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Polymerization-induced self-assembly (PISA) combines polymerization and self-assembly in a single step
with distinct efficiency that has set it apart from the conventional solution self-assembly processes. PISA
holds great promise for large-scale production, not only because of its efficient process for producing
nano/micro-particles with high solid content, but also thanks to the facile control over the particle size
and morphology. Since its invention, many research groups around the world have developed new and
creative approaches to broaden the scope of PISA initiations, morphologies and applications, etc. The
growing interest in PISA is certainly reflected in the increasing number of publications over the past few
years, and in this review, we aim to summarize these recent advances in the emerging aspects of RAFT-
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1. Introduction

Since the advent of reversible-deactivation radical polymeriza-
tion (RDRP) techniques, there is no doubt that they have revo-
lutionized the synthesis of polymers by providing a robust
method for controlling the polymer compositions, architec-
tures, molecular weights and molecular weight distributions.*
Of all the applications and development of RDRP,
polymerization-induced self-assembly (PISA) is one of the
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applications of current PISA nano-objects in different fields and (7) its future directions.

research fields that has benefited most from it.> PISA is an
efficient strategy for the synthesis of diverse block copolymer
nano-objects at high solid contents (up to 50% w/w), which
overcomes many limitations of the conventional solution self-
assembly process and is suitable for industrial scale-up. In
a typical PISA process, the solvophilic stabilizer polymer (either
synthetic polymers or natural polymer alternatives such as
polysaccharides®®) undergoes chain extension with a sol-
vophobic block via RDRP, this induces the concomitant self-
assembly of the amphiphilic block copolymer and the forma-
tion of nano-objects.’ PISA usually enables high or even
quantitative conversion of monomers without the need for post-
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purification. The required reaction time is also shorter
compared to solution polymerization because of the high local
monomer concentration within the micellar cores.”* Over the
past decade, PISA has been applied to a variety of monomers in
diverse solvent systems, including water, polar solvents (e.g:
alcohols), non-polar solvents'? (e.g. n-alkanes''*) and other
media including ionic liquids,*>*® supercritical CO, (ref. 17, 18
and 19) and silicone 0il.>* Up to now, many morphologies have
been realized via PISA, including spheres, rods, worms, vesicles,
framboidal vesicles,?”*> multilamellar vesicles,”® lamellae,**
spongosomes,*' hexosomes,*>”** cubosomes,*?%*** Janus
particles,*?* colloidal molecules,®?** and many others. The
synthesized particles have a broad range of applications in the
areas of biomedical,*** coating,**** catalysis®*** and Pickering
emulsions®*®~** and so forth.*>"°

Theoretically, all RDRP techniques can produce block
copolymer nano-objects via PISA. Indeed, many examples of
PISA process using different RDRP techniques have been re-
ported, including reversible addition-fragmentation chain
transfer (RAFT) polymerization, nitroxide-mediated polymeri-
zation (NMP),”*” atom transfer radical polymerization
(ATRP),”*” ijodine-transfer polymerization (ITP),”® bromine-
iodine transformation reversible-deactivation radical polymer-
ization (BIT-RDRP),”*® telluride-mediated radical polymeriza-
tion (TERP),** cobalt-mediated radical (CMR) polymerization®
and reversible complexation mediated polymerization
(RCMP);**** other polymerization techniques such as ring-
opening metathesis polymerization (ROMP)*** have been
implemented as well. However, RAFT remains the most
employed and robust technique for PISA due to its high
compatibility with various monomers, solvents and reaction
conditions. In recent years, there have been more than 100
research articles published on PISA every year, mainly on RAFT-
mediated PISA (Fig. 1). Although PISA based on other RDRP
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techniques also attracted much research attention, the focus of
this review is RAFT-mediated PISA.

We note that many reviews have been published since the
inception of PISA, covering some important concepts of the
PISA process, such as the initiation methods,”** the biomed-
ical applications, reactive and functional particles,'*
controlling the morphology,®*'**'** PISA in non-aqueous
dispersion,'®*'*  progress reports'***'* and
views.»'*'t11% These previous review articles discussed about
either advances in a specific topic or provided an overview of
PISA within a relatively general topic. A summary of trends and
future directions in PISA is essential to enable existing and new
researchers of this field be keeping informed of the trends, as
well as to attract attention from different disciplines. Penfold
et al. summarized the emerging trends of PISA in 2019."*
However, a growing number of publications clearly reflected the
interest in PISA, and many outstanding studies continue to
emerge even while these lines are being read. The aim of this
review is not intended to add additional concepts in RAFT-
mediated PISA, rather to summarize the emerging trends in
PISA and to provide an up-to-date review of this field so that the
reader can better understand the current development and
future direction of PISA. The particular focus of this review is on
the following topics: (1) the new initiation methods for the PISA
process, (2) the emerging high-order and complex morphol-
ogies by PISA, (3) the synthesis of hybrid materials via PISA, (4)
the stimuli-responsive nano-objects by PISA, (5) the strategies
for improved throughput and continuous flow process, (6)
current and potential applications.

95-99

even over-

2. Non-thermal initiation of PISA

In contrast to other RDRP techniques such as NMP or ATRP,
RAFT generally requires an external source of radicals (exoge-
nous radicals), which are generally produced by the decompo-
sition of organic molecules under thermal conditions.” Most of
the conventional initiators employed to implement emulsion or
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Fig.1 Development of PISA, RAFT-, ATRP-, and NMP-mediated PISA
in 2009-2022 (source: Web of Science 02/2022, research topic:
“polymerisation-induced self-assembly”, PISA: without refinement,
RAFT: refined keyword "RAFT", ATRP: refined keyword "ATRP", NMP:
refined keyword “NMP").
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dispersion polymerization are azo compounds or photoactive
molecules. When the dispersing phase is water, ionic azo
compounds or persulfates are preferred. The reaction is usually
conducted at around the 10 hours half-life temperature of the
initiator. The 10 hours half-life temperature varies with the
chemical nature of the initiators, usually varies between 44 to
100 °C. For RAFT-mediated PISA the most widely employed
reaction temperature is 50-70 °C, as the solvent is usually water
or methanol.

The thermal initiation of RAFT-PISA is readily applied in
diverse conditions with good compatibility with different
monomers and solvent systems, and could be easily realized in
the industrial upscaling process. Nevertheless, the relatively
high reaction temperature (>44 °C) limits the utilization of
temperature-sensitive materials, including thermo-responsive
RAFT agents, temperature-sensitive polymers, DNA, RNA and
enzymes. Therefore, in the past few years, there has been
a surge of interest in new initiation mechanisms that unitize
visible light, microwaves, enzymes, redox/oscillatory reaction,
electrochemistry, ultrasound as alternative approaches for
RAFT-PISA that initiated at a lower temperature. The non-
thermal approaches allow the PISA to be combined with
biomolecules, which may open up new scopes of research for
PISA formulations.

2.1 Visible light initiated PISA (photo-PISA)

RAFT polymerization has been extensively explored in a broad
range of electromagnetic spectra including gamma,"*"*** ultra-
violet (UV),""**” visible,"'**** near-infrared (NIR)"** and micro-
wave.'?* It was then a spontaneous process that photo-initiated
RAFT polymerizations were extended to the area of RAFT-
mediated PISA. Visible light and NIR have attracted more
research attention due to their low energy nature, induction of
fewer side reactions, and also the potential to control the
polymerizations temporally and spatially.®* In this review, the
visible light photo-PISA will be mainly discussed.

Initially, only photo-RAFT have been implemented in the
PISA process. More recently, other RDRP techniques, such as
NMP,"** ATRP,” and bromine-iodine transformation (BIT),* as
well as some other polymerization techniques such as ring-
opening polymerization'*® have been explored for the photo-
PISA process. Nevertheless, the photo-RAFT technique
remains the most robust and widely employed technique for the
photo-PISA process. The main types of photo-RAFT polymeri-
zations can be summarized as: (1) photoinitiator process:
photo-decomposition of external photoinitiators, similar to the
mechanism of thermal initiation,"” (2) photoiniferter (initiator-
transfer agent-terminator) process: photolytic cleavage of a C-S
bond in the thiocarbonylthio RAFT agent without exogenous
radical sources,”**** and (3) photocatalyst process: a photo-
induced electron transfer (PET) process using photo-redox
catalysts.”*»"** Thus, the photo-RAFT-PISA can also be summa-
rized according to these three different processes (Fig. 2).

2.1.1 Photoinitiator approach. Many organic compounds
are able to absorb light and generate radicals, thus providing

exogenous  radicals for RAFT  dispersion/emulsion

4194 | Chem. Sci, 2022, 13, 4192-4224

View Article Online

Review

Visible light for initiation Typical photoinitiator/catalyst

a) Photoinitiator

( [y 1 1
I = 405 - 460 fo 9 I
i g}‘ am g @i@@ |
| 6 © I
} Visible Light sPTP upTR 1‘
! Monomer . $ s |
| Pl =Py +p oty == psizt Py, s ° I
1 - R\ N e B

HO, M ]
| @ i i
/ |

AN

( 1
i A =460 - 530 nm o I
| Visible -_— /H‘Ys\g/s\l/\)l\ou “
| Light N ‘
i

bl ¢ s s Aty i
| Poiz A ”0 Pus’'z == Pys"Z* Par 3 !
| M I
! [
| |

,
<

o) Photocatalyst
PE — Q

{

|

|

) o
PC*

|

| s = s s

I p.s*z visibid p § _ P +p sty == posllse g

1 "% Lignt 228" |)]  PweS Ll 1

1 v ) b oY D

| FC 2ep oTH

|

\ 7

Fig. 2 Different mechanisms for initiating PISA polymerizations under
visible light: (a) photoinitiator, (b) photoiniferter and (c) photocatalyst
approaches.

polymerizations. Photoinitiators can be divided into one-
component (type I) and two-component (type II) initiators.
Type I initiators are typically compounds that undergo unim-
olecular homolytic cleavage reaction, while type II initiators can
absorb light to form excited molecules which then abstract
a hydrogen atom from a donor molecule, producing free
radical.*?”

The first example of visible light photo-PISA was reported by
Cai and co-workers in 2015 using sodium phenyl-2,4,6-
trimethyl-benzoylphosphinate (SPTP) as the photoinitiator.**>
In this work, poly(2-hydroxypropylmethacrylamide) (PHPMAm)
macro-RAFT and diacetone acrylamide (DAAM) undergo fast
aqueous dispersion polymerization under visible light at 25 °C.
The kinetics was found to be similar to thermally initiated PISA,
both containing phase transition points and rate accelerations,
however, the polymerization rates were much faster than that of
traditional thermal-PISA, and the induction period was negli-
gible. The room temperature process showed good control (b <
1.3) when targeting a series of PHPMAm-b-PDAAM spheres with
various degree of polymerization (DP). In addition, nano-
particles synthesized with N-(2-aminoethyl)acrylamide (AEAM)
as a comonomer could further functionalize with metal binding
motifs via the post-polymerization process.

By applying the same photoinitiator SPTP reported in Cai's
work, Zhang, Sumerlin and co-workers expanded this PISA
process by employing 405 nm violet LED light to synthesize
poly(ethylene glycol)-poly(2-hydroxypropyl methacrylate) (PEG-
PHPMA) based classical nano-objects.**® This photo-PISA ach-
ieved a diverse set of morphologies with spheres, worms, vesi-
cles (S, W, V) by varying the target DP of PHPMA and the solid
contents. In addition, ultrafast kinetics were observed in this
process, with quantitative monomer conversion achieved
within 30 min at room temperature. This is a tremendous
improvement compared to the conventional thermal-PISA

© 2022 The Author(s). Published by the Royal Society of Chemistry
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process at 70 °C, which usually requires at least 3 hours to
achieve quantitative monomer conversions. This was also the
first report that the full range of morphology phase diagram was
generated for photo-PISA at room temperature. The mild
conditions are important for the preparation of vesicles loaded
with bio-related species; as a proof of concept, silica nano-
particles and bovine serum albumin (BSA) were encapsulated in
situ within the vesicles.

In addition to S, W, V, Cai et al. used the same technique to
synthesize an unusual collection of morphologies such as silks,
ribbons, interlinked vesicles and nanotubes (Fig. 3),"** which
expands the morphologies achieved by the photo-PISA process.
Recently, a similar technique was combined with electrostatic
manipulation to achieve triblock copolymer multi-
compartmentalized 2D nano-objects by tuning the pH of
reactions.'**

Apart from SPTP, other photoinitiators such as 2,4,6-
trimethylbenzoyl-diphenylphosphinate (TPO),*****” 2-hydroxy-
4/-2-(hydroxyethoxy)-2-methylpropiophenone (PP-OH),*** and
lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LiPTP)**
were also used as photoinitiators in photo-PISA. Junkers, Zet-
terlund, Boyer and co-workers reported the optimized batch
protocol by varying the solvents, photoinitiators as well as light
intensities."*® By comparing TPO, PP-OH, BDB, camphorqui-
none and eosin Y (EY) disodium salt photoinitiator and pho-
toiniferter route, TPO was selected as the most suitable
photoinitiator. EtOH/DMSO (90/10 v/v%) was chosen as the
optimal solvent system to achieve both high monomer conver-
sion and high order morphologies. The optimized batch
protocol was then adapted for flow processing, showing the
potential of continuous tubular reactors for alcohol-based
photo-PISA.

H
/YN\)Q( PHPMAgq, SPTP o iy X
o) 0o 0.12 M NaCl, 25 °C, hv ] O O

DAAM HN HN HN

H DAAM: H-Bonding| HO.{ 2 .
Z N\/\NH; CIJ|AEAM: lonic Repulsion O NH3Cl
O
)

AEAM

n = 2%, 4%, 6%, 8%, 10%

Fig. 3 Schematic illustration of photomediated PISA at 25 °C and
representative TEM images of (a) silks/films, (b) vesicles, (c and d)
nanotubes and (e and f) porous nanotubes. Reprinted from ref. 134
with permission. Copyright 2016, American Chemical Society.
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One of the trends in photoinitiator induced photo-PISA is to
minimize the use of photoinitiators or to make them dual-
acting. In 2020, Dai, Jung and Boyer et al. reported the dual
roles of doxorubicin (DOX), which can serve as an antitumor
drug and co-catalyst for a photo-PISA process under blue LED
light (485 nm).*** It was found that DOX can enhance the
polymerization rates of a broad range of monomers, including
acrylate, acrylamide and methacrylates, however, the mecha-
nism remains unclear. In 2021, Tan et al. developed a strategy to
attach TPO to the R group of RAFT agent (TPO-CDPA), so that
the type I photoinitiator could attach onto the surface of poly-
meric nano-objects."*> This strategy enables the photoinitiator-
RAFT agent with dual-role that can both initiate and control
the polymerization, thus overcoming some drawbacks of using
small molecular type I photoinitiators. The yielded
photoinitiator-functionalized block copolymer nanoparticles
could be further used as heterogeneous photoinitiators to
produce hydrogels with internally embedded nanoparticles.

2.1.2 Photoiniferter approach. It is well known that UV
light can induce photolytic cleavage of the C-S bond in the
RAFT agent, generating carbon centered radicals to directly
initiate RAFT polymerization. This attractive approach has been
intensively investigated by several groups owing to no exoge-
nous catalysts/initiators are required to initiate the polymeri-
zation."*™** However, UV light can also cause gradual
degradation of the RAFT agent, which generally results in
limited control over the polymerization, particularly at high
conversion.”* Starting in 2015, several groups including
Boyer,"® Qiao," and Zhu'’ subsequently expanded on this
concept by using visible light as a substitute. This process is
possible because the absorption energy of the spin-forbidden n
— 7* electron transition of some thiocarbonyl species falls in
the visible region (Amaxn—n~+ = 400-550 nm), therefore, the
thiocarbonyl species can be excited by visible light.** In this
process, the RAFT agent acted as a photoiniferter, as previously
proposed by Otsu.™®

In 2016, Boyer and co-workers reported the first example of
photo-PISA without the addition of an external catalyst or
initiator to yield nano-objects with different morphologies
(S, W, V).'*” A POEGMA-CDTPA macro-CTA was activated under
blue (460 nm) or green (530 nm) light and chain extended with
benzyl methacrylate (BzZMA) in the ethanolic solvent. The in situ
encapsulation of Nile red as a model hydrophobic drug was
demonstrated as a proof-of-concept for drug loading. In 2017,
O'Reilly compared the influence of initiation methods and light
intensity on the final PISA morphology.”*® The preparation of
PEG-b-PHPMA nano-objects were conducted via three routes:
photo-PISA with 100% intensity (405 nm, no functioning initi-
ator), thermal-PISA, and photo-PISA with 20% (405 nm, no
initiator) intensity at the same temperature. Their findings
suggest both reaction kinetics and end group fidelity lead to the
difference in phase diagrams generated using photo-PISA and
thermal-PISA. More recently, Poly and Chemtob and co-workers
reported an initiator-free photo-PISA of PHEA-b-PS spheres
using 472 nm LED light at 35 °C in methanol/water co-
solvent.*® The yielded nanoparticles were further demonstrated

Chem. Sci., 2022, 13, 4192-4224 | 4195
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as soft templates for the synthesis of uniform nanoscale porous
carbons with large mesopores size.

