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Emerging Trends in Polymerization-Induced Self-Assembly

Nicholas J. W. Penfold,*" Jonathan Yeow,>' Cyrille Boyer,b’* and Steven P. Armes®”

“Department of Chemistry, The University of Sheffield, Brook Hill, Sheffield, South Yorkshire, S3 7HF, UK.

bCentre for Advanced Macromolecular Design (CAMD), School of Chemical Engineering, and Australian

Centre for NanoMedicine, School of Chemical Engineering, UNSW Sydney, NSW 2051, Australia.

Abstract: In this perspective, we summarize recent progress in polymerization-induced self-assembly
(PISA) for the rational synthesis of block copolymer nanoparticles with various morphologies. Much of the
PISA literature has been based on thermally-initiated reversible addition-fragmentation chain transfer
(RAFT) polymerization. Herein, we pay particular attention to alternative PISA protocols, which allow the
preparation of nanoparticles with improved control over copolymer morphology and functionality. For
example, initiation based on visible light, redox chemistry, or enzymes enables incorporation of sensitive
monomers and fragile biomolecules into block copolymer nanoparticles. Furthermore, PISA syntheses and
post-functionalization of the resulting nanoparticles (e.g. crosslinking) can be conducted sequentially
without intermediate purification by using various external stimuli. Finally, PISA formulations have been
optimized via high-throughput polymerization and recently evaluated within flow reactors for facile scale-up

syntheses.
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1. Introduction
1.1 What is polymerization-induced self-assembly?

Block copolymer self-assembly is well-known in both the solid state!* and also in solution.* In the latter

case, a wide range of nano-objects have been prepared, including spheres, worms, rods, vesicles, lamellae,

5-11

ellipsoids and toroids. However, such nano-objects have been traditionally prepared via post-

polymerization processing, which is typically conducted in dilute solution.'>'” This is a significant
limitation for many potential commercial applications, because it means that industrial scale-up is not
normally cost-effective. Polymerization-induced self-assembly (PISA) offers an attractive solution to this
problem. In a PISA formulation, a soluble precursor block is chain-extended using a monomer whose
corresponding homopolymer is insoluble in the chosen solvent.!82® Thus, the growing second block
eventually becomes insoluble at some critical degree of polymerization (DP), which drives in situ self-
assembly to form the diblock copolymer nano-object. In this scenario, the unreacted monomer essentially

acts as a processing aid or co-solvent for the insoluble block. PISA can be performed at relatively high

)27—28

solids (copolymer concentrations of up to 50% w/w and usually enables very high monomer

conversions to be achieved within short reaction times compared to conventional solution polymerization.?*-

39 This is because, once micellar nucleation occurs the unreacted monomer is preferentially located within
the growing nanoparticles. This high local concentration leads to significant rate acceleration. Over the past

decade or so, PISA has been demonstrated for a wide range of vinyl monomers in many solvents, including

18, 29, 31-35

water, polar solvents (e.g. ethanol),>**! non-polar solvents (e.g. n-alkanes)*> ***¢ and other media

47 54

such as ionic liquids,*” silicone fluids*® and supercritical CO2*->3 If appropriate phase diagrams>* are

constructed, then PISA formulations become highly reproducible and the basic design rules for the

42,55 32, 36, 46, 56 59, 61-62 63-65

preparation of spheres, worms, rods,”’ vesicles, 0 framboidal vesicles and lamellae
are now well-established in many cases. PISA syntheses have been conducted using various types of living
polymerization techniques,®®’! but many studies utilize reversible addition-fragmentation chain transfer
(RAFT) polymerization due to its tolerance to a broad range of reaction conditions and monomer families.’”>
"7 The aim of this review is therefore to provide an insight into the broadening horizons of the PISA field

with a particular focus on: (1) mechanisms for initiating and controlling the PISA process, (2) new insights
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into stimuli responsive nanoparticle assemblies obtained via these new PISA processes, (3) emerging
techniques for post-polymerization processing of PISA-derived nanoparticles, (4) the synthesis of advanced

hybrid materials and (5) new strategies for improving the throughput and scale of the PISA process.
2. New Methods for Initiation during PISA
2.1 New stimuli for controlling PISA

