA) (the
connector is 1-azido-3-hydroxypropan-2-yl 2-bromoisobutyrate),”
have been synthesized through this approach.

2.2.3. One-pot polymerization and coupling. A facile
approach for the synthesis of PEG-based ABC 3-miktoarm
terpolymers is one-pot polymerization of monomer B and coupling
of polymer C with difunctional end group-modified PEG. As a case,
Ghaemy et al. reported one-pot synthesis of poly(ethylene glycol)-
arm-poly(tert-butylacrylate)-arm-poly(e-caprolactone)  (PEG-arm-
PtBA-arm-PCL) by a combination of click coupling and single
electron transfer living radical polymerization (SET-LRP) (Scheme
6).” As mentioned above, difunctional end group-modified PEG
with azido and 2-bromoisobutyrate groups was synthesized by
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J<Ovtok/\
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Ng/\<\0/\/\ &OM
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epoxide-capping, ring-opening, and the nucleophilic reaction.
One-pot simultaneous SET-LRP of tBA monomer and click
coupling of alkynyl-terminated PCL in the presence of difunctional
end group-modified PEG to obtain PEG-arm-PtBA-arm-PCL. The
connector is 1-azido-3-hydroxypropan-2-yl 2-bromoisobutyrate.
Another example is the preparation of poly(ethylene glycol)-arm-
poly(e-caprolactone)-arm-polystyrene (PEG-arm-PCL-arm-PS).* The
connector is  anthracen-9-ylmethyl  2-((2-bromo-2-methyl-
propanoyloxy)-methyl)-2-methyl-3-oxo-3-(prop-2-ynyloxy)propyl
succinate. Furan-protected maleimide-terminated PEG,
tetramethylpiperidine-1-oxyl-terminated PCL, and azide-
terminated PS were conjugated to the connector through
triple click reactions such as Diels-Alder, copper-catalyzed
azide-alkyne cycloaddition, and nitroxide radical coupling.

2.2.4. Coupling. An interesting approach for the synthesis
of PEG-based ABC 3-miktoarm terpolymers is coupling of
monofunctional group-modified PEG with diblock copolymer
bearing a functional group at the junction site between blocks.
As an example, Yagci et al. developed the synthesis of poly-
(ethylene glycol)-arm-polystyrene-arm-poly(e-caprolactone)
(PEG-arm-PS-arm-PCL) via click coupling of alkynyl-terminated
PEG and PS-b-PCL diblock copolymer with azido (Scheme 7).**
Alkynyl-terminated PEG was synthesized through the esterifi-
cation of PEG-OH and 5-pentynoic acid. Thiol-terminated PS
was synthesized via ATRP of St monomer, xanthate functional-
ization, and 1,2-ethandithiol reduction. PS was conjugated to 1-
(allyloxy)-3-azidopropan-2-ol by thiol-ene click chemistry.
Subsequently, ROP of e-caprolactone monomer was performed
through hydroxyl of difunctional end group-modified PS to
form PS-b-PCL diblock copolymer with azido. Finally, alkynyl-
terminated PEG was clicked onto PS-b-PCL to give PEG-arm-
PS-arm-PCL. The connector is 3-azido-1,2-propanediol. Simi-
larly, poly(ethylene glycol)-arm-polystyrene-arm-poly(lactic acid)
(PEG-arm-PS-arm-PLA) have been synthesized through this
approach.®” They also synthesized PEG-arm-PS-arm-PCL by
triple click reactions such as thiol-ene, copper catalyzed azide-
alkyne cycloaddition, and Diels-Alder reaction.®® The core is 1-
(allyloxy)-3-azidopropan-2-yl (anthracen-9-ylmethyl) succinate
with allyl, azide, and anthracene functionalities. Thiol-
terminated PS, alkynyl-terminated PCL, and maleimide-
terminated PEG were sequentially conjugated to allyl, azide,
and anthracene of the core, respectively.

OGS

(o]
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P & \/‘);OJ\/\(\IN/\(\O/\/\S
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PEG-arm-PS-arm-PCL

Scheme 7 Synthesis of PEG-based ABC 3-miktoarm terpolymers via coupling.
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3. Applications

If taking hydrophobic polymer as one or more blocks, ABC
terpolymers will self-assemble with subdivided hydrophobic
cores, resulting in different morphologies with respect to the
spatial restrictions imparted by the chain architecture (Fig. 4).**
Interestingly, the morphologies also depend on the preparation
method.* This subject has been paid extensive attention in part
because of their sequestration properties.