The advantage of the photoiniferter approach is obvious, as
no external photoinitiator or catalysts need to be added, thus
eliminating the potential source of toxicity. However, this
visible light-mediated RAFT is strongly dependent on both the
type of RAFT agent and the effective light intensity.”* While
achieving high monomer conversion is not a problem, the rates
of polymerization could be problematically low compared to
photoinitiator or photocatalyst approaches. For example, in
Poly and Chemtob's study,'*® it took around 70 hours to achieve
59% conversion of styrene. Furthermore, these polymerizations
require careful deoxygenation since no exogenous initiator is
present, even low concentrations of oxygen can retard the
polymerization.

2.1.3 Photocatalyst approach. This approach refers to the
PISA process mediated by photoinduced electron/energy trans-
fer - RAFT polymerization (PET-RAFT) with photo-redox cata-
lysts. In 2014, Boyer reported the RAFT polymerization using
Ir(ppy); and [Ru(bpy)s;]Cl, at ppm concentrations (typically
1 ppm to monomers) under visible light, and coined this
process as PET-RAFT.*** This process is versatile and compatible
with a broad range of solvents and monomers under both
homogenous and heterogeneous conditions, and even open-air
systems. In the following year, the same group exploited this
process in photo-PISA. This first example of PET-RAFT-PISA
used [Ru(bpy);]Cl, as a photocatalyst to yield POEGMA-
PBzMA nanoparticles with different morphologies in the etha-
nolic solvent.*® The “ON/OFF” control over the dispersion
polymerization demonstrated the temporal control over the
nanoparticle morphology. Although only ppm level of the
photocatalyst was used, it still brings heavy metal into the
system, which may be potentially toxic and limit the application
in the biomedical field. Next, the utilization of Ir(ppy); in photo-
PISA was reported by Han et al., where fluorinated raspberry-
like nanoparticles were achieved by the polymerization of pen-
tafluorostyrene in DMSO.*°

In 2017, Pan and co-workers performed PET-RAFT disper-
sion polymerization using the organic dye 10-phenyl-
phenothiazine (PTH) as an alternative to heavy metal-based
photo-redox catalysts.”* Although the required concentration
of PTH (1%, to monomer) was higher than that of heavy metal-
based photocatalysts (1 ppm to monomer), good control of the
dispersion polymerization was achieved. Temporal control of
the polymerization in this specific PET-RAFT process has also
been demonstrated by adjusting the light source.

Furthermore, many other organic dyes have been exploited
as photocatalysts for PET-RAFT polymerization. The order of
reactivity to activate PET-RAFT was reported as eosin Y (EY) >
fluorescein > Nile red, rhodamine 6G (R6G) and methylene
blue.** Boyer et al. reported an oxygen-tolerant ultralow volume
RAFT polymerization in a 96-well microtiter plate under green
light irradiation (A = 530 nm) using EY in the presence of
ascorbic acid.” The proposed mechanism is that the photo-
reduced EY is oxidized by oxygen, regenerating the original
dye and converting oxygen to hydrogen peroxide. A redox reac-
tion between the hydrogen peroxide and excess ascorbic acid

4196 | Chem. Sci, 2022, 13, 4192-4224
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then produces reactive hydroxyl radicals that initiate RAFT
polymerization. This approach allows control of a range of
monomer families (acrylamides, acrylates, methacrylates) for
the synthesis of homo- and block copolymers, and can be
applied to PISA. Recently, R6G has also been used as a photo-
catalyst for the PISA process by Lin and co-workers to produce
micelles and other high order structures.**

Another type of widely applied catalysts for photo-PISA are
porphine catalysts. In 2016, the Boyer group extended to
longer visible light wavelengths such as red (A = 635 nm) and
yellow (A = 560 nm) light by the addition of the metal-
loporphyrin, such as 5,10,15,20-tetraphenyl-21H,23H-por-
phine zinc (ZnTPP).*** In addition, encapsulation of ZnTPP
into the core of nanoparticles was achieved, which makes it
potentially useful in photodynamical therapy (PDT), as ZnTPP
can generate singlet oxygen under visible light irradiation.
This oxygen-tolerant PISA system without the traditional
deoxygenation process was also demonstrated by the addition
of ascorbic acid as the singlet oxygen quencher.** Later on, the
same research group explored the oxygen-tolerant PET-RAFT
PISA by addition of singlet oxygen quenchers such as 9,10-
dimethylanthracene, ascorbic acid and (R)-(+)-limonene.***®
Conventional deoxygenation processes generally require the
use of specialized equipment (Schlenk vessels, high-vacuum
pump, etc.) and inert gas, the open-air PISA system allows
the synthesis to perform without these restrictions at ultra-low
volumes.

In 2018, a water-soluble porphine photocatalyst, zinc meso-
tetra(N-methyl-4-pyridyl)porphine tetrachloride (ZnTMPyP)
was investigated for aqueous PET-RAFT dispersion polymeri-
zation,' as this water-soluble photocatalyst is more suitable
for aqueous PISA systems. In this study, the photo-PISA
process was conducted in 96-well microtiter plates under low
energy red light (Amax = 595 nm, 10.2 mW cm™?) without
deoxygenation due to the addition of biotin (vitamin B-) as the
singlet oxygen quencher. A photo-responsive comonomer 7-[4-
(trifluoromethyl)coumarin]methacrylamide (TCMAm) was
added for the purpose of post-PISA photo-crosslinking, which
was performed under a UV light source (Ay.x = 365 nm, 10.2
mW cm™?) to allow the core-cross-linked nanoparticles to
retain their original morphologies when exposed to organic
solvents.

Some PDT photo-sensitizers can be used to catalyze PET-
RAFT polymerizations as well. In 2021, Sumerlin et al. re-
ported a strategy to maximize the multifunctionality of Rose
Bengal Methacrylate (RBMA) as both photocatalyst and como-
nomer in a photo-PISA process, also a singlet oxygen generator
for PDT, and a fluorophore for imaging."”® In their work,
quantitative and controlled loading of Rose Bengal (RB) was
realized by converting RB to the polymerizable methacrylate
that could be covalently incorporated into nanoparticles. It was
further demonstrated that RB-loaded nanoparticles can be
activated by visible light, and the efficiency of singlet oxygen
production was higher than free RB. After post-modification of
the RB-loaded nanoparticles with a DNA aptamer, in vitro study
showed enhanced internalization by HCT 116 cells and signif-
icant inhibition of tumor cell proliferation under yellow light.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2 Enzyme-assisted/initiated PISA

2.2.1 Enzyme-initiated PISA. Enzymatic catalysis, which is
the basis of various biochemical reactions in vivo, is extensively
found in nature and has been widely applied in organic
synthesis and biotechnology. Because of its high efficiency,
selectivity, mild reaction conditions and stability, it is emerging
as a sustainable and promising strategy for the synthesis of
materials, including the initiation of RDRP polymerizations. di
Lena and co-workers first demonstrated in 2011 the free radical
polymerization catalyzed by enzymes, in which laccase or
horseradish peroxidase (HRP), alkyl halides, and ascorbic acid
act as catalysts, initiators, and reducing agents, respec-
tively."®>**° In terms of enzyme-initiated RAFT polymerization,
a ternary initiation system based on HRP/H,0,/acetylacetone
(ACAC) was first achieved at room temperature by An et al. in
2015.'* Later, they reported glucose oxidase (GOx) deoxygen-
ation and H,0,/AscA redox initiation for RAFT polymerization
at low temperature in air."*> In 2017, An et al. also demonstrated
the enzymatic cascade catalysis for the initiation of RAFT
polymerization to achieve multiblock and ultrahigh-molecular-
weight polymers in a vessel open to air.'*

In 2018, Tan and Zhang et al. reported the enzyme-initiated
RAFT dispersion polymerization of 2-hydroxypropyl methacry-
late (HPMA) in water at room temperature, yielding nano-
objects with different morphologies.'** In their study (Fig. 4),
ACAC was oxidized by H,O, with HRP as the catalyst, generating
ACAC radicals to initiate the RAFT polymerization. The enzyme-
initiated RAFT-PISA enabled the rapid synthesis of nano-
objects, including spheres, worms and vesicles in mild reac-
tion conditions. The kinetics revealed that a high monomer
conversion (>99%) was achieved within 20 min, indicating the
fast generation of ACAC radicals and the high catalysis effi-
ciency of HRP. SEC measurement exhibited a linear relation-
ship between number-average molar mass (M,) and monomer
conversion, and the mPEG;,3;-PHPMA,, diblock copolymers had
low dispersities (P < 1.20) throughout the enzyme-initiated
polymerization process, indicating that good control was
maintained throughout. The mild reaction conditions also
allow the in situ loading of SiO, nanoparticles and bovine serum
albumin (BSA) into vesicles. In this study, they also took
advantage of RAFT polymerization initiated by enzymatic
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Fig. 4 (a) Schematic illustration of enzyme-initiated aqueous RAFT
dispersion polymerization of HPMA. (b) Schematic illustration of GOx-
HRP cascade reaction. Reprinted from ref. 164 with permission.
Copyright 2018, Wiley.
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cascade catalysis to develop oxygen-tolerant PISA based on GOx-
HRP enzymatic cascade catalysis. As shown in Fig. 4b, GOx
catalyzed the oxidation of glucose in the presence of oxygen to
produce H,0,, which is subsequently used to generate ACAC
radicals using HRP as the catalyst, allowing the RAFT dispersion
polymerization to occur in open vessels and multiwall plates at
room temperature.'® Overall, these studies demonstrated that
the enzyme-initiated RAFT-PISA can serve as an efficient and
facile platform for the preparation of functional nano-objects
under the mild condition with oxygen tolerance.

Later in the same year, Tan et al. reported the synthesis of
a series of epoxy-functionalized triblock copolymer vesicles via
enzyme-initiated =~ PISA.*  First, poly(glycerol = mono-
methacrylate)-b-poly(2-hydroxypropyl methacrylate) (PGMA-
PHPMA) diblock copolymer vesicles were prepared via enzyme-
initiated aqueous dispersion polymerization, and then glycidyl
methacrylate (GlyMA) was used for chain extension via enzyme-
initiated seeded emulsion polymerization to produce epoxy-
functionalized vesicles. The mild condition of enzyme-
initiated RAFT polymerization at room temperature is critical
to ensure the survival of epoxy groups after the polymerization.
The synthesized triblock epoxy-functionalized vesicles were
evaluated as a Pickering emulsifier in hexane-water emulsions.
Furthermore, cross-linked vesicles were achieved by reacting
epoxy groups with ethylenediamine.

2.2.2 Enzyme-assisted PISA. Enzyme catalysis has also been
used for deoxygenation in the PISA process. This refers to the
PISA processes that include enzymes for assisting the poly-
merization but are not involved in the direct initiation. In 2014,
Stevens et al. reported the enzyme-assisted RAFT polymeriza-
tion (Enz-RAFT) in an open vessel using GOx for deoxygenation
and VA-044 as a thermal initiator."*®* GOx was used because of its
high activity, the ability to completely deoxygenate the media at
very low concentrations, and compatibility with organic
solvents. In 2016, they further expanded the scope of Enz-RAFT
to extremely low volume (40 pL) in an open atmosphere at 45 °C,
allowing for high-throughput screening applications."®”

In 2017, Tan and Zhang et al. expanded the range of Enz-
RAFT to dispersion polymerization for high-throughput
synthesis of well-defined AB diblock and ABC triblock copol-
ymer nano-objects in open multiwell plates at room tempera-
ture.’® GOx and glucose were added for deoxygenation, and
SPTP and LED (1 = 405 nm) were used to initiate the polymer-
ization. They also demonstrated potential biologically relevant
application by encapsulating HRP and BSA into vesicles without
compromising protein activities. This approach facilitated high-
throughput application, allowing for faster construction of the
PISA phase diagram. In 2021, Tan et al. performed the same
technique in a continuous flow reactor, offering the possibility
of large-scale production of nano-objects in an oxygen-tolerant
environment.**

Recently, the same group used a similar technique to
synthesize higher-order morphologies from tert-butyl acrylate
or tert-butyl methacrylate at room temperature by enzyme-
assisted RAFT emulsion polymerization.””® The RAFT emul-
sion polymerization of hydrophobic monomers usually leads to
spheres because of kinetical trapping. This may be overcome by

Chem. Sci., 2022, 13, 4192-4224 | 4197


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc00762b

Open Access Article. Published on 18 March 2022. Downloaded on 2/27/2026 4:53:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

temperature-directed morphology transformation, but the high
temperature hinders the preparation of thermo-sensitive or bio-
related polymer nano-objects. Therefore, their study fills the
gap that higher-order morphologies can be produced by emul-
sion polymerization of hydrophobic methacrylic and acrylic
monomers at a low temperature.

In 2020, Ng, Weil and co-authors reported a “grafting from”
protocol for the preparation of DNA-polymer nanostructures
from single-stranded DNA (ssDNA) under ambient conditions,
aided by enzymatic degassing with glucose, glucose oxidase,
and sodium pyruvate.””* In this study, they successfully
produced a series of functional DNA-polymer conjugates and
DNA-diblock conjugates derived from acrylamide (DMA, NAM)/
acrylate (HEA, OEGA)-based monomers.

2.3 Redox-PISA/oscillatory reaction

Redox initiators have been widely used in homogeneous and
heterogeneous free radical polymerizations.””>*”* The low acti-
vation energy of redox initiators allow the polymerization to
proceed at relatively lower temperatures, which is beneficial for
the synthesis of thermal-sensitive polymer/drugs and bio-
related materials. The applications of redox initiators in
RAFT-mediated solution polymerization at low temperature and
under even freezing conditions were explored back in
2008."7>7"7 Their use in RAFT-mediated dispersed system was
soon reported in 2009 by Santos et al. Specifically, they reported
the use of potassium persulfate (KPS)/sodium metabisulfite
(SMB) as redox couple initiators for the mini-emulsion poly-
merization of styrene with PEO-RAFT as chain transfer agent.'”®
Later in 2011, An et al. reported an aqueous dispersion poly-
merization mediated by RAFT using KPS/r-ascorbic acid sodium
salt (NaAs) as redox initiator to prepare 2-methoxyethyl acrylate
(MEA)-based core-cross-linked nanogels with up to 32% w/v
solid content at low temperature (30 and 40 °C)."”®
KPS/ascorbic acid-based redox initiator is a classical redox
couple that has been widely applied in low temperature poly-
merization."”*'#*'¥ The redox initiator has a wide range of
compatible reaction temperatures, which can be easily adjusted
to study the effect of reaction temperature on polymerization
and morphological evolution. For example, Tan et al. used this
redox couple for RAFT emulsion polymerization at 25-50 °C to
synthesize PPEGMA-b-PGlyMA and yielded higher-order
morphologies.'®* In this study, several factors including reac-
tion temperature, molecular weight of macro-RAFT agent, DP of
PGlyMA, and monomer concentration have been studied in
detail to investigate their effects on emulsion polymerization.
The results indicated that higher temperature strongly
promoted the mobility of PGlyMA (T, = ca. 45 °C), and leading
to morphological evolution from spheres (25 °C) to worms (37
°C) and vesicles (50 °C). More recently in 2020, Armes et al. re-
ported the RAFT aqueous emulsion polymerization with the
incorporation of thermal and redox initiator at both 80 and
30 °C." In this example, poly(2-(N-acryloyloxy)ethyl pyrroli-
done) (PNAEP) was used as a new non-ionic stabilizer block, and
by using VA-044 as the thermal initiator at 80 °C, they achieved
full conversion of styrene within 40 min while maintaining
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good control over dispersity (P < 1.30). Meanwhile, by using
KPS/AscA redox initiator at pH = 3 and 30 °C, they could achieve
full conversion of n-butyl acrylate (nBA) within 25 min. Despite
relatively high dispersities were observed (P = 1.52-1.64), it is
still much better control than the polymerization of nBA initi-
ated by VA-044 at 80 °C (P > 3.00).