The majority of PISA syntheses reported in the literature involve thermally-initiated controlled/living
polymerizations. However in the last few years, there has been a surge of interest in new initiation

84-87 88-92 93-97

t,788  microwaves, enzymes, electrochemistry, or

mechanisms that utilize visible ligh
ultrasound.”®!! Such alternative approaches open up new avenues of research for PISA formulations

(Figure 1).
2.1.1 Photochemistry

The application of photochemistry to the field of polymer chemistry has been extensively explored in the
past few years, not least because it can confer a high degree of spatiotemporal control. Furthermore,
photopolymerizations can be conducted under mild reaction conditions (typically at ambient temperature or
below) and can be performed using relatively inexpensive commercial light emitting diode (LED) sources or
even natural sunlight.!”? Various visible light-mediated reversible deactivation radical polymerization
(RDRP) (also referred to as controlled/living radical polymerization (CLRP)) formulations have been
recently explored for the production of protein-polymer conjugates and functional polymer nanoparticles via
photo-PISA approach.!®-1% The concept of photo-PISA was first demonstrated by Cai’s group by
employing a photoinitiator to initiate RAFT dispersion polymerization of diacetone acrylamide (DAAM) in
water for the synthesis of amine-functional spheres.>* Boyer’s group expanded this concept by exploiting
photoinduced electron transfer-reversible addition-fragmentation chain transfer (PET-RAFT) polymerization
to synthesize nanoparticles with various morphologies (such as worms and vesicles) at ambient
temperature.'® The ability to target the worm phase was aided by in situ gelation of the reaction solution

which occurs readily when PISA is performed at sufficiently high copolymer concentration. Through
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judicious selection of the macro-RAFT agent, these polymerizations can also be initiated using visible light
without requiring an external initiator or catalyst, thus simplifying this RAFT dispersion polymerization
formulation.!% Sumerlin, Zhang and co-workers employed a photoinitiator to initiate the polymerization of

2-hydroxypropyl methacrylate (HPMA) in water at 25 °C.'%

When targeting vesicle morphology, bovine
serum albumin (BSA) was encapsulated within such hollow nanoparticles during their formation. Moreover,
such mild reaction conditions ensured no denaturation of this globular protein, demonstrating that
photopolymerization may offer useful advantages over thermally-initiated PISA.!”” Visible light initiated
PISA has also opened up new possibilities for the synthesis of polymer-protein complexes and will be
discussed further in Section 5. In a series of papers, Perez-Mercader and co-workers have employed visible
light-mediated PISA to study the dynamic evolution of giant vesicles by monitoring their behavior during

irradiation using a fluorescence microscope.!%11% The mild conditions required for such PISA syntheses

makes these experiments particularly convenient to perform.
2.1.2 Redox chemistry

Apart from photoinitiation techniques, alternative strategies for initiation during PISA have also emerged.
Like photochemical initiation, radical generation via redox chemistry can be conducted under mild reaction
conditions. However, the absence of an external stimulus eliminates the possibility of spatiotemporal
control. For example, An’s group employed a persulfate/ascorbate redox initiator system to prepare core-
crosslinked nanogels at 30 °C.!'! Later, the same group extended this concept by employing an enzyme,
horseradish peroxidase (HRP), to catalyze the oxidation of acetylacetone by hydrogen peroxide and initiate
the dispersion polymerization of 2-methoxyethyl acrylate (MEA) using biologically-relevant reaction
conditions.”® This PISA approach has also been coupled to an enzyme cascade reaction, whereby the
hydrogen peroxide required for HRP-initiated polymerization was generated via glucose oxidase (GOXx)-
catalyzed reduction of molecular oxygen.!!? Very recently, the same group also utilized the flavin active site
within GOx to conduct photoenzymatic initiation of RAFT dispersion polymerization.''®> These GOx based
initiation methods allow PISA to be performed without prior deoxygenation of the reaction medium; such

oxygen-tolerant PISA formulations will be discussed further in Section 6.
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2.1.3 Ultrasound/Sonochemistry