As a case, Le et al. developed a series of ABC terpolymers
composed of poly(ethylene glycol) (PEG, block A), poly(a-
carboxylate-e-carprolactone) (PCCL, block B), and poly(e-capro-
lactone) (PCL, block C) with either block BC or block CB.
Carboxyl on block B was further modified with mercaptohexyl-
amine. The proposed structures of two different types of
micelles in terms of block sequence are illustrated in Fig. 5.%
The results showed that ABC terpolymers with PCCL block at
the middle display superior micelle stability. Particularly, an
alternating triple lamellar morphology from self-assembly of
ABC terpolymer composed of poly(ethylene glycol) (PEG, block
A), poly(e-caprolactone) (PCL, block B), and poly(i-lactide)
(PLLA, block C) was reported.*”

3.1. Drug carriers

AB diblock copolymers are often used as drug carriers.*® Intro-
duction of a third block C dramatically expands the efficiency,
addressability, or applicability. For instance, we developed pH-
responsive polymeric micelles mediated via hydrogen-bonding
interaction between phenol of 4,4'-(1,2-diphenylethene-1,2-
diyl)diphenol (TPE-20H) and amino of poly(ethylene glycol)-b-
linear polyethylenimine-b-poly(e-caprolactone) (PEG-b-PEI-b-
PCL) (Fig. 6).* TPE-20H, an aggregation-induced emission
(AIE) characteristic luminogen, was mainly distributed in the
interlayer between the core and the shell of polymeric micelles.
If pH decreased to 6.5 or lower, amino of PEG-b-PEI-h-PCL was
protonated, resulting in the disassociation of hydrogen-
bonding. Therefore, tunable aggregation-induced emission

Fig. 4 Illustration depicting different morphologies produced by self-
assembly of ABC linear or 3-miktoarm terpolymers. Reprinted with
permission.®* Copyright (2012) American Chemical Society.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Proposed structures and post-functionalization of micelles
produced by self-assembly of ABC linear terpolymers. Reprinted with
permission.®¢ Copyright (2016) American Chemical Society.

and controllable drug release were conducive to cell imaging
and cancer therapy. We also described polymeric micelles
stabilized polyethylenimine-copper (C,HsN-Cu) coordination
between amino of PEG-b-PEI-b-PCL and divalent copper
cation.”® The coordination improved drug loading capacity and
enabled sustainable drug release. Cargo-carrier interactions
significantly contributed to the properties of encapsulated
drugs and their localization within the micelles.**

3.2. Gene vectors

Using cationic polymers as a block in ABC terpolymers has the
potential for the DNA/RNA complexation, representing a multi-
functional gene vector.” For example, Zhang et al. synthesized
poly(ethylene glycol)-b-poly(p,L-lactide)-b-polyarginine (PEG-b-
PLA-b-R;;5) and fabricated cationic polymeric micelles that were
capable of binding siRNA to form micelle/siRNA complexes
(micelleplexes) (Fig. 7a).”* The micelleplexes could efficiently
carry siRNA into cancer cells through endocytosis. The endo-
somal escape and the biodegradation of ABC terpolymers led to
siRNA release. siRNA induced significant gene silencing effects
at the cellular level. In addition to the complexation, the
conjugation of siRNA to AB diblock copolymers is also a pio-
neering strategy for siRNA delivery. Bulmus et al. conjugated
thiol-modified siRNA to w-pyridyl disulfide modified poly(-
ethylene glycol)-b-poly(cholesterol methacrylate) (PEG-b-PCMA)
(Fig. 7b).** The resulting PEG-b-PCMA-b-siRNA modular
terpolymer released PCMA-b-siRNA in acidic condition and
then released siRNA in reducing condition.

3.3. Template for the fabrication of inorganic hollow
nanospheres

The pioneering application of PEG-based ABC terpolymers is
the formation of core-shell-corona polymeric micelles as the

RSC Adv, 2020, 10, 21602-21614 | 21609
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Fig. 7 (a) Micelleplex self-assembled from PEG-b-PLA-b-Ris with
negatively charged siRNA by electrostatic interaction for siRNA
delivery. Reprinted with permission.®®* Copyright (2012) Elsevier. (b)
Conjugation of siRNA to form ABC terpolymers for siRNA delivery.
Reprinted with permission.®* Copyright (2013) Elsevier.

template for the fabrication of inorganic hollow nanospheres
(Fig. 8).” Polymeric micelles are mainly divided into three
classes with neutral, cationic, and anionic shell structures that
can absorb the corresponding inorganic precursors to allow the
fabrication of varied inorganic hollow nanospheres, such as

21610 | RSC Adv, 2020, 10, 21602-21614

silicas, hybrid silicas, metal oxide, metal carbonate, metal
sulfate, metal phosphate, and metal borates. As a case of neutral
micelle, Nakashima et al. reported the synthesis of hollow silica
nanospheres using poly(ethylene glycol)-b-poly(2-vinyl pyri-
dine)-b-polystyrene (PEG-b-P2VP-b-PS).°® They also developed
cationic micelle of poly(ethylene glycol)-b-poly((3-(meth-
acryloylamino)propyl)trimethylammonium chloride)-5-

ABC triblock copolymers

L 000 g

Neutral micelle Cationic micelle  Anionic micelle

Inorganic hollow nanospheres: SiO,, RSiO; 5, M,0y,
MCO3;, MSO,4, MBO3, My(POy), , etc., where M is a
metal. The “+" and “~" charges correspond to
charged monomer along polymer chains.