Oscillatory reactions are chemical systems in which one or
more reacting compounds exhibit periodic changes in time or
space. Most oscillating reactions involve redox reactions, and
some of these are able to generate free radicals. Extensive
studies have explored Belousov-Zhabotinsky (BZ) reaction for
the initiation of radical polymerizations and investigated the
roles of different free radicals in the BZ reaction.'®'® The
extended study of BZ reaction to PISA has not been reported
until recently. In 2017, Bastakoti and Pérez-Mercader reported
a one-pot synthesis of PEG-b-PnBA giant vesicles via PISA
coupled with BZ reaction.'®® The authors proposed a mecha-
nism (Fig. 5) that includes the roles of different radical species
in this oscillatory reaction-initiated polymerization. The oscil-
lations appeared after an induction time of 16 min, and the
measured amplitude gradually decreased as time elapsed,
which could be explained by the consumption of radicals
(intermediate moieties) and the increase in viscosity during
polymerization. Due to the different chemical environments
inside and outside of the self-assembled vesicles, the
consumption rates and osmotic pressures become different at
membrane sides, resulting in the increase in vesicle size and
final formation of giant vesicles. In the same year, this group
repeated this technique on a different formulation composed of
acrylonitrile-based PEG-b-PAN diblock copolymer and suc-
ceeded in preparing giant vesicles.'® Later on, another

Polymerization BrOs- HBrO
k"’BVun.
PEG-b-PB A\ e ~ e

BTO,* HBrO,

i2e3 R f"

Ru?* Rud*

B -
MA* MA

PEG-CTA /\ BA B-Z Reaction

Fig. 5 The proposed mechanism of the BZ assisted polymerization of
a PEG-b-PBA block co-polymer. Reprinted from ref. 188 with
permission. Copyright 2017, Wiley.
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formulation composed of poly(ethylene glycol)-b-poly(ethyl
acrylate) (PEG-PEA) was reported to form micelle with patchy
voids.*°

In 2019, Pérez-Mercader, Duenas-Diez and coworkers
combined the oscillatory reaction-initiated PISA with a contin-
uously stirred tank reactor (CSTR) strategy, allowing consistent
control over the PISA process and chemical properties.** In this
study, different morphologies were obtained by tuning the
residence time (1), target DP and the BZ reactants. CSTR-BZ-
PISA resembles the out-of-equilibrium and open-system char-
acteristics of living systems, which may be suitable for studying
the protolife scenarios.

More recently, Cheng and Pérez-Mercader presented
a chemical fuel-driven PISA catalyzed by the BZ reaction.' The
amphiphilic block copolymers could self-organize into large
multicompartmental structures, mimicking some dynamical
aspects of living systems. These multicompartmental structures
are highly dependent on the dissipate energy from BZ reaction.
Overall, this study illustrated a strategy to design and synthesize
complex microsystems that can be widely used for biosensors,
microreactors, and molecular delivery.

The second group of oscillatory chemistry that successfully
initiated RAFT-PISA was the pH oscillators. In 2019, the Pérez-
Mercader's group reported a semi-batch bromate-sulfite (B-S)
pH oscillator-driven PISA (pH-O-PISA), in which the two-way
oxidation of the SO;*” by BrO;  generated radicals and
further initiated the RAFT polymerization of nBA on PEG-based
macro-RAFT agent."* The complete oxidation of SO;>~ to SO,>~
generates HY, while the partial oxidation of SO;*>~ (1-2%) to
S,0¢>~ consumes H'. By adjusting the H" concentration in the
inflowed Na,SO; to H,SO, solution, this system can be univer-
sally adapted to different monomers. In 2021, the same group
further investigated the effect of the oscillatory behavior on
polymerization in comparison with conventional (non-
oscillatory) redox initiation.”* In this study, HPMA was
chosen as the monomer, which is the first time it was used in
PpH-O-PISA and different morphologies, including giant vesicles,
were obtained. The radical formation was switched ON/OFF by
the SO;> -BrO;~ pH oscillator, inducing periodic polymeriza-
tion. This indicates that different kinetics have a significant
impact on the final conversion (%) of a particular component
and the high salt concentration in the pH oscillator was found
to affect the morphology and contribute to the formation of
microscale structures.

2.4 Ultrasound-initiated PISA

The acoustic cavitation produced by ultrasound in water can
promote several physical/chemical effects including radical
formation.” This allows the application of ultrasound in
radical polymerization, providing a “green” synthesis pathway.
Ultrasound has been extensively studied to initiate free radical
polymerizations in both homogeneous and heterogeneous
systems, as well as to accelerate the decomposition of chemical
initiators to assist polymerization. In 2017, Qiao and Ashok-
kumar and co-workers reported the first use of ultrasound
derived radicals to initiate RAFT polymerization in aqueous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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medium.”® In their study, a high frequency (414 kHz) was
applied, at which the hydroxyl radical generation by H,O
sonolysis was enhanced and the possibility of polymer degra-
dation is minimized. This process allowed the controlled poly-
merization of a range of water-soluble acrylates and
methacrylates. However, it was found the ability of ultrasonic
irradiation to generate radicals is concentration dependent.
Bulky monomers or monomers with high concentrations could
suffer from no polymerization. It was also observed that sono-
RAFT polymerization can be regulated on/off by simply
switching on/off the sonication. The success of ultrasound-
induced controlled radical polymerization provides a “green”,
externally regulated and easily scalable method for a range of
monomers.

Later in 2018, Qiao et al. reported the first sono-RAFT-PISA
using N-isopropylacrylamide (NIPAM) as the monomer to
synthesize thermo-responsive spherical nanogels at 45 °C."”
Temporal control was realized by exposing the polymerization
to an alternating “ON/OFF” period of ultrasound. Furthermore,
N,N'-methylenebis(acrylamide) (MBA) was used as the como-
nomer to achieve core-cross-linked nanoparticles that would
maintain the morphology below the lower critical solution
temperature (LCST) of PNIPAM. The cross-linked nanogels are
thermo-sensitive and can undergo reversible shrink/swell cycles
in heating (45 °C)/cooling (25 °C) cycles.

To expand the scope of sono-RAFT-PISA, in 2020, our group
reported the first room-temperature sono-PISA that achieved
diverse morphologies, including spheres, worms, and mono-
dispersed small vesicles (ca. 110 nm) (Fig. 6)."® Kinetic studies
and GPC measurements confirmed the good control of HPMA
polymerization under high-frequency (990 kHz) ultrasound
irradiation. It was found that the morphology of nano-objects
prepared by sono-PISA was distinct from that of thermal-PISA
process, which could be the effect of reaction temperature
and ultrasound wave. In addition, it has been observed that the
length of pre-formed worms would decrease with time of
exposure to ultrasound irradiation. This explains why no elon-
gated worms were observed during sono-PISA. However, this
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Fig. 6 Schematic illustration of room-temperature PISA initiated by
ultrasound, and TEM images of obtained nano-objects. Reprinted from
ref. 198 with permission. Copyright 2020, Royal Society of Chemistry.
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was overcome by the addition of core-crosslinker ethylene glycol
dimethacrylate (EGDMA) to achieve stable worms by sono-PISA.
Notably, sono-PISA is easily scalable and externally tunable,
does not require any exogenous initiator or catalyst, and is
highly compatible with a broad range of RAFT agents and
monomers. These features may open up many new prospects in
the field of polymeric nano-object synthesis.

3. Controlled and high-order
morphologies by PISA

One of the main benefits of the PISA process is that the
morphology of the self-assembled nano-objects can be easily
tuned by adjusting the DP of the core-forming block. In
a dispersed system without kinetic trapping, the evolution from
spheres to worms to vesicles with the increasing DP is usually
observed. Over the past decade, many efforts have been made to
achieve morphological control, and interest in expanding the
morphological library has continued unabatedly. In this
section, we focus on some pioneering works and most recent
studies that realized the control of morphology toward high-
order structures. The order of morphology usually depends on
the packing parameter (P, defined as P = V/a,l., in which V and
l. represent the volume and length of the hydrophobic block,
respectively, and a, stands for the effective area of the hydro-
philic headgroup), high-order structures occur when P > 1. This
could be achieved by adjusting several factors, including DP and
solvophobicity of the hydrophobic block, solvent system, and
block copolymer architecture. In the following, these factors
were summarized as determinants for achieving nano-objects
with high-order and complex morphologies.

3.1 Varying the chain length or DP of the hydrophobic block

Tuning the chain length or DP of the hydrophobic block is the
most direct way to control the morphology transformation from
spheres to higher-order morphologies, such as worms, vesicles,
lamella, spongosomes and cubosomes. As the molar mass/DP
of the hydrophobic block increases, the packing parameter
also increases simultaneously. Currently, there are a number of
studies reported the morphological transformation beyond
vesicles, including lamella, multilamellar vesicles,*® large
compound vesicles' or precipitates.**>*** For example, in 2010,
Pan and co-authors discovered that higher-order morphology
vesicles with complex internal structures; the morphologies
evolved from spheres to vesicles, and to multiple morphologies
including nanotubes, doughnuts, spongosomes and onion-like
vesicles by tuning the chain length and thus the ratio of
hydrophobic to hydrophilic blocks.*® Then in 2015, they further
reported the realization of large compound vesicles (LCVs) and
hexagonally packed hollow hoops (HHHs, i.e. hexasomes) with
packing parameter larger than 1 by PISA.*” In addition, they
probed the mechanism of the transformation from vesicles or
LCVs to HHHs. Similar to the annealing of copolymers swollen
by DMF in the nanoprecipitation approach,”® the high feed
molar ratio of St/PDMAEMA = 10 000 allowed PS chains to be
well swollen by the residual St monomer, which has a beneficial
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effect on the chain mobility and the morphological transition.
The good mobility of copolymer chains also allowed deforma-
tion and fusion of vesicles, eventually leading to the formation
of high order structure. This is the first study to utilize the
scalable PISA approach to fabricate PS-based inverse bicontin-
uous mesophases. However, the high feed molar ratio of St/
PDMAEMA and a high monomer concentration were neces-
sary for the fabrication of HHHs, which would result in high
residual monomer content that may limit the potential
applications.

In 2019, An, Wu and Lv exploited the scalable preparation of
alternating PDMA-b-P(St-alt-PFS) block copolymer particles with
high order morphologies (LCVs, spongosomes, hexasomes and
cubosomes).** High monomer conversion (typically =90%) and
high solid content (40%) were achieved simultaneously, and
morphological transition from spheres to final cubosomes was
observed with the growth of the core-forming block. The influ-
ence of some key parameters on the morphological evolution
was investigated, it was concluded that the relatively short sol-
vophilic block and high solid content were required to promote
the production of inverse bicontinuous mesophases. In addi-
tion, the effect of different co-solvent systems was also studied,
and it was found that the use of ethanol with 2% toluene
afforded more ordered mesophases with improved colloidal
dispersity. These mesophase structures were characterized by
TEM, SEM and small-angle X-ray scattering (SAXS), revealing
the Im3m cubosome and p6mm hexosome structures. Later on,
the successful preparation of inverse bicontinuous mesophases
was also achieved by polymerization-induced cooperative
assembly (PICA) using RAFT agent and PDMA-CTA as a dual
controlling agent.’” In 2021, the same method has been used to
obtain  poly(N,N-dimethylacrylamide)-b-poly(4-tert-butoxystyr-
ene-co-pentafluorostyrene) inverse bicontinuous mesophases
via PISA’*

In 2021, our group reported the first preparation of degrad-
able inverse bicontinuous structures by PISA.> First, 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl acrylate (TBA) was
designed and synthesized as the core-forming monomer, which
can promise a high conversion compared to styrene-based
monomers. The pinacol boronic ester group in TBA is
extremely sensitive to reactive oxygen species, such as H,0,, this
makes the polymer and the formed nanostructures responsive
to a specific stimulus. The morphological evolution from
spheres to cubosomes and hexosomes with the increasing DP of
PTBA was unambiguously observed and analyzed by TEM
(Fig. 7b-e), SEM and SAXS. In addition, a phase diagram
(Fig. 7a) illustrating the effect of DP, solid content, and stabi-
lizer block chain length on the morphologies were also con-
structed. Next, the degradation study of the obtained inverse
bicontinuous structures was performed by exposing the diluted
cubosome suspension to H,0,. The stimuli-responsiveness and
degradable feature of the inverse bicontinuous cubic and
hexagonal mesophases make them potentially applicable for
loading and triggering the release of payloads such as drugs and
proteins.

In the same year, Chen and Yang et al. demonstrated the
preparation of inverse bicontinuous structures by PISA via

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 (a) Phase diagram of the PDMA4s-b-PTBA, block copolymer particle during PISA with different solid contents and varying DP of PTBA. (b—

e) TEM images of the particle transition from cubosome to hexosome. Reprinted from ref. 25 with permission. Copyright 2021, American
Chemical Society. (f) Illustrative self-assembly of a linear block copolymer and the two SCNP-contained polymers with varied SCNP sizes and the
corresponding morphologies. (g) Phase diagram of the superstructures from P4VP(SCNP)ss—PS,, with various cross-linking degrees of
P4VP(SCNP)zs. Reprinted from ref. 28 with permission. Copyright 2021, American Chemical Society.

intramolecularly folded single-chain nanoparticles (SCNPs).*®
The stabilizer block (P4VP-CTA) was lightly cross-linked with
1,4-diiodobutane to obtain single-chain nanoparticles. Subse-
quently, PISA with styrene was performed in ethanol via these
SCNPs to achieve inverse bicontinuous structures (Fig. 7f). The
cross-linking of solvophilic chains leads to a smaller cross-
sectional molecular area (a,), which will enlarge the packing
parameter (P), and enable the preparation of polymer cubosome
with well-defined structures. The morphology of structures
prepared against linear PAVP-CTA and SCNPs with different
degrees of cross-linking was compared. The obtained phase
diagram (Fig. 7g) indicated the morphological evolution
depends both on the cross-linking degree and DP of PS block,
and the inverse bicontinuous structures can be easily achieved
within a much broader window via this strategy.

3.2 Varying solvophobicity of core-forming block

The hydrophobicity of core-forming monomer has a great
influence on the final morphology, the effect of this factor has
been revealed by many studies. For example, An et al. synthe-
sized a series of alkyl a-hydroxymethyl acrylates, including
methyl (MHMA), ethyl (EHMA), isopropyl (iPrHMA), and n-butyl
(nBHMA) o-hydroxymethyl acrylates, with different water solu-
bility."* MHMA and EHMA have higher water solubility (~0.3 g
mL~' and ~0.2 g mL™" respectively) were polymerized via
aqueous dispersion polymerization, and iPrHMA with moderate

water solubility (~0.06 g mL™") was used for dispersion-

© 2022 The Author(s). Published by the Royal Society of Chemistry

emulsion polymerization. The achieved morphologies by these
different monomers were compared. The TEM image and DLS
analysis indicated that PEG,;s-PMHMA;s formed spheres,
which contrasts with lamellae by PEG,s-PEHMA, ,, and vesicles
by PEG4s-PEHMA,,. This can be inferred that core-forming
block with higher hydrophobicity provides a stronger driving
force for the morphology transition, and will require lower DP
to achieve higher-order morphology. For PiPrHMA with higher
hydrophobicity, vesicles were obtained for PEG,5-PiPrHMA;
at an even lower DP. Besides, lamellae, tubular vesicles and
vesicle clusters were also observed for this polymer system,
which may provide a unique opportunity to access some
extraordinary morphologies.

Yuan, Wei and co-workers investigated the application of
three semi-fluorinated methacrylates, namely, 2-(per-
fluorobutyl)ethyl methacrylate (FBEMA), 2-(perfluorohexyl)
ethyl methacrylate (FHEMA), and 2-(perfluorooctyl)ethyl
methacrylate (FOEMA), in PISA.>** It has been shown that the
dispersion polymerization of FBEMA in ethanol led to spheres,
worms and vesicles, whereas FHEMA only produced kinetically
frozen spheres because of the relatively strong associative
interactions among the fluoro-containing side-chains. Cylin-
drical micelles were obtained for all PDMA-PFOEMA via PISA,
due to the peculiar self-assembly behavior from the liquid
crystalline ordering of PFOEMA. This additional study
demonstrates the effect of core-forming monomers on
morphologies.
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The hydrophobicity of some monomers and polymers can be
altered by external stimuli, thus affecting the PISA morphol-
ogies. For example, the hydrophobicity of PHPMA is known to
increase with increasing temperature. Tan et al. then designed
a temperature-programmed photo-PISA by keeping the
temperature maintained or changed throughout the polymeri-
zation." This resulted in a diverse set of complex morphol-
ogies, including worms, vesicles and large compound vesicles,
by the same mPEG;;3-PHPMA,,, with different programmed
temperature profiles.

The adjustment of polymer hydrophobicity can also be
achieved by interactions with comonomers. In this regard,
Zhang, Hong and co-workers explored the effect of solvophobic
and aromatic interactions on PISA morphology.”” 7-(2-
Methacryloyloxyethoxy)-4-methylcoumarin (CMA) was selected
as the core-forming monomer due to the aromaticity of the
coumarin units, which allow aromatic interaction with other
monomers. Three comonomers ranging from non-aromatic to
strongly aromatic were selected to compare the effect of
aromatic interaction. By inserting non-aromatic units into the
PCMA block, both the aromatic and hydrophobic interactions
were weakened, leading to the increased flexibility of the
hydrophobic block. In clear contrast, the insertion of strongly
aromatic comonomer enhanced both aromatic and solvophobic
interactions, which lead to more rigid chains in membrane
forming and vesicle fusion to form nanotubes. This is a good
example demonstrating the control over the vesicular size and
even steering the vesicle fusion to form the tubular structures
that can be achieved by adjusting the type and aspect ratio of
the comonomer.