Recently, several research teams have conducted RDRP using ultrasound by employing piezoelectric
nanoparticles for mechno-atom transfer radical polymerization (ATRP)*1% 114 or by directly generating
hydroxyl radicals in aqueous solution for either ICAR ATRP!!> or RAFT polymerization.'%! 116117 Uging the
latter approach, Qiao’s group employed high frequency ultrasound to initiate the aqueous dispersion
polymerization of N-isopropylacrylamide (NIPAM) at 45 °C yielding thermosensitive core-crosslinked
nanogels.!!® Using ultrasound as a stimulus can be considered to be environmentally-friendly because the
initiating radicals are generated directly from the homolysis of water (which also acts as a solvent), hence no
exogenous catalyst or initiator is required. The potential of this technique is yet to be fully explored in the

context of PISA but may be limited by the need for specific ultrasound equipment.
2.1.4 Radiochemistry

Recently, Gianneschi, Sumerlin and coworkers demonstrated that under certain conditions the electron beam
from a transmission electron microscope (TEM) could also be used to initiate RAFT polymerization by an
iniferter type mechanism.!" Elegantly, this process enabled an electron beam (with an electron flux of ~0.5
e /A% s) to be used to both initiate and image the polymerization of HPMA in real time using a specialized
liquid cell TEM. Although the full potential of such a technique is yet to be fully exploited, such strategies
could be highly useful for improving our understanding of the morphological evolution that occurs during

the PISA process.
2.2 Emerging polymerization mechanisms in PISA

The vast majority of PISA publications utilize RAFT polymerization to provide living/controlled
character.'” 77 Here, we wish to highlight exemplary examples whereby other living (and non-living)
polymerization techniques have been applied to PISA. In the field of RDRP, Kim et al. demonstrated in
2005 the use of ATRP for the synthesis of core crosslinked nanogels via aqueous dispersion
copolymerization of NIPAM with a bifunctional cross-linker at 50 °C.'?° Later, Matyjaszewski and co-

workers demonstrated that [CAR ATRP could be used to synthesize a range of nano-objects in ethanol
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similar to those achieved using RAFT-mediated PISA.S” However, there are very few other examples for
which ATRP-mediated dispersion polymerization has been used to prepare higher order morphologies.®® 2!
This most likely reflects the difficulty in controlling the location of the transition metal catalyst during
dispersion/emulsion polymerization. Similarly, aside from pioneering work by Charleux and co-workers,
there have been very few reports of non-spherical morphologies being obtained by nitroxide-mediated
polymerization (NMP) using either dispersion or emulsion polymerization.'?*!?> Recently, the groups of

Goto'?® and Zhu'?’ reported the use of iodine-mediated polymerization (ITP) for alcoholic PISA, generating

nanoparticles without the use of either organosulfur compounds or transition metal catalysts.

), S -~
< ATRP
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Figure 1. Summary of new approaches to PISA that utilize alternative initiation methods combined with

various RDRP techniques.

Such strategies enable nanoparticles to be prepared without the need to remove colored thiocarbonylthio
end-groups or potentially toxic metal residues (e.g. copper complexes). In addition, Zetterlund and co-
workers examined a non-living form of radical polymerization known as addition-fragmentation chain
transfer (AFCT) to prepare a range of nanoparticle morphologies in ethanol under PISA conditions without
requiring a sulfur-based chain transfer agent.'?® Similarly, Bon and co-workers applied sulfur-free RAFT
polymerization to develop an aqueous PISA formulation. However, both pre-assembly of the soluble
precursor chains and a continuous monomer feed was required, while only relatively poor control and
incomplete conversions were achieved.'” Nonetheless, such approaches clearly warrant further studies,

particularly for applications where colored copolymers, malodor or toxic residues would be problematic.
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There has also been renewed interest in the use of living ionic polymerization techniques in