Fig. 8 ABC terpolymers used for the fabrication of inorganic hollow
nanospheres. Reprinted with permission.®> Copyright (2014) American
Chemical Society.

This journal is © The Royal Society of Chemistry 2020
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Fig.9 Formation and catalytic reaction of ABC terpolymer-stabilized gold nanoparticles. Reprinted with permission.t°2 Copyright (2015) Elsevier.

polystyrene (PEG-b-PMAPTAC-b-PS) for the synthesis of periodic
organosilica hollow nanospheres.”” Anionic micelle of poly(-
ethylene glycol)-b-poly(acrylic acid)-b-polystyrene (PEG-b-PAA-b-
PS) has been used for the fabrication of hollow nanospheres of
CaC0,.%

3.4. Stabilizer of metal nanoparticles

ABC terpolymers have attached increasing attention as the stabi-
lizer of metal nanoparticles,” for example, poly(ethylene glycol)-b-
poly(2,3-dihydroxypropyl methacrylate)-b-poly(2-(diisopropyla-
mino)ethyl methacrylate) (PEG-b-PDHPMA-b-PDPAEMA)'® and
poly(ethylene glycol)-b-poly(N-isopropylacrylamide)-b-poly((3-
acrylamidopropyl)trimethyl ammonium chloride) (PEG-b-PNI-
PAM-p-PN)."* We used poly(ethylene glycol)-b-linear poly-
ethylenimine-b-poly(e-caprolactone) (PEG-b-PEI-b-PCL) as the
stabilizer to prepare highly dispersed gold nanoparticles (Fig. 9).'*
PEG-b-PEI-b-PCL self-assembled in aqueous solution and Au ions
were absorbed in the interlayer of polymeric micelles. After the
addition of sodium borohydride, ABC terpolymer-stabilized gold
nanoparticles were prepared. The fabrication route for ABC
terpolymer-stabilized gold nanoparticles is mild, convenient, and
reproducible. The as-prepared ABC terpolymer-stabilized gold
nanoparticles had high catalytic activity for the reduction of 4-
nitrophenol in aqueous solution. The results demonstrated that
ABC terpolymers have potential for the synthesis of metal nano-
particles. Similarly, poly(ethylene glycol)-b-poly(2-vinyl pyridine)-b-
polystyrene (PEG-b-P2VP-b-PS), a commercially available ABC
terpolymer, was employed as the stabilizer of gold nanoparticles.*

4. Conclusion and outlook

PEG-based ABC terpolymers using commercially available PEG
as block A are highlighted. PEG-based ABC terpolymers with
PEG as block B'*® or prepared by AROP of ethylene oxide'** have
been also reported. PEG-based ABC terpolymers are mainly
divided into linear, 3-miktoarm, and cyclic as for the architec-
ture. It has been demonstrated that cyclic copolymers synthe-
sized via cyclization of linear AB diblock® or ABA triblock'*%*
copolymers show a longer degradation time and form more
stable dense micelles in aqueous solution than linear analogs
arising from the cyclic topology. To explore synthetic access of
PEG-based ABC miktoarm terpolymers, some techniques such
as the Passerini three component reaction'® for the synthesis of
difunctional end group-modified PEG and Janus

This journal is © The Royal Society of Chemistry 2020

polymerization™ for a combination of cationic and anionic
polymerizations into the two ends of PEG have been employed
to prepare topologically defined polymers.

PEG-based ABC terpolymers as a kind of advanced polymers
have been widely investigated and developed. Because of their
varied topologies and molecular variables, PEG-based ABC
terpolymers have been widely applied in drug carriers, gene
vectors, the template for the fabrication of inorganic hollow
nanospheres, and the stabilizer of metal nanoparticles.
However, there are few cases in clinical use. PEG-based ABC
terpolymers usually require high purity monomers and multi-
step synthesis. So far, it is still a challenge to easily and effec-
tively synthesize well-defined and precise controlled ABC
terpolymers and to reduce the cost of synthesis. PEG exhibits
good biocompatibility and non-toxicity, however, other blocks
such as PNIPAM may introduce the toxicity. To fulfil their
proposed biomedical potential, methods to prepare non-toxic
PEG-based ABC terpolymers are desirable. These challenges
will undoubtedly inspire more research in the future.
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