The hydrophobicity of the particle core can also be tuned by
zwitterionic copolymerization. For example, Cai et al. showed
the sequence-controlled synthesis of charge-dictated alter-
nating or gradient terpolymer via polymerization-induced
electrostatic self-assembly (PIESA).>*® The oppositely-charged
monomers were copolymerized by photo-switched RAFT to
achieve terpolymer with controlled sequence. The hydropho-
bicity of the polyions was adjusted, resulting in the change of
the polyion complex nanostructures from water-soluble poly-
mer to stable nano-objects, and to precipitation. By this
approach, the shape of nanostructures as well as the size and
thickness of micron-sized ultrathin lamellae and vesicles could
be efficiently controlled.

3.3 Varying solvent

In addition to varying the monomer composition, solvent
quality plays a significant role in PISA, and many researchers
have investigated the role of solvent quality on the morpho-
logical evolution during PISA. Co-solvent is the most straight-
forward strategy to determine this effect on nanoparticle
morphology, and it affects the degree of solvation or plastici-
zation of the core-forming block.>®” For instance, Armes et al.
reported the preparation of inverse bicontinuous phases by
alternating copolymerization of styrene with N-phenyl-
maleimide (NMI) in a 50 : 50 w/w/ethanol/methyl ethyl ketone
(MEK) co-solvent system.* The core-forming block has
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a relatively high T, (219 °C), which means it is extremely rigid.
However, the MEK co-solvent provided better solubilization of
NMI monomer and enhanced the mobility of the growing P(St-
alt-NMI) chains. Taking the advantage of high chain mobility
induced by MEK, three inverse bicontinuous phases (perforated
ellipsoidal lamellae, bicontinuous ellipsoids and large
compound micelles) were achieved in this PISA. To further
investigate the role of MEK, control experiments using 50 : 50
w/w ethanol/1,4-dioxane were conducted under same condi-
tions, which only yielded kinetically trapped morphologies such
as spheres, worms and worm clusters. This study also suggested
that high chain mobility in an appropriate solvent system is
essential for achieving high order morphologies.

An, Wu and Lv reported a rational access to poly(N,N-dime-
thylacrylamide)-b-poly(2,3,4,5,6-pentafluorostyrene) (PDMA-p-
PPFS) via PISA in 5-20% DMF/ethanol.*” When 5% DMF/
ethanol was used, a morphological transition from spheres to
vesicles and finally nanotubes were observed. In 10% DMF/
ethanol, morphology transformed from spheres to vesicles,
then vesicles started to fuse into vesicular dimers, followed by
nanotubes and multi-wall nanotubes. When 20% DMF/ethanol
was used, typical sphere-worm-vesicle-large compound vesicles
morphological transition was observed, with no sign of nano-
tubes. The authors also deduced the hypothesis that nanotubes
can be formed when the polymerization temperature (T},) is
below or close to the solvated glass transition temperature (Tsg).
This study revealed the effect of solvent quality on chain
mobility and the subsequent morphological transition pathway.
Luo also recently reported the morphological transition of PEG-
b-PS by PISA using co-solvents.””® When methanol and water
were used, PEG-b-PS micellar aggregates without any internal
structure were observed at 30% solid content. However, when
methanol/THF/water (1.15/0.45/0.4, v/v) was used as co-solvent,
a morphological transition from vesicles to large compound
vesicles and final inverse bicontinuous phases was observed.
This study once again demonstrated the effect of co-solvent on
morphology, and provided a facile method for developing
inverse bicontinuous phases.

Furthermore, it was demonstrated by Fielding et al. that the
nanoparticle size could be controlled by altering the co-solvent
composition. In this example, anionic poly(potassium 3-sulfo-
propyl methacrylate) (PKSPMA) macro-CTAs were chain-
extended with BzMA in alcohol/water mixtures to form
PKSPMA-PBzMA nanoparticles via PISA.** The influence of co-
solvent was systematically investigated by changing the alcohol/
water ratio, the alcohol type (ethanol or methanol) and relative
copolymer composition. For the fixed copolymer composition,
the nanoparticle diameter could be tuned from 20 to 200 nm
using different ratios of ethanol/water or methanol/water with
fixed copolymer composition.

Instead of co-solvents, some additives in solvent could also
play a great role in PISA. For example, cyclodextrin (CD) has
been used by Yuan et al. to improve the solubility of styrene (St)
via the formation of a water-soluble host-guest complex. This
allowed the aqueous dispersion polymerization of St, and
morphologies including lamellae, nanotubes and dumbbell-
like nanoparticles were achieved.”™® More recently, the same
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group obtained new nanoflower-like morphology by using host-
guest modulated PISA with increased polymerization rate.***

3.4 Varying block copolymer architecture

Varying the polymer architectures in PISA is another important
strategy to achieve different morphologies and even high-order
morphologies. In this regard, An et al. reported the star archi-
tecture of PEG-b-(PDAAM),, which was synthesized by RAFT
polymerization, can promote the transition to obtain higher-
order morphologies at both lower solid content and lower
DP.** In another work, Zhang, Han and co-workers synthesized
a series of mono- and multifunctional trithiocarbonates, which
were chain extended with P4VP to achieve macro-RAFT agents
with different numbers of branches.”** Linear and star block
copolymer (BCP) nano-objects of [P4VP-b-PS], with the arm
number 7 at 1, 2, 3, and 4 were synthesized by PISA (Fig. 8). The
size and morphology of the [P4VP-b-PS], nano-objects were
found to be correlative to arm number 7. Nano-objects formed
from star [P4VP-b-PS], underwent the morphological transition
from vesicles to lacunal spheres and porous nanospheres,
presumably because star BCPs have better solubility (higher
critical aggregation concentrations) than linear ones. Their
research indicates that BCP architecture is a significant
parameter to dedicate the size and morphology of nano-objects
under PISA conditions.

Instead of star architecture, it was found that solvophobic-
solvophilic-solvophobic (BAB) block copolymers allow the
preparation of loop-stabilized morphologies by PISA. The Zhang
group reported a series of PS-b-PEG-b-PS,*'* PS-b-PNIPAM-b-
PS,*** PS-b-P4VP-b-PS**® loop-stabilized nano-objects prepared
by PISA, and investigated the morphology variations of nano-
objects prepared from between AB and BAB copolymers. They
found PS-b-PEG,;6-b-PS forms large-sized aggregates due to the
presence of a bridging linkage between the two terminal
hydrophobic PS blocks compared to their AB-type counter-
parts.”** In another study, it was found that the size of PS;¢,-b-
PNIPAM, ¢¢-b-PS;6; nanospheres (25 nm) was smaller than the
PNIPAMg-b-PS;3,¢ nanospheres (50 nm).>** Furthermore, lacu-
nal nanospheres (around 115 nm) were obtained for PS,g,-b-
PAVPs4-b-PS,4,, which were much different from the P4VPsg-b-
PSs50 nanospheres (67 nm) and P4VP,5-b-PS,, entrapped vesi-
cles (143 nm).>** In addition to the work from Zhang's group,
the Rieger group also studied various loop-stabilized BAB

Increasing arm number

L a ol

(P4VP-PS),

(P4VP-PS),

Fig. 8 TEM images of [P4VP-b-PS],, nanoassemblies with different
block copolymer architectures. Reprinted from ref. 213 with permis-
sion. Copyright 2018, American Chemical Society.
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particles by PISA (Flower PISA), and they found loop solvophilic
chains exhibit different stabilizing behaviors, the bridges
between the B blocks lead to the formation of gel-like dynamic
polymer network.?7->*

Using a similar strategy, Zhang, Li and co-workers demon-
strated the in situ synthesis of ingenious nano-objects by the
cooperative dispersion polymerization with PEG-TTC and TTC-
PEG-TTC macro-RAFT agents.”* The resulted PEG-PS/PS-PEG-
PS (AB/BAB) polymer blends with various ratios could lead to
vesicles (ratio 6/0), compartmentalized vesicles with different
sizes and wall thickness (ratio 6/1 to 6/3), and porous nano-
spheres (ratio 6/4).

3.5 Multicompartment nano-objects

Multicompartment nano-objects usually were prepared from
block copolymers including one solvophilic and two or more
incompatible solvophobic core-forming blocks that can lead to
segmented anisotropic structures or other complex nano-
objects. The Zhang group have conducted extensive studies on
the preparation of multicompartment block copolymer nano-
particles (MBCNs) via PISA.?>'??»* Nanospheres of different
formulations with segregated patches on the surface were ob-
tained by dispersion polymerization or seeded quasi-solution/
dispersion/emulsion polymerization with subsequent solvent
replacement or temperature change.””® The phase separation
between polymer blocks was triggered by the difference in
solubility of one block in the new solvent or by the LCST or
upper critical solution temperature (UCST) of the polymer.

Recently, in situ phase separation between incompatible
core-forming blocks leading to multicompartment patchy
particles has also been reported. For example, Yuan et al. re-
ported fluoro-containing triblock terpolymer assemblies by
PISA.*” In this example, PDMA-b-PBzMA-b-PFHEMA terpoly-
mers with different DP of PBzZMA and PFHEMA were prepared
by seeded RAFT dispersion polymerization of FHEMA with
spheres, worms and vesicles made from PDMA-b-PBzMA. Phase
segregation between PBzMA and PFHEMA during polymeriza-
tion led to a series of compartmentalized nanostructures
including core-shell-corona, patchy-like, ribbon-shell and
raspberry-like micelles as well as core-shell-corona vesicles.
The same group also reported the synthesis of PDMA-b-PBzMA-
b-PFMA assemblies by PISA.**® Due to the liquid crystalline
alignment of PFMA, spheroids and cylinders with segregated
PFMA and PBzMA nanodomains were obtained. This study
demonstrated the influence of fluoro-containing mesogen on
the self-assembly behavior and morphology.

Tan et al. reported the preparation of patchy cylindrical
micelles by seeded photo-PISA in water using cross-linked
cylindrical micelles as seeds.”” The further extension of the
third block led to nanoscale phase separation within the core-
forming block, which contributes to the patchy morphology.
By varying the DP of the third block, the roughness of patchy
cylindrical micelles could be controlled. This study indicates
that the cross-linking of the second block is required for the
phase separation, and non-cross-linked control only resulted in
short cylindrical micelles and vesicles.
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In 2020, Yuan, Yang and co-workers demonstrated the
preparation of rarely achieved colloidal molecules (CMs) by
seeded dispersion polymerization of HPMA with PDMA-b-PBzMA
nanoparticles as seeds.* First, the PDMA-b-PBzMA colloidal atoms
(CAs) were synthesized via PISA in ethanol, it was then dialyzed
against water (pH ~ 2) to remove ethanol. In the growth of the
third block, they found that phase separation between PHPMA
and PBzMA occurs as the DP of PHPMA increases. When PHPMA
domains reached a critical size, they combined into PHPMA
central colloidal atoms and led to colloidal clusters. When the
volume ratio of PHPMA and PBzMA V/Vy > 1, monovalent Janus
intermediates would assemble hierarchically into AB,-type CMs,
with n increased with Vy/Vg. When Vyy/Vy = 1, divalent interme-
diates lead to colloidal chains. This study achieved colloidal
molecules with n from 2 to 6, and they observed the formation of
“colloidal polymer”, which is a beaded chain-like architecture.
However, this study involved two steps and required a solvent
exchange process to meet the solubility requirements of each
block. Further exploration is warrant to facilitate the application of
this strategy to more block copolymer systems.

In 2021, our group provided an innovative strategy to over-
come the above problems and achieved a series of triblock
terpolymer-based colloidal molecules, core-shell-corona
micelles and raspberry-like  particles aqueous
polymerization-induced hierarchical self-assembly (PIHSA).**
As shown in Fig. 9a, in this study, dispersion polymerization of
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cyclodextrin (CD)-styrene water-soluble complex mediated by
PEG-CDTPA was performed to obtain CAs. The remaining CD in
suspension was reused to complex with second monomer tert-
butyl acrylate (¢BA), and the polymerization of ¢BA can directly
lead to the formation of divalent or monovalent colloidal
intermediates. These intermediates eventually formed colloidal
chains or AX,-type CMs by controlling the chain length of the
third block. The same method was also applied to synthesize
PEG-b-PtBA-b-PS and PEG-b-PtBMA-b-PS terpolymers, instead of
colloidal molecules, core-shell-corona micelles and raspberry-
like particles were obtained, respectively. In this study, we
proposed that for ABC triblock terpolymer nanoparticles, the
distribution of B and C block domains depends on the inter-
facial tension between polymer block and solvent (Fig. 9b). If
Yes < vas (vis stands for the interfacial tension between solvent
and block 7), block C tends to aggregate at the interface between
block B and solvent interface to minimize the total interfacial
energy. As a result, CM intermediates formed and hierarchically
self-assemble into CMs. If vcs > vgs, block C will grow inside
block B, and resulted in core-shell-corona micelles or
raspberry-like particles depending on the T, of block B. Overall,
this study provided a new strategy for the synthesis of hierar-
chical nanoparticles and it can be readily applied to prepare
nano-objects with diverse morphologies and formulations at
relatively high-solid contents.

~
o 0
(a) et )K/XS s, ACVA, 70C o 5.5,
st ] i \|s|’ CizHzs + HSAR Het \/:L’gl - \[sr CiaHas 4
PEG443-CDTP;
13 A PEG-b-PS colloidal atoms (CAs)
= methylated-p-cyclodextrin (MBCD) BN VEAVAS R ﬁ
intermediate colloidal molecules

(Janus parﬂcle) (CMs)
\/J\ J< HJC‘{' \/+0 \'\/ T “CqzHzs i@
"c‘”‘ 195C PEG-b-PS-b-PtBA == [ =
PISA, H20 %

NIV T
( b PISA —» ABC triblock copolymer
Ycs < Yas Yos > Ves
Low Ty High Tga
VdVeS1 Vst>1 0.0 ik
dwalent monovalent core-shell-corona )
] | raspberry-like
v v

chain-like

Fig. 9

AXtype CMs

multi-core

peapod-like

(a) Synthesis of PEG-b-PS CAs and PEG-b-PS-b-PtBA CMs using MBCD/monomer complex via PISA. (b) ABC triblock terpolymer hier-

archically self-assembly mechanisms under the specific PISA conditions. Reprinted from ref. 34 with permission. Copyright 2021, American

Chemical Society.

4204 | Chem. Sci., 2022, 13, 4192-4224

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc00762b

Open Access Article. Published on 18 March 2022. Downloaded on 2/27/2026 4:53:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

4. Hybrid materials synthesized via
PISA

Many efforts have been made to fabricate organic-polymer and
inorganic-polymer nanocomposites with constituent materials
such as proteins, (poly)peptides, metals, metal oxides, mineral
oxides. The nanocomposites containing hybrid materials
combine the attractive properties of both polymer and the
constituents, which endows them with a wide range of syner-
gistic effects. PISA offers a convenient and scalable strategy for
the preparation of polymeric colloids, thus attracting extensive
research interest in the preparation of hybrid materials with
polymer colloids as scaffolds. The common connections
between polymeric colloids and other materials via PISA are (1)
PISA-based polymeric colloids as scaffolds with decorating
materials on the surface; (2) surface-initiated PISA from the
surface of other materials; (3) in situ encapsulation of cargos
into PISA nano-objects during the polymerization; (4) covalently
bonded hybrid polymeric colloids with other materials attach-
ing to either the solvophilic block or the solvophobic block. This
section will introduce the design of these four types of hybrid
materials by discussing some relevant examples.

4.1 PISA-based polymeric colloids as scaffolds for
nanocomposite fabrication

One approach that allows polymeric colloids to combine with
another material, such as metal nanoparticles, is to form
nanocomposites by “decorating” target material on the surface
of colloids. To achieve successful attaching, a common strategy
is to bind on colloids by ligand exchange or complexation
process; another strategy is to mix metal precursor with poly-
meric colloids containing docking sites, followed by in situ
formation of metal nanoparticles on the colloid surface. In this
approach, it is the solvophilic or interfacial block of the block
copolymer colloids that usually acts as the docking sites to
provide interaction with the other material, and maintain the
stability of composites in the meantime. Therefore, the design
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of solvophilic or interfacial block becomes important for the
successful fabrication of composites.

An example of this approach was reported by Davis and
Boyer et al. using RAFT dispersion polymerization of styrene to
prepare various nano-objects and subsequent reduction of
chloroauric acid to form gold nanoparticles on their surfaces.”®
First, the POEGMA macro-RAFT agent was chain extended with
2-(N,N-dimethylamino)ethyl ~methacrylate (DMAEMA) to
synthesize POEGMA-b-PDMAEMA-CTA macro-RAFT agent,
which contains tertiary amine on the interfacial block. The
subsequent dispersion polymerization of styrene resulted in
spheres (S), worms (W) and vesicles (V) by varying the DP of PS
block. Aliquots of suspension of S, W, V were mixed with
chloroauric acid, then the addition NaBH, led to the reduction
of chloroauric acid and the formation of gold nanoparticles.
The complexation of the tertiary amine group with chloroauric
acid allowed the immobilization of gold nanoparticles between
the hydrophilic and hydrophobic blocks.

The work by Zhang's group demonstrated the use of multi-
compartment nanoparticles (MCBNs) constructed with the
brush block terpolymer as a scaffold for Au nanocatalyst.*® First,
a new brush macro-RAFT agent was synthesized by polymeri-
zation of p-chloromethylstyrene (CMS) to afford PCMS,;-TTC,
and then the nucleophilic substitution reaction between
PCMS,;-TTC and pre-synthesized thiol-terminated P4VP,s-SH
resulted in (PCMS-g-P4VP)-TTC. MCBNs were obtained by
dispersion polymerization of styrene mediated with (PCMS-g-
P4VP)-TTC. Au nanoparticles were immobilized on the surface
of MCBNs through the coordination between the pyridine
ligand with the gold ions and the following reduction by NaBH,.
The prepared Au@MCBNs were used as nanocatalyst and
showed high catalytic efficiency in aerobic alcohol oxidation.

Recently, our group has also contributed to this area by
providing a new and facile sonochemical pathway to prepare
polymeric spheres immobilized with palladium or gold nano-
particles (Fig. 10). Ultrasound has been used to initiate the PISA
process without the addition of exogenous chemical initiators.>”
The versatility of ultrasound is also demonstrated by its ability
to generate reducing species to form metal nanoparticles
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Fig. 10 Synthesis of PEG;;3-b-PDMAEMA-b-PHPMA copolymers via the sono-RAFT-PISA process, and in situ formation of the Au and Pd
nanocomposite by ultrasound. Reprinted from ref. 57 with permission. Copyright 2021, Royal Society of Chemistry.
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without the addition of reductant. In this study, PEG-b-
PDMAEMA-TTC macro-RAFT agent was first synthesized, and
then used to mediate dispersion polymerization of HPMA in
water under sonication at room temperature. The synthesized
spheres were then mixed with palladium or gold ion precursors
and exposed to ultrasound for the in situ formation of palla-
dium or gold nanoparticles at PDMAEMA interfacial block.
Furthermore, in catalysis studies, the Pd-polymer nano-
composites showed high catalytic efficiency and good reus-
ability as a heterogonous catalyst for the Suzuki-Miyaura cross
coupling reaction, whereas the Au-polymer nanocomposites
could be used to catalyze aerobic alcohol oxidation, as well as
surface-enhanced Raman spectroscopy (SERS) substrates after
stepwise-growth of Au nanoparticles.

In addition to above work, many other studies have used this
approach to synthesize a wide variety of hybrid nano-
composites. For example, in 2014, Davis and Boyer et al. re-
ported the complexation between carboxylic acid and iron
ions.”" Similar to their work of POEGMA-b-PDMAEMA-H-PS
nanoparticles, POEGMA-b-MAA-b-PS triblock terpolymer nano-
objects were obtained via PISA. The subsequent alkaline co-
precipitation of the iron(u) and (m) salts led to formation of
iron oxide nanoparticles (IONP). The complexation between
MAA and iron ion (Fe"/Fe™) mixture allowed the immobiliza-
tion of IONP in the central block. Similarly, Matyjaszweski and
Pietrasik and co-workers reported the use of PAA-b-PS nano-
particles as templates for the synthesis of Ag-polymer nano-
composites. The complexation between the PAA block and Ag"
ions and subsequent reduction resulted in AgNPs immobilized
on the shell of polymeric nanoparticles. The silver—polymer
nanocomposites were applied as catalyst and SERs substrate.***
An et al. employed a “multitask” monomer 2-(acetoacetoxy)ethyl
methacrylate (AEMA) to produce nanospheres and vesicles
bearing reactive B-ketoester groups. The B-ketoester group is
multifunctional that could not only react with alkoxylamine or
bisalkoxylamine to achieve oxime for cross-linking under
ambient conditions, but can also complex with metal ions to
produce silver nanoparticle within the nano-objects by
reduction.>®®

Instead of forming metal nanoparticles in situ, pre-formed
metal or metal oxides nanoparticles can also be immobilized
with polymeric colloids via electrostatic charge interactions,
ligand exchange, host-guest complexation, etc. For example,
Semsarilar, Quemener and co-workers reported the PISA
process to prepare PMAA-b-PMMA spheres, worms and vesicles
bearing negatively charged shells.”** Magnetic iron nano-
particles coated with poly(methacrylic acid)-b-poly(quaternized
2-(dimethylamino)ethyl methacrylate) (PMAA-b-PQDMAEMA)
were synthesized and incorporated with polymeric nano-objects
via electrostatic interaction to form nanocomposites. The mixed
matrix was spin-coated to form membranes with enhanced
mechanical properties. Hawkett et al. also prepared super-
paramagnetic iron oxide nanoparticles (SPIONs)-decorated
nanofibers by simple mixing of SPIONs with PISA-prepared
nanofibers at an appropriate pH.*** A dibenzyl trithiocar-
bonate (DBTC) was employed as RAFT agent to synthesize
DBTC-P(BA-co-AA), macro-RAFT agent, which was chain
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extended with PS block to form PS-b-P(BA-co-AA), nanofibers. At
an appropriate pH, SPIONs were blended with nanofibers under
high shear, the opposite charge interactions led to the absorp-
tion of SPIONs on the surface of nanofibers. Later on, the
Semsarilar group reported a one-pot PISA synthesis of PMAA-b-
PMMA block copolymer nanoparticles decorated with iron
oxide nanoparticles.”*® During the PISA process with the pres-
ence of oleic acid-stabilized iron oxide nanoparticles, ligand
exchange occurred between oleic acid and PAA chains, resulting
in the attachment of iron oxide nanoparticles on the surface of
polymeric nanoparticles.

The work by Singha et al. presented a waterborne epoxy-
based fluorescent adhesive ornamented with graphene
quantum dots (GQDs).*®” The GQDs were prepared by hydro-
thermal process, then mixed with the poly(1-vinyl-2-
pyrrolidone) (PVP) macro-RAFT agent and glycidyl methacry-
late monomer to undergo surfactant-free miniemulsion PISA.
The carboxyl and hydroxyl groups on the surface of GQD
nanoparticles interacted with the nitrogen of the PVP block via
noncovalent interaction, resulting in a honeycomb-like struc-
ture. The prepared block copolymer/GQD emulsions were
applied to adhere ceramic and glass substrates, and showed
better adhesion strength than pure block copolymer adhesive.

Recently, our group exploited the “host-guest” complexation
between B-cyclodextrin (B-CD) and adamantane to realize
combining between AuNPs and different polymeric colloids
(Fig. 11).**® First, B-CD was attached to the R group of RAFT
agent via esterification. The B-CD-CDPA was chain extended
with OEGMA to afford macro-RAFT agent, followed by further
chain extension of HPMA via PISA to afford spheres, worms and
vesicles with B-CD on the surface. Pre-formed AuNPs stabilized
with polymer ligands containing adamantanyl (Ada) moiety
were prepared separately. Subsequently, by incubating these
polymeric nano-objects with Ada stabilized-AuNPs in different
ratios, a series of different polymer/gold nanocomposites,
including AuNPs decorated polymer vesicles, polymer sphere
nano-flowers, polymer sphere nano-patterns, and polymer
nano-worms were successfully prepared. This study provided
a new and efficient strategy for the preparation of polymer-
metal nanocomposites with the desired ornamentation.

4.2 Surface-initiated PISA from the particle surface

In 2016, the Benicewicz group reported the seminal work of
surface-initiated PISA from SiO, nanoparticles and obtained
various 1-D structures, including short strings, branched long
strings, and highly branched string networks.?** The bare silica
nanoparticles of diameter ~15 nm were attached with medium
graft density (~0.1 chain per nm?®) of RAFT agent 2-cyano-2-
propyl benzodithioate (CPDB) and chain extended with 2-
hydroxyethyl methacrylate (HEMA). The medium graft density
allowed both enough polymer chains to solubilize silica nano-
particles and enough space for the growth of second polymer
population. The RAFT end of PHEMA chains were cleaved off
and the silica nanoparticles were attached with the second
round of RAFT agent to afford SiO,-g-(PHEMA, CPDB). It was

then used to mediate the surface-initiated dispersion

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Synthesis of B-CD decorated diblock copolymer nano-objects vis aqueous PISA (b—e) representative TEM images of AuNPs decorated

polymer sphere nano-pattern, sphere nano-flowers, nano-worms and vesicles. Reprinted from ref. 238 with permission. Copyright 2020,

American Chemical Society.

polymerization of BzMA in methanol. With the continuous
increase of PBzMA chain length, the silica nanoparticles self-
assembled into 1D silica-polymer nanocomposites (Fig. 12).
Later in the same year, they extended this method by perform-
ing polymerization of BzMA from SiO,-g-(PHPMA, CPDB)
nanoparticles and obtained stable 3D assemblies such as
single-walled hybrid vesicles.**

The Bourgeat-Lami group demonstrated another approach
by nitroxide-mediated emulsion polymerization of n-butyl
methacrylate (BMA) and styrene to form multipod-like silica/
polymer latexes.” A PEO-based macroalkoxyamine containing
a small amount of styrene (P[(OEGMAgysg)i2-c0-St;]-SG,) was
synthesized and attached to the surface of acidified silica
particles through hydrogen-bonding interactions. The subse-
quent polymerization of BMA and styrene initiated by the
marcoalkoxyamine initiator led to the self-assembly of block
copolymers around the central silica spheres. By varying the
macroinitiator concentration or the silica particle size, dumb-
bell-, daisy- or raspberry-like hybrid composites were obtained.
They also extended the surface PISA to achieve new hybrid
morphologies. It was found that the morphology depends
strongly on the size of the silica nanoparticles. When silica
nanoparticles with diameter around 30 nm were used, “arm-
oured” fibers and vesicles were formed. When ~136 nm silica
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were used, the morphologies were core-shell, “half-capped”
spheres, tadpole-like and “snowman”-vesicles instead. With
size around 230 nm, core-shell and “half-capped” spheres were
observed.**!

4.3 In situ encapsulation during PISA

The encapsulation of cargos into the polymeric nanoparticles
during the PISA process is one of the most common methods
for preparing hybrid nanocomposites. One specific example is
the encapsulation of hydrophobic drugs into the hydrophobic
core of polymeric colloids. In addition to drug molecules,
vesicles prepared by PISA can also serve as carriers for the
encapsulation of a broad range of materials, including inor-
ganic particles, dyes and proteins.

An early example of in situ encapsulation during PISA was
reported by the Armes' group in 2015.>* PGMA-b-PHPMA
diblock copolymer vesicles were synthesized in the presence of
varying concentrations of silica nanoparticles (~18 nm). During
the PISA, an open-ended “jellyfish” structure was formed before
transforming to a vesicle structure, allowing the diffusion of
silica nanoparticles into “jellyfish” before the vesicle membrane
formation. The in situ encapsulation was performed with initial
silica content from 0-35% w/w. Six centrifugation cycles were

(a) Synthesis of SiO,-g-(PHPMA, CPDB) nanoparticles. (b) One-pot surface-initiated RAFT polymerization-induced self-assembly of

grafted NPs into highly branched string networks and vesicles. TEM images of (c) highly branched string networks and (b) vesicles. Reprinted from
ref. 239 and 240 with permission. Copyright 2016, Royal Society of Chemistry.
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conducted to separate the silica-vesicle composites and non-
encapsulated silica. The successful loading of silica was
confirmed by TEM, cryo-TEM, thermogravimetry (TGA), disk
centrifuge photosedimentometry (DCP) and SAXS. The thermo-
responsive nature of the PGMA-h-PHPMA vesicles allowed the
thermally induced morphological transition and the triggered
release of encapsulated silica nanoparticles. This study
demonstrated an encapsulation and release model system
translatable to other cargoes, including globular proteins,
enzymes, antibodies or other biomedical species.***

In 2015, Tan and Zhang et al. also reported the preparation
of a diverse set of PEG-b-PHPMA polymeric nano-objects
(spheres, worms, and vesicles) via photo-PISA at room temper-
ature. In situ encapsulation of silica nanoparticles and bovine
serum albumin (BSA) into vesicles could be achieved via photo-
PISA."* The room-temperature process makes it possible to
prepare hybrid composites containing temperature-sensitive
proteins and biomedical species. Later on, the same group
designed and synthesized CO,-responsive PPEGMA-b-P(HPMA-
co-DMAEMA) nano-objects via photo-PISA at room temperature,
which is suitable for encapsulating bio-related species. In such
study, BSA was encapsulated into vesicles in situ with a loading
efficiency around 24%, and the CO,-triggered release was
studied.”*® The same methodology was also used to prepare
silica-polymer hybrid nanocomposites. The CO,-responsive
nature of the PDMAEMA block allowed the triggered release of
silica nanoparticles under mild conditions.***

Recently, more cargo species have been encapsulated into
PISA-prepared vesicles, including enzymes, dyes and
drugs,******2%7 and the activity of the encapsulated species were
investigated. For example, Gibson and O'Reilly et al. reported
the permeability of PHPMA vesicle membranes by showing the
encapsulated enzyme remained active while inside the vesi-
cles.”** Subsequently, they demonstrated the in situ encapsula-
tion of therapeutic enzymes within permeable nanoparticles
using PISA, which provided an alternative to PEGylation for the
therapeutic enzymes. A one-pot synthesis approach was per-
formed to obtain PEG-b-PHPMA vesicles loaded with L-aspar-
aginase (ASNS) at relatively high solid content (11 wt%) under
the mild condition via photo-PISA. After encapsulation, the
PHPMA membrane with size-selective permeability allows the
enzyme to be protected and maintain catalytic activity. The
proteolytic stability of encapsulated ASNA was shown to be
higher in vitro and in vivo than the native enzyme and the
PEGylated conjugate, while the binding of ASNS antibodies was
reduced due to being embedded inside vesicles.*® The benefits
of this strategy is that it does not need chemical modification,
demonstrating the potential application of PISA for in situ
encapsulation and improving the stability of therapeutic
enzymes. In another example, Sobotta et al developed
oxidation-sensitive  poly(N-acryloylthiomorpholine) (PNAT)-
based vesicles via PISA. The disintegration times of vesicles
varied with the membrane thickness, and could be tuned by
varying the DP of the hydrophobic PNAT block. They demon-
strated the encapsulation of different cargo species including
calcein (dye) and GOx enzyme. The encapsulated GOx not only
retained its activity but also transformed the hybrid vesicle into
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glucose-responsive nanoreactors that can undergo self-
degradation by converting glucose to H,0,.>*’

4.4 Covalently bonded biomolecule-polymer hybrid
materials

Another approach to prepare hybrid materials is covalent
bonding to polymer chains, especially for biomolecule-polymer
hybrid materials, including (poly)peptides, proteins, nucleic
acid and amino acids. Biomolecules can be linked to the chain
transfer agents and employed as stabilizers for PISA; or they can
be modified as polymerizable monomers and used as core-
forming monomers or comonomers. The covalent bonds
between biomolecules and polymers are much stronger, allow-
ing higher loading efficiency compared to the above strategies,
however, it requires additional synthesis steps.

4.4.1 Protein-polymer conjugates. Le Droumaguet and
Velonia implemented the pioneering study on the in situ prep-
aration of bovine serum albumin-graft-polystyrene (BSA-g-PS)
giant self-assemblies via ATRP-mediated PISA.>** The protein-
polymer conjugates synthesized by RAFT-mediated PISA was
not reported until years later by Ma and co-workers, they re-
ported the utilization of BSA as macro-RAFT agent to synthesize
giant amphiphilic protein-polymer conjugate via RAFT-
mediated photo-PISA. In their study, BSA surface was modi-
fied with primary amino groups to provide multiple sites to
couple with mercaptothiazoline-activated trithiol-RAFT agent.
The obtained BSA-CTAg were used to mediate dispersion poly-
merization of HPMA to afford star BSA-(PHPMA); giant
amphiphiles with sizes ranging from 164 to 255 nm.*
Furthermore, the loading and release of cancer drug DOX and
biomacromolecule DNA were demonstrated using the synthe-
sized hybrid conjugate.

4.4.2 DNA-polymer conjugates. The conjugation between
DNA and polymer also attracted many research interests.
Lueckerath et al. reported the grafting-from strategy instead of
conventional grafting-to approaches to afford DNA-polymer
conjugates via solution RAFT polymerization.>® The same
group extended the concept to prepare intricate DNA-polymer
nano-objects with various morphologies by RAFT dispersion
polymerization from single-stranded DNA."* The conjugation
of RAFT agent 2-(((butylthio)carbonothioyl)thio)propanoic acid
(BTPA) to DNA was achieved by reacting 19-mer NH,-ssDNA (3'-
ATCATCCACCATCTCTTTT-5"-AminoC6) with the activated N-
hydroxysuccinimide (NHS) or pentafluorophenyl (PFP) esters of
the modified BTPA.*** Enzyme degassing and VA-044 thermal
initiator was used for polymerization; sodium pyruvate was
added to minimize the effects of H,O, produced by enzyme
degassing.'”* DNA block remained intact during polymerization
as determined by HPLC and polyacrylamide gel electrophoresis
(PAGE). PISA was conducted by copolymerization of diacetone
acrylamide (DAAm) and dimethylacrylamide (DMA) (80 : 20
ratio) from BTPA-DNA. By varying the DP of polymer, different
morphologies including micelles, worms and disc-like aggre-
gates were observed by AFM and cryo-TEM.

4.4.3 (Poly)peptide/polypeptide-polymer conjugates. In
2016, Stayton, Convertine and co-workers first explored the PISA

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in acetic acid to prepare copolymers of 2-(N-3-sulfopropyl-N,N-
dimethyl ammonium)ethyl methacrylate (DMAPS) with
a peptide macromonomer.”” The macro-RAFT agent was
synthesized by copolymerization of 2-hydroxyethyl methacrylate
(HEMA) and OEGMA. Then the dispersion polymerization of
a peptide-based methacrylamide macromonomer (Mam-
AhXxWSGPGVWGASVK) with zwitterionic monomer DMAPS
was conducted in acetic acid at 70 °C for 24 h. The use of acetic
acid as a solvent is beneficial as it allows the direct polymeri-
zation of amine-functional monomers including peptide
methacrylamide, without the use of amine protecting groups or
acidic buffers. In 2018, Hadjichristidis, O'Reilly and co-workers
prepared poly(sarcosine)-based diblock copolymer nano-objects
via photo-PISA.**® First, poly(sarcosine) was synthesized via ring-
opening polymerization (ROP) of sarcosine N-carboxyanhy-
dride, followed by coupling with RAFT agent to afford PSar
macro-CTA. The subsequent dispersion polymerization of
HPMA yielded spheres, worms, vesicles, elongated unilamellar/
multilamellar vesicles and large perforated vesicles depending
on the DP of PHPMA and solid contents.

Gianneschi and co-workers reported the PISA using macro-
CTA containing peptide moieties. In their study, KLA peptide
acrylamide monomer (KLAAm) (amino acid sequence: KLA-
KLAKKLAKLAK) and DMA were copolymerized in pH 5 buffer to
afford peptide brush macro-CTA, followed by chain extension
with DAAm and DMA via photo-PISA. The one-pot process
yielded nanospheres with high-density of apoptotic peptides
with tunable size (ca. 36-105 nm), and tunable loading of
peptides (20-48 wt%). In addition, enhanced proteolytic
stability, cellular internalization, and cytotoxicity were deter-
mined for the peptide—polymer spheres in comparison with free
apoptotic peptides.>**

Semsarilar et al. reported the use of positively charged
polylysine modified with a RAFT agent moiety as hydrophilic
steric stabilizer and CTA for the dispersion polymerization of
HPMA.>> First, RAFT agent 4-cyano-4-(2-
phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid
(PETTC) activated with NHS was used to conjugate to the
amino-terminated polylysine sequence (KKK) to afford KKK-
PETTC. Subsequently, it was used to conduct PISA with HPMA
in water at 60 °C, resulting in the in situ formation of polylysine-
decorated nano-objects (spheres, worm, vesicles) depending on
DP of PHPMA. The positive charges of the nano-objects could
bind to the negatively charged phospholipid head groups of
bacterial membranes, allowing the antimicrobial properties of
the nano-objects to be exerted. Both nanoparticle solution and
spin-coated thin-film membrane made from these nano-objects
showed great antibacterial activity against Gram negative
(Escherichia coli) and Gram positive (Staphylococcus epidermidis)
bacteria.

The same group employed a tripeptide methacrylamide
derivative (MAm-Gly-Phe-Phe-NH,, denoted as MAm-GFF) to
copolymerize with GMA to produce P(GMAgs-stat-(MAm-GFF),)
macro-RAFT agent.>®® The peptide-based macro-RAFT agent was
then chain-extended with PHPMA via aqueous PISA at 70 °C.
Different to commonly achieved spheres, worms and vesicles by
PGMA-b-PHPMA block copolymers, the obtained P(GMAg5-stat-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(MAmM-GFF),)-b-PHPMA,; (cooled to ambient temperature) was
in fibrous structure as observed by TEM. This confirmed the
influence of the GFF interactions on self-assembly. Interest-
ingly, the self-assemblies underwent a morphological trans-
formation with temperature change. After annealing at 70 °C for
1 h, TEM revealed the morphology changed to worm-like
structures with a diameter around 25 nm. Upon cooling to
4 °C for 1 h, the fibrous structures were replaced by large
spherical objects (~600 nm) composed of small spheres (~25
nm). Meanwhile, the same group explored the use of MAm-GFF
and MAmM-FGD (MAm-Phe-Gly-Asp-NH,) as solvophobic
25t Specifically, PGMA macro-CTA were chain-
extended with MAmM-GFF macromonomer as core-forming
monomer via emulsion PISA in ethanol, yielding flake-like
objects and dendritic structures composed of fibrous
elements (Fig. 13a and b). PGMA-b-P((MAmM-GFF)-co-HPMA)
yielded a mixture of short worms and vesicles due to the
insertion of a less solvophobic PHPMA block. They also inves-
tigated another peptide MAm macromonomer (MAm-FGD) as
the core-forming block in aqueous PISA process, resulting in
large dendritic and bow-tie shaped fibers (Fig. 13c-e).

4.4.4 Amino acid-polymer conjugates. In this area, the
pioneering work of Armes and Ladmiral et al. reported the
insertion of amino acid-based methacrylates (CysMA or
GSHMA) to produce water-soluble macro-CTA.>*®> When
PGSHMA-CTA was used as sole macro-CTA, only spherical
nanoparticles were obtained. However, PCysMA-CTA alone or
a binary mixture of PGMA/PGSHMA-CTA or PGMA/PCysMA-CTA
resulted in spheres, worms and vesicles. Aqueous electropho-
resis studies indicated the chemical composition and type of
the steric stabilizer chains could impact the complicated elec-
trophoretic activity of these nano-objects. Similar to their work,
the De group synthesized Boc-protected poly(r-alanine meth-
acryloyloxyethyl ester) (PBLAEMA)*** and poly(i-leucine meth-
acryloyloxyethyl ester) (PBLEMA)*” macro-CTAs to individually
mediate the dispersion polymerization of BZMA in methanol. In

monomers.

PGMA -b-P(MAM-GFF),

PGMA 5-b-P(MAm-GFF),
)

Fig. 13 Representative TEM images of (a) flake-like objects, (b)
branched bundles of fibers, (c—e) large dendritic and bow-tie shaped
fibrous structures. Reprinted from ref. 254 with permission. Copyright
2020, Royal Society of Chemistry.
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both studies, a diverse set of nano-objects including spheres,
worms, long fibers and polymersomes were obtained by varying
the DP of PBzMA. For the PBLAEMA-b-PBzMA nano-objects, the
interworm/interfiber entanglements led to a thermo-responsive
gelation-degelation behavior, resulting in a worm-to-spheres
transformation upon heating from 25 to 65 °C. Upon addition
of trifluoroacetic acid (TFA), the Boc-group deprotection of
PBLAEMA units led to the morphological transition towards
lower-order = morphologies  (vesicle-to-worm,  vesicle-to-
sphere).?*

5. Stimuli-responsive particles by
PISA

It is well-known that for amphiphilic self-assembled nano-
particles, the morphology undergoes stimuli-responsive trans-
formation if one or more blocks are sensitive to stimuli, such as
the temperature, pH changes and reactive species. The
morphological transformation includes total disassociation of
the assembly and “order-to-order” transition, e.g. worm-to-
sphere transition. The total disassociation has been exten-
sively exploited in conventional solution self-assembly, i.e.
nanoprecipitation, however, the latter circumstance is rarely
reported. In contrast, both transitions have been explored in
depth in the PISA field, especially the order-to-order transition
has gained increasing research attention and even reversible
responsiveness was achieved. The stimuli-responsive morpho-
logical transformation leads to change in physical properties of
polymeric colloids, and allows controlled release of conjugated
or encapsulated cargos, which has great potential in drug
release and other biomedical applications. Here, we summarize
some of the common stimuli that have been reported for
stimuli-responsive nano-objects prepared by RAFT-PISA.

5.1 Thermo-responsive nano-objects

Temperature-sensitive nano-objects are one of the most
common stimuli-responsive polymeric nanoparticles. Typically,
the design involves the incorporation of polymer blocks that
exhibit either a LCST or an UCST or solubility change with
temperature. Examples include thermo-responsive PNIPAM
hydrogels via RAFT-mediated precipitation polymerization,*®
thermal responsive spheres, worms, vesicles made from
POEGMA-poly(2,3,4,5,6-pentafluorobenzyl methacrylate),*** and
thermo-reversible degelation and regelation transition and
thermo-responsive nanoparticles by aqueous dispersion copo-
lymerization of N,N-diethylacrylamide (DEAAm) and N,N'-
methylene bisacrylamide (MBA) using mPEG-RAFT agent.”®
The LCST of PDEAAm at 32 °C led to a change in size of the
resulted nanoparticles upon heating and cooling. In 2012, Bla-
nazs et al. further extended this thermo-responsive property to
PGMA-b-PHPMA worms that were synthesized via aqueous
RAFT dispersion polymerization. The variable-temperature "H
NMR spectroscopy indicated the PHPMA block has a greater
hydration degree at lower temperature, which can induce
reversible worm-to-sphere morphological transition upon
cooling from 21 to 4 °C.*** Similar cooling triggered worm-to-
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sphere transition was observed for poly(lauryl methacrylate)-b-
poly(benzyl methacrylate) synthesized via PISA in n-dodec-
ane.”” For PEG-b-PHPMA worms with a relatively long PEG
chain (DP = 113), they exhibited thermo-responsiveness but not
reversible morphological transition. Degelation of worms to
spheres occurred upon cooling, but regelation failed upon
return to room temperature.”*® However, in a later study, the use
of a binary mixture of long PEG;,; and short PEG,s macro-RAFT
agents in PISA process enabled the formation of nano-objects
with thermo-reversible behavior.>® In this study, a systematic
variation of the proportions of two PEG-RAFT agents and the DP
of PHPMA were performed to obtain [x PEG,s + z PEG;43]-b-
PHPMA,, block copolymer spheres, worms, or vesicles. Inter-
estingly, only a single worm dispersion [0.70 PEGys + 0.30
PEG,;]-b-PHPMA, 5 underwent full degelation/regelation cycle.

For PISA morphologies with the utilization of UCST
behavior, Tran et al. synthesized hydrogen-bonding poly(N-
acryloyl glycinamide) (PNAGA)-based thermo-sensitive nanogels
driven by UCST via photo-PISA at 3 °C.”** POEMGA was used as
macro-CTA for the polymerization of NAGA and N,N'-methyl-
enebis(acrylamide) (MBA) cross-linker. The opalescent solution
was observed, and hydrodynamic diameter decreased upon
cooling to 5 °C, which was related to the collapse of the core-
cross-linked P(NAGA-co-MBA). Upon heating to 55 °C, the
solution became transparent with an increase in hydrodynamic
diameter. This behavior was reversible and reproducible over
successive shrink/swell cycles. Rieger and Stoffelbach and co-
workers reported the synthesis of UCST-thermo-responsive
nano-objects using PDMA as macro-CTA, acrylamide (AAm)
and acrylonitrile (AN) as monomers via aqueous PISA at 45 °C.>%®
The molar fraction of AN (Fay) and DP of core-forming block
were varied systematically. The turbidity test indicated the
cloud point temperature was tunable between ~20 to ~80 °C by
increasing the Fay. The thermo-responsiveness and
morphology were greatly influenced by F,n and DP. For inter-
mediated Fyy and high DP, the formed worms transformed to
spheres upon heating due to the increased hydration of the
core-forming block.

While most studies reported the LCST/UCST-driven transi-
tion, Derry et al. reported the thermo-reversible crystallization-
driven aggregation. A series of nanoparticles were prepared
via dispersion polymerization of BzMA with poly(behenyl
methacrylate);, (PBeMA;;) macro-CTA as a steric stabilizer at
90 °C in mineral oil. Turbidity and DSC studies of PBeMA;,
homopolymer in mineral oil solution indicated the thermo-
sensitive nature of PBeMA;, stabilizer. On cooling to 20 °C,
unstable PBeMA;,-b-PBzMA, spheres formed turbid pastes
because of the crystallization of insoluble PBeMA block, and
returned to free-flowing dispersions when heating to 50 °C.
SAXS studies confirmed the strong interaction between
PBeMA;,-b-PBzMA, ¢, spheres forming loose mass fractals at
20 OC.267

In most of the previous studies reported on thermo-
responsive morphological transitions, a single diblock copol-
ymer typically transforming between two morphologies (e.g.,
worms to spheres). Few reports have shown that a single diblock

copolymer can wundergo transitions between three
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morphologies. For example, Ratcliffe et al. reported a single
copolymer composition, poly(N-(2-hydroxypropyl)
methacrylamide),;-poly(2-hydroxypropyl methacrylate); g,
(PHPMAC,,-b-PHPMA ), can form spheres (4 °C), worms (22
°C) or vesicles (50 °C) upon temperature change. On cooling
from 50 to 4 °C after dispersion polymerization, the appearance
of the PHPMAC,;-b-PHPMA, g, exhibited three distinct states:
milky-white free-flowing dispersion at 50 °C, free-standing gel at
22 °C, and slightly turbid fluid at 4 °C. TEM of the diluted
dispersions equilibrated for 24 h at a specific temperature
indicated the morphologies were well-defined vesicles, worms,
and spheres respectively. Other characterizations such as SAXS,
DLS and rheology studies all supported the observation. Theo-
retical analysis of the diblock copolymer system using numer-
ical lattice computations based on a self-consistent mean field
theory supported the observation as well.>*®

5.2 pH value as stimulus

When polyelectrolytes or polymers with ionizable functional
groups are used as stabilizers, the morphological transition can
be triggered by pH change. In 2014, Armes et al. reported the
synthesis of PGMA-b-PHPMA nano-objects using a carboxylic
acid-based RAFT agent.”® The carboxylic acid end-group on the
R-group of the RAFT agent allowed the ionizable single terminal
on each stabilizer chain to be exposed to the aqueous solution.
The resulting HOOC-PGMA-b-PHPMA worms obtained at
approximately pH 3.5 underwent worm-to-sphere morpholog-
ical transition when increasing solution pH from 3.5 to 6.0
using NaOH. The pH-responsive behavior is reversible, return-
ing the pH to its original value resulted in sphere-to-worm
transition and thus regelation. Similarly, a vesicle-to-worm
morphological transition upon pH change was observed;
however, in this case, the transition was not reversible.

Subsequently, the same group further explored the effects of
polymer end-groups on nano-objects in response to external
stimuli. A morpholine-functional RAFT agent (MPETTC) was
synthesized and used to prepare PGMA macro-CTA containing
the terminal morpholine functional group (pK, ~ 6.3).°
Dispersion polymerization of HPMA was performed at pH 7.0-
7.5. DLS, TEM and rheology studies all indicated the pH-
responsiveness of the obtained worms. By lowering the solu-
tion pH from 7 to 3, the protonation of the morpholine end-
group induced worm-to-sphere morphological transition and
degelation. However, further reduction of the solution pH to 1
led to the reformation of worms. The increase in pH from 3 to 7
led to deprotonation of the morpholine end-group, inducing
the sphere-to-worm transition. The control experiments were
performed using a non-ionic RAFT agent (the carboxylic acid
group was methylated), and the morphology of obtained worms
remained unchanged at varied pH values.

Instead of introducing a pH-responsive end-group at the
polymer chain terminal, ionic monomer could be used in
stabilizer block to generate nano-objects with ionic shells.
North and Armes observed size reduction of PISA-prepared
PMAA-b-PHPMA nanoparticles by increasing pH from 5.5 to
10. This was because the multiple acid groups on the PMAA
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stabilizer were ionized and resulting in a decrease in the mean
aggregation number.””* The sterically stabilized nanoparticles
at pH 10 were also thermo-responsive due to the presence of
PHPMA block.

Ionizable core-forming monomers could also be used to
prepare pH-responsive nanoparticles via PISA. For example,
Zhang and Hong et al. reported the PISA process using PEG-
based macro-CTA for copolymerization of (diisopropylamino)
ethyl methacrylate (DIPEMA) and BzMA. DIPEMA (pK, ~ 6.3)
with tertiary amine group enabled pH sensitivity of the formed
vesicles. The immediate disaggregation of vesicles in acidic
solution (pH 4.0 buffer) was observed, allowing burst release of
encapsulated rhodamine B.>”” In another example, Tan et al.
reported the photo-PISA using HPMA and DMAEMA as core-
forming monomers for preparing CO,-responsive vesicles.
After treating with CO,, the solution pH decreased, a certain
number of tertiary amine groups in the PDMAEMA block were
protonated, inducing the increased hydrophilicity and subse-
quent impaired vesicle structure. After removal of CO, by
purging with N, or Ar, the solution pH was restored, and the
deprotonation of tertiary amine groups led to a decrease in
conductivity and hydrodynamic diameter.””® Yuan et al re-
ported the fabrication of poly[oligo(ethylene glycol)methyl ether
methacrylate]-b-poly(benzyl methacrylate)-b-poly[2-(dieth-
ylamino)ethyl methacrylate] (POEGMA-b-PBnMA-b-PDEA) tri-
block copolymer spheres, worms and vesicles via one-pot
sequential PISA in ethanol, followed by replacement of the
solvent with water.””* Due the presence of CO,-sensitive groups
in PDEA block, upon alternative CO,/Ar treatment, PDEA
underwent protonation and deprotonation cycles. Both spheres
and vesicles showed reversible expansion/shrinkage, exhibiting
unique “CO,-breathing” behavior.

Ampholytic diblock copolymer nanoparticles with dual pH-
responsiveness were also studied. Armes et al. firstly reported
the use of PISA for the synthesis of ampholytic schizophrenic
nanoparticles with poly(2-(diethylamino)ethyl methacrylate)
(PDEA) as stabilising block and PMAA-st-PBzMA as core-
forming block. After PISA nanoparticles were prepared at pH
2.5, the ionization of PMAA and deprotonation of PDEA could
induce nanoparticle inversion when solution pH was increased
to 10. At pH 6-8, the dispersion was highly turbid with a large
hydrodynamic diameter, which, combined with the zeta
potential results, confirmed the isoelectric point at which floc-
culation occurred.?”® Similar schizophrenic nanoparticles with
dual pH-responsiveness were also reported by North and Armes.
In this case, PDEA macro-CTA was chain extended with 2-car-
boxyethyl acrylate (CEA) via PISA in an acidic solution.?”

5.3 Light-responsive nano-objects

For light/photo-responsive nano-objects, it usually involves the
incorporation of some conventional photo-responsive func-
tional groups such as azobenzene, pyrene and ortho-nitrobenzyl
group. For example, Chen et al. reported the scalable synthesis
of azobenzene-containing photo-responsive block copolymer
nano-objects via PISA.””” PMAA macro-CTA was used as a stabi-
the dispersion polymerization of 11-(4-(4-
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butylphenylazo)phenoxy)undecyl methacrylate in ethanol.
During PISA, the liquid crystalline (LC) feature of azobenzene
allowed internal LC ordering in the core-forming block and led
to hierarchical self-assembly into worms, short belts, lamellar
and rarely achieved cuboid and ellipsoidal vesicles (Fig. 14). LC
behavior of azobenzene at its trans state would diminish at its
cis state under UV irradiation, thus the obtained LC nano-
particles were photo-responsive. After UV irradiation, the orig-
inal cuboids changed to spherical particles, and the ellipsoidal
micelles changed to large compound micelles. Yuan et al. also
reported the use of azobenzene-containing monomer for the
synthesis of poly(N,N-dimethylaminoethyl methacrylate)-b-poly
[(benzyl methacrylate)-co-(4-phenylazophenyl methacrylate)]
[PDMA-b-P(BzMA-co-AzoMA)] via PISA.>”® Spheres, worms and
vesicles were obtained with various DP of P(BzMA-c0-AzoMA).
Under UV irradiation, the worms underwent worm-to-vesicle
transformation due to trans-to-cis transition of azobenzene
groups. During the morphological evolution, some interme-
diate morphologies such as “octopus” and “jellyfish”-like
structures were observed before reaching vesicles.

Boyer et al. demonstrated a one-pot PISA process for the
preparation of light-responsive pyrene-containing nano-
particles. POEGMA macro-CTA was chain extended with 1-pyr-
enemethyl methacrylate (PyMA) and comonomer to yield
spheres, worms and vesicles.””” The addition of comonomers
such as BMA or MMA reduced the 7-7 stacking between pyrene
moieties, this was essential for achieving relatively high PyMA
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conversion. The light-responsive feature of pyrene enabled
light-induced gradual cleavage of pyrene moieties and gradual
disassembly of nanoparticles. When exposed to UV irradiation,
the POEGMA-b-PPyMA spheres and worms, POEGMA-b-P(PyMA-
co-BMA) vesicles all underwent dissociation. Chemtob et al.
reported the synthesis of poly(hydroxyethyl acrylate)-b-poly(o-
nitrobenzyl acrylate) (PHEA-b-PNBA) to prepare photo-
responsive nanoparticles via PISA.*** By exposing the PHEA-b-
PNBA latex to UV irradiation, the degradation of PNBA block led
to a gradual decrease in turbidity with the irradiation time. The
latex also turned brown due to the decomposition of aromatic
nitro products.

5.4 Reactive oxygen species as stimulus

The polymer nanoparticles with responsiveness to reactive
oxygen species (ROS) have attracted many research interests,
especially the ROS such as hydrogen peroxide and hypochlorite
are typically found in inflammatory reactions. It is well-known
that the thioether group could be oxidized by reactive oxygen
species (ROS), thus the thioether functionalized vinyl mono-
mers could be used to prepare ROS-responsive nano-objects via
PISA. Yeow, Boyer and co-workers reported the use of thioether
group-containing monomer, 2-(methylthio)ethyl methacrylate
(MTEMA), for the preparation of vesicles via PET-RAFT-
mediated PISA**" A series of POEGMA-b-PMTEMA with
different DP of PMTEMA resulted in spheres, worms and vesi-
cles with encapsulated ZnTPP. These nano-objects can rapid
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Fig. 14 TEM, SEM, AFM images, and the corresponding height profiles of PMAA;1,-b-PMAAz,, NPs, respectively: (a) PMAA1,-b-PMAAZgg
cuboids, (b) PMAA;1,-b-PMAAzgg short belts, (c) PMAA 1,-b-PMAAZy 5 lamellar, (d) PMAA1,-b-PMAAZy 4, ellipsoidal vesicles. Reprinted from ref.

277 with permission. Copyright 2018, American Chemical Society.
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disassemble after exposure to visible light in the presence of air.
This was because the thioether moiety was oxidized to hydro-
philic sulfoxide by the singlet oxygen generated by the encap-
sulated ZnTPP under visible light.

Similarly, thioether-containing monomer N-acryloylth-
iomorpholine (NAT) was used to prepare oxidation-responsive
nanoparticles via PISA.>****” Brendel et al. synthesized poly(N-
acryloylmorpholine) (PNAM)-based macro-CTA for the disper-
sion polymerization of NAT, and the obtained biocompatible
spherical micelles exhibited different diameters. Upon exposure
to H,0,, the oxidation of thioether moiety led to a gradual
increase in the hydrophilicity of the core and the ultimate
disassembly.”*® More recently, they demonstrated unilamellar
vesicles could be obtained by PISA of PNAM-h-PNAT. Calcein
was encapsulated into the vesicles as a model dye, which could
be released in a time-controlled manner when expose to H,O,,
In addition, GOx enzyme was successfully encapsulated into
vesicles as well, transforming the vesicles into glucose-
responsive vesicles. With the addition of glucose, H,O, was
generated by GOx catalysis, leading to the full disassembly of
vesicles.**’

In 2021, our group reported the preparation of rarely ach-
ieved inverse bicontinuous mesophases using boronic ester
group-containing monomer via PISA.”®> Upon exposure to H,O,,
the boronic ester moiety was oxidized and hydrolyzed to phenol,
which further initiated the generation of quinone methide and
hydrophilic PAA, thus the ultimate degradation of cubosomes
and other nano-objects (Fig. 15). This allows potential applica-
tion in the triggered release of payloads.

5.5 Reduction-responsive nano-objects

Instead of oxidising species, reducing species can work as an
external stimulus for some polymers as well. For example, Zhou
et al. reported using an azobenzene-derived methacrylate with
a TPE (tetraphenylethylene) fluorescence probe moiety (TPE-
AZO-MA) as the commoner for the dispersion copolymeriza-
tion with BMA.?®? A series of drug-loaded micelles and vesicles
were obtained by in situ doxorubicin (DOX) loading during PISA.
Azoreductase was used as the reducing agent for azo bond
cleavage and resulted in micellar destruction. During enzyme
hydrolysis, a slow release of DOX was observed. Meanwhile,
strong fluorescence emission was detected due to the
aggregation-induced emission of TPE. Goto et al. synthesized
cross-linked nano-objects using a cross-linker containing
disulfide group.** Due to the stabilizing effect of the cross-
linker, the morphology of the nano-objects was retained after
the hydrophobic block were hydrolyzed to hydrophilic block.
Subsequent addition of the reducing agent glutathione (GSH)
resulted in the reduction of disulfide bonds to thiols and
cleavage of cross-linking units, inducing the decomposition of
nano-objects.

5.6 Dual and multi-responsive nano-objects

Finally, another emerging trend in PISA for the synthesis of
stimuli-responsive nanoparticles is to allow responsiveness
triggered by two or more stimuli, which makes nanoparticles

© 2022 The Author(s). Published by the Royal Society of Chemistry
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versatile in their applications. Lovett et al. reported pH and
temperature dual-responsive HOOC-PGMA-PHPMA worms and
vesicles.>**** More specifically, the thermo-responsiveness of
PHPMA block led to worm-to-sphere/vesicle-to-worm transi-
tions on cooling; pH increase from 3.5 to 6.0 caused the ioni-
zation of the terminal carboxylic acid group located at the end of
PGMA block and resulted in worm-to-sphere/vesicle-to-worm/
vesicle-to-sphere transitions.

Mahdavian et al. reported P(St-co-MMA) nanoparticles that
could be triggered by pH change and UV irradiation. PDMAEMA
macro-CTA was used for the preparation of P(St-co-MMA) along
with the incorporation of spiropyranethyl acrylate (SPEA)
comonomer via RAFT surfactant-free emulsion polymeriza-
tion.”® The pH-responsiveness resulted in the dispersion/
aggregation of the obtained latexes. The latexes were well-
dispersed in acidic condition due to water-soluble
PDMAEMA'CI ™, and aggregated at pH above 8 due to deproto-
nation. UV irradiation (A = 365 nm) dissociated the C-O bond in
the spirocarbon to form a conjugated zwitterionic merocyanine
dye isomer and led to hyperchromic behavior, which could be
returned by visible light.

Zhang, You and co-workers demonstrated the preparation of
pH- and reduction-responsive prodrug nanoparticles with
anticancer activity. First, biocompatible poly(N-(2-hydrox-
ypropyl)methacrylamide) (PHPMAmM-CPDB) was chain extended
with DIPEMA and camptothecin prodrug monomer (CPTM) via
RAFT solution polymerization.*® The obtained PHPMAm-b-
P(DIPEMA-co-CPTM) macro-CTA was used for the dispersion
polymerization of BzMA to afford prodrug nanoparticles. Upon
appropriated stimulus, PDIPEMA underwent solvophobic to
solvophilic transition in acidic condition, allowing faster
diffusion of GSH reducing agent into the CPTM units. The
reduction of the disulfide bond in the CPTM by GSH led to the
release of camptothecin. The drug delivery and anticancer
activity of these nanoparticles were verified by in vitro cytotox-
icity study. More recently, the same group reported similar pH-
and reduction-responsive prodrug nanoparticles with formula-
tions of PHPMAm-b-PCPTM, PHPMAmM/PDEAEMA-b-PCPTM,
PHPMAmM/PDMAEMA-H-PCPTM.* Different to their previous
study, the CPTM was used as the only core-forming monomer.
HPMAmM/PDEAEMA-b-PCPTM nanoparticles underwent fast
hydrophobic-hydrophilic transition and charge reversal at the
physiological pH value (pH = 6.8), which facilitated enhanced
cell internalization. In contrast, PHPMAmM-b-PCPTM without
charge-reversible property showed slower cell internalization
and lower anticancer activity.*

6. Improved throughput of PISA

Compared to conventional solution self-assembly, the high
solid content property of PISA has dramatically improved the
throughput of nanoparticle production. Based on this, many
efforts have been made to further improve the throughput of
PISA for the purpose of future upscale production. For instance,
an automated parallel synthesizer has been employed in the
RDRP polymerization*****® and PISA*®” subsequently. However,
the oxygen inhibition in RDRP could be the bottleneck for high-
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Fig. 15 Disassembly of the PDMA-b-PTBA-based cubosomes in response to H,O,. (a—e) TEM images of the cubosome degradation process at
selected time points. (f) *H NMR spectra evolution of the block copolymer after the addition of H,O5,. (g) Digital photos of the particle suspension
after the addition of H,O,. (h—j) DLS-monitored disassembly process. Reprinted from ref. 25 with permission. Copyright 2021, American

Chemical Society.

throughput PISA. The previously reported protocols for deoxy-
genation are that automated parallel living polymerization
performed under inert atmosphere or with automated deoxy-
genation process,**® which however require specialized equip-
ment. Alternatively, as mentioned in above sections, oxygen-
tolerant PISA processes have been reported using photo-
PISA™*'¢ or enzyme-PISA,'***** which could eliminate the time
and energy needed for deoxygenation.

In 2018, Cockram et al demonstrated the first high-
throughput synthesis of block copolymer nanoparticles in
water via RAFT-mediated PISA.”® First, a large batch of PMAA
macro-CTA was synthesized via conventional solution RAFT
polymerization. Then BzMA or BMA was added as the first core-
forming monomer for RAFT aqueous emulsion polymerization
targeting PMMA;¢-PBzMA;s,, or PMMA;,-PBMA;,, hano-
particles using Chemspeed Autoplant A100. The deoxygenation
protocol was performed by blowing N, gas through all reaction
vessels for 20 min (~20 reaction vessels). Different types of
stirrers and stirring speeds (propeller-type stirrer 350-650 rpm
and anchor-type stirrer 150-350 rpm) were used to optimize the
PISA process. The same protocol was employed to produce tri-
block and tetrablock copolymer nanoparticles using BMA or
BzMA as the second or third water-immiscible monomer. The
optimized protocols indicated that a propeller-type stirrer at
stirring rates of 550-900 rpm was required to produce

4214 | Chem. Sci., 2022, 13, 4192-4224

sufficiently small droplets of monomers. The preliminary study
provided the basis for further high-throughput screening of
PISA formulations. For instance, one-pot automated synthesis
of both macro-CTA and block copolymer nanoparticles may be
more attractive. Only spheres were achieved in this study, future
study regarding the screening of different formulations to
obtain various morphologies and rapid establishment of the
phase diagram is foreseeable with the increasing demand from
industry.

As automated synthesizers are still not readily available in
most academic settings, alternative oxygen-tolerant poly-
merization protocols have been developed for high-
throughput PISA. These protocols are more suitable for
laboratory scale with even ultralow volumes, and suitable for
rapid optimization especially for those with many reaction
variables (monomer type, monomer concentration, targeting
DP, temperature, solvent composition, solid content, etc.). In
2017, Boyer et al. demonstrated that oxygen-tolerant photo-
PISA in the presence of AscA and eosin Y could be conduct-
ed in 96-well microplates.’® In the same year, Tan et al. also
reported an enzyme-assisted photo-PISA in open vessels and
microplates.’® The oxygen tolerance was endowed by the
catalytic ability of GOx. These methods facilitate a high-
throughput PISA that allows multiple parallel PISA
processes to be performed simultaneously, which could

© 2022 The Author(s). Published by the Royal Society of Chemistry
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realize rapid construction of phase diagrams and fast
screening of reaction parameters.

On the basis of these methods, the oxygen-tolerant PISA
strategy in low volumes has been extended to study the wave-
length orthogonality of the [2 + 2] coumarin cycloaddition
reaction and PET-RAFT PISA. Under the red light (2 = 595 nm)
irradiation, exclusive activation of PET-RAFT PISA occurred,
resulting in the formation of various nano-objects (spheres,
worms, vesicles) with no evidence of dimerization. Rapid cross-
linking of polymer chains occurred by switching to UV irradia-
tion (A = 365 nm), allowing the retained morphology of the
nano-objects in organic solvents."” The wavelength orthogo-
nality of photo-induced deoxygenation and photoinitiation of
PISA was reported by Tan et al. using a high-throughput mul-
tiwell strategy. Dual-wavelength photo-PISA of HPMA using
PGMA,,-CDPA (n = 28, 53, 69) was achieved in a fast manner
using 96-well microplates.*® Furthermore, Gianneschi et al
combined UV-initiated PISA on small scales in a 96-well
microplate with an automated sampling of every well and
automated TEM and image analysis for the rapid generation of
phase diagrams.*** Selected compositions were repeated by
scaled-up experiments, which showed identical morphologies
and sizes with the low volume version. This approach could be
readily applied for handling fast screening of a large number of
samples. In summary, high throughput PISA and characteriza-
tion could serve as a robust method for rapid discovery of target
materials and subsequent optimization of formulations and
experimental conditions, which promise great potential in
future industrial mass production.

It is generally accepted that PISA under continuous flow is
a more favourable method for scaling up PISA over batch
synthesis, as it provides better heat/mass transfer, increased
reaction rates and the ability to integrate into feedback control
loops. In 2017, Zhu and Zhang et al. firstly reported the thermal-
initiated PISA performed under continuous flow conditions,
where POEGMA-CTA and MMA were used as a steric block and
core-forming monomer in water/ethanol co-solvent system in
a lab-scale two-stage continuous tubular reactor.”> The
concentration and flow rate of each feedstock were kept
constant, and the target DP was achieved by varying the
concentration of POPEMGA macro-CTA. Only spheres were
obtained due to the hindered morphological transition result-
ing from the high amount of water (56% v/v). Later on, Par-
kinson et al. reported an all-aqueous synthesis of both PDMA
macro-CTA and PDMA-PDAAm diblock copolymer spheres,
worms and vesicles by thermal-initiated RAFT polymerizations
in coil continuous flow reactors.>*?

Recently, researchers in Junkers, Boyer and Zetterlund
groups attempted to convert light-initiated RAFT polymeri-
zation and PISA from batch to continuous flow
systems.***??42 In their report in 2018, different morphol-
ogies including spheres worms and vesicles were obtained via
photoiniferter RAFT PISA in a continuous flow reactor under
blue LED light. A rapid polymerization was found, which
reached full monomer conversion in only 75 min, compared
to 6 h in batch process. Their study also optimized the
protocol by varying the experimental conditions including

© 2022 The Author(s). Published by the Royal Society of Chemistry
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light intensity, solid content, and residence time, allowing
the production of 60 g polymeric nanoparticles per day in the
lab.”** Warren et al. reported the ultrafast continuous-flow
RAFT dispersion polymerization which achieved conver-
sions >90% within 8 minutes for target PDAAM DPs of 50 and
100, and achieved 79% conversion of DP of 200 within 20
minutes.”” In the further study (Fig. 16), PET-RAFT disper-
sion polymerization with oxygen tolerance employing eosin
Y/triethanol amine as catalytic system was exploited for the
synthesis of poly(dimethyl acrylamide)-b-(poly(diacetone
acrylamide)-co-poly(dimethyl acrylamide)) (PDMAA-D-
(PDAAmM-co-PDMAA)) in one-step continuous-flow process
without intermediate purification.>*® The photo-PISA in less
polar solvents via continuous flow process was investigated as
well.™*®  Several parameters including solvents, photo-
initiators, and light intensities were optimized in the batch
process. The optimized protocol was then performed in
continuous flow reactors, which realized non-aqueous photo-
PISA in flow with high order morphologies.

More recently, the enzyme-assisted photo-PISA using GOx
and glucose catalytic system was converted from batch to flow
process as well. Tan et al. reported the oxygen-tolerant process
conducted in a flow reactor, which constructed a PEG-b-PHPMA
morphological phase diagram by systematically varying the DP
of PHPMA."® Another oxygen-tolerant in-flow PISA system was
reported by Hou et al. based on the oscillatory BZ redox reac-
tion. Dispersion polymerization of DAAM from PEG macro-CTA
was implemented in a CSTR yielded spheres, worms, vesicles
and giant vesicles, depending on the factors including resi-
dence time, BZ oscillation and DP of PDAAM.***

7. Applications

PISA allows the production of nanoparticles in various
morphologies in relatively high solid contents, which opens up
the applications of PISA in a broad range of areas. The most
common applications for polymeric nanoparticles including
those prepared by the PISA process, is drug delivery and other
biomedical applications. Besides, PISA-prepared nano-objects
have been explored as catalysts,>*® Pickering emulsi-
fiers,**** imaging agents,***® lubricants,” templating

100 min
DP Block 1

) IRgnd--}
> O

PDMAA-b-
(PDAAM-co-PDMAA)

Fig. 16 Schematic diagram of the flow reactor setup coupling two
reactors, and TEM micrographs of PDMAA-b-(PDAAM-stat-PDMAA)
nano-objects with DP 200-600 solvophobic block. Reprinted from
ref. 295 with permission. Copyright 2019, American Chemical Society.
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agents,®”° pigments,**** etc. The following section summarizes
some applications of PISA-prepared nano-objects.

Due to the versatility of PISA, nanoparticles with biocom-
patible formulations could be efficiently synthesized, which
have drawn increasing interest in exploring their applications in
the biomedical field. As early as in 2012, Armes group reported
that PISA-derived worms could form free-standing hydrogels
with thermo-reversible behavior, which allowed the facile
preparation of sterile gels with potential biomedical applica-
tions.”®* Later on, the loading of guest compounds into PISA-
derived nano-objects during polymerization were investigated
by Boyer and Davis using Nile red as a guest molecule,**® as well
as Mable et al. by loading silica nanoparticles into vesicles via in
situ encapsulation.”” The successful loading of guest
compounds make it possible to load drug molecules during
PISA as well. O'Reilly et al. demonstrated efficient loading of 1-
asparaginase (ASNS) to vesicles during PISA. After encapsula-
tion, the morphology of vesicles remained, and the enzyme
remained catalytically active. In addition, the encapsulated
enzyme showed higher proteolytic stability than the free
enzyme in vitro and in vivo.*® Recently, Malmstréom et al. re-
ported the in situ physical encapsulation of hydrophobic drug
(DOX) during aqueous PISA. The hydrophobic core of
PDMAPMA-b-PMMA nanoparticles allowed the migration of
DOX into the core. The DOX-loaded nanoparticles showed
higher cell toxicity than free DOX toward macrophages cell
line.*® Another approach for drug loading is to use prodrug
monomers as a sole core-forming monomer or comonomer.*”**
Drug molecules are covalently linked to polymer chains, leading
to high loading efficiencies, even up to 100% when full mono-
mer conversion is achieved. For example, Zhang et al. synthe-
sized PEG-b-P(MEO,MA-co-CPTM) prodrug macro-CTA, which
contains camptothecin linked to the polymer chains via
reductive-sensitive linkage. The prodrug macro-CTA was then
extended with BzMA as core-forming monomer and N,N-cys-
taminebismethacrylamide (CBMA) as cross-linker, obtaining
core-cross-linked nanoparticles with enhanced structural
stability. The presence of disulfide bond allowed the controlled
release of camptothecin under the trigger of reductive species,
such as GSH in the cytosol (Fig. 17a). The prodrug nanoparticles
also exhibited excellent anticancer efficiency against HeLa
cells.* Recently, Zhang et al. used camptothecin prodrug

CHO
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monomer synthesized anticancer nanoparticles with both pH-
and reductive-regulated drug release,® and pH-responsive
charge-reversible property.** In more recent reports by Stenzel
et al., the anticancer drug 4-(N-(S-penicillaminylacetyl)amino)
phenylarsenonous acid (PENAO) methacrylate prodrug was
copolymerized with OEGMA or zwitterionic 2-methacryloylox-
yethyl phosphorylcholine (MPC) to synthesize macro-CTAs for
PISA.**** The prepared nanoparticles with drug covalently
linked to shell block were compared in terms of cytotoxicities,
cellular uptakes, spheroid penetration, and cell localization
profiles.

Apart from the above mentioned loading before or during
polymerization, many other studies explored the post-
polymerization loading, including post-encapsulation and
modification.***> Zhang et al exhibited the fabrication of
intelligent vesicles with tunable size-selective membrane
permeability.*® In this example, PHPMAm macro-CTA was chain
extended with  2-(diisopropylamino)ethyl = methacrylate
(DIPEMA) and 7-(2-methacryloyloxyethoxy)-4-methylcoumarin
(CMA) to afford vesicles. The post-polymerization dimeriza-
tion of coumarin groups was achieved under UV irradiation,
leading to cross-linking of the vesicular membrane. The pore
size range of the transmembrane traffic could be tuned by cross-
linking density via changing the UV irradiation time. Post-
loading of gold nanoparticles with different sizes (5, 10, 15
nm) into vesicles in acidic solution was performed, indicating
vesicles with different cross-linking densities exhibited size-
selective permeability.*® In 2013, Boyer, Davis and co-workers
conducted post-modification of PISA-generated nanoparticles
for the synthesis of DOX-loaded nanoparticles with the thera-
peutic application.*” First, POEMGA macro-CTA was extended
with styrene and vinyl benzaldehyde (VBA) via dispersion poly-
merization to obtain spheres, worms and vesicles. The aldehyde
groups of VBA were conjugated with DOX via pH-sensitive
bonds (drug loading 5 wt%). Cell vigbility study using MCF-7
breast cancer cells indicated the cytotoxicity of the DOX-
loaded nano-objects was significantly affected by
morphology.”” The conjugation between aldehyde group and
primary amine group in DOX for drug-loading was also reported
by Hong and Pan et al*® Dispersion polymerization of p-
(methacryloxyethoxy)benzaldehyde (MAEBA) using PDMAEMA
macro-CTA obtained four different nano-objects with aldehyde-

assem blin;

o=

Nanorod Sphere

Cell uptake

(a) Proposed mechanism of reductive-responsive release of CPT from the prodrug nanoparticles. Reprinted from ref. 40 with permission.

Copyright 2016, American Chemical Society. (b) Synthesis of PDMAEMA-b-PMAEBA diblock copolymer nano-objects via PISA, and conjugation
between MAEBA and DOX. Reprinted from ref. 48 with permission. Copyright 2016, American Chemical Society.
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based polymer as core, followed by conjugation between
MAEBA and DOX (Fig. 17b). The DOX-loaded nano-objects dis-
played cytotoxicity in the order of nanorods-DOX > vesicles-DOX
> spheres-DOX > nanowires-DOX, which also indicated the
correlation between cytotoxicity and morphology. Recently,
Mable et al. demonstrated the design and synthesis of dengue
virus-mimicking framboidal vesicles containing rhodamine B
piperazine (Rh) for targeting triple-negative breast cancer
cells.” Two macro-CTAs PGMA and poly(2-(methacryloyloxy)
ethyl phosphorylcholine) (PMPC) (pure PGMA and 97 : 3 binary
mixture) were chain-extended via copolymerization of HPMA
and GlyMA, obtaining triblock copolymer vesicles. The epoxy
groups of GlyMA were reacted with Rh, this allowed post-PISA
loading in the vesicular membrane. Further extension with 2-
(diisopropylamino)ethyl methacrylate (DPA) led to the forma-
tion of pH-responsive framboidal vesicles. In vitro studies
indicated that the introducing of phosphorylcholine-based
targeting ligand is essential for intracellular uptake by MDA-
MB-231 breast cancer cells.*

In addition to drug delivery applications, PISA-prepared
vesicles have drawn interest as mimicking systems for living
cells.*** Researchers have modulated vesicles with controllable
permeability,>>*** and wused vesicles as enzymatic nano-
reactors.**** Other biomedical applications of PISA include
cellular imaging, where nanoparticles with fluorescent property
and biocompatibility were prepared via PISA.*>*°

Catalysis is another application of nanoparticles prepared by
PISA. Polymeric nanoparticles derived by PISA are usually not
catalytically active but can serve as scaffolds for catalytic
species, allowing better dispersion in solvents, higher stability,
higher recyclability and less leaching. A series of studies
investigated the synthesis of triphenylphosphine®**** or nix-
antphos®”® ligand-containing polymer nanoparticles via PISA.
The catalytic composite produced by complexation between
rhodium and triphenylphosphine proved to be useful for the
aqueous biphasic hydroformylation of 1-octane. Oble and
Rieger et al. synthesized core-cross-linked nanogels via PISA to
stabilize and support Pd nanoparticles. The hybrid polymer-Pd
nanomaterial was applied as quasi-homogeneous catalyst for
the Mizoroki-Heck reaction between n-butyl acrylate and
bromo- or iodoarenes.’® The complexations between metal
nanoparticles and functional groups in nanoparticles derived
by PISA were also used to prepare polymer-Ag and polymer-Au
nanocomposites with catalytic activities.’****® Recently, our
group used ultrasound for the synthesis of both polymeric
nanoparticles and the in situ formation of Au and Pd nano-
particles.”” The metal nanoparticles were immobilized on the
PDMAEMA block, which was in between the hydrophilic shell
and hydrophobic core, resulting in a larger exposed area of
metal nanoparticles and more accessible active sites. The
synthesized polymer-Au and polymer-Pd showed good catalytic
activity and recyclability.

The merits of PISA, including high solid contents, tuneable
morphology and functionality, also make nanoparticles suitable
candidates for Pickering emulsifiers. In this regard, Armes and
co-workers conducted some seminal work of Pickering emulsi-
fiers based on block copolymer nano-objects prepared by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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PISA.>>%%* Since then, block copolymer nano-objects including
spheres,®>**%** worms,*-**3% vesicles® and even framboidal
particles* have been used to prepare oil-in-water,******°¢ water-
in-0il,****” and double®**® emulsions. Armes et al. reported
that the oil-in-water-in-oil transparent Pickering double emul-
sions could be obtained by using refractive index-matched
nanoparticles with appropriate core-forming block.*®
Recently, Yuan et al. studied the effect of solvophilic chain
length of nanoparticles on Pickering emulsion, and found
a positive correlation between the stability of emulsion and the
chain length.**® For more details on Pickering emulsifier
application of PISA-prepared nanoparticles, the reader is
referred to a recent review for good insight.>*

Other applications of PISA-derived nano-objects are
emerging in different fields as well. For example, Derry, Armes
and co-workers synthesized core-cross-linked poly(stearyl
methacrylate)-poly(benzyl methacrylate)-poly(ethylene glycol
dimethacrylate) nanoparticles via PISA, which offer excellent
boundary lubrication performance and ultralow-viscosity.®”
PISA-derived nano-objects can also serve as templating agents
for the fabrication of silica nanotubes.®® Nanoparticle occlusion
of silica/dye-loaded nano-objects offers a “Trojan horse”
strategy to incorporate payloads into host inorganic crystals
such as calcite.®”° PISA also plays an important role in coating
industry, such as producing surfactant-free latexes to solve free
surfactants issue, and preparing hollow particles® or encapsu-
lating pigments® for opacity enhancement.

8. Summary and future perspective

This review summarizes the new aspects in PISA including non-
thermal initiation methods, high order morphologies, hybrid
materials,  stimuli-responsive = nano-objects, = improved
throughput and applications of PISA. As elaborated in the
previous sections, PISA has proven to be an efficient process for
the preparation of polymeric nano-objects. To date, many
morphologies observed in conventional solution self-assembly
have been realized by PISA in a more efficient way, however,
there are still some complex structures that have yet to be
realized, for example, Janus cylinder, ellipsoidal particle
stacked internal lamellae and oblate ellipsoids. More efforts to
achieve complex structures by PISA are expected, where hier-
archical self-assembly will attract more attention to achieve 2D
and 3D hierarchical structures, and eventually leading to
higher-level architecture by PISA. Meanwhile, aqueous formu-
lations will be the focus of future PISA, as the “green” solvent
benefits most in industrial applications. The non-thermal
initiation methods include photo-, enzyme- and redox-
initiation, providing oxygen-tolerant PISA in open vessels,
which allow for high throughput PISA and eliminate the
requirement for specialised equipment. This may lead to
a platform technology for rapid screening of formulations and
the establishment of phase diagrams. In the meantime, PISA
performed in a continuous-flow fashion has provided a possible
route for mass production. Another emerging trend in the PISA
process is the concept of “multifunctionality” of nano-objects,
for example, where the core-forming monomer containing
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a therapeutic drug is also stimuli-responsive, or where the
synthesised nanoparticles are responsive to multiple triggers.
With the addition of multifunctional components, fewer
building blocks will be required and the process will become
more user-friendly, thus, the versatility of PISA can be further
leveraged. Automated or even artificial intelligence-controlled
PISA will be another future direction in this field, by which
the hands of experienced chemists can be freed. PISA has
evolved into a more powerful tool than it was a decade ago, and
it is foreseeable that it will perform better and attract more
attention in the future, gaining enhanced performance in
existing applications or being applied to new fields.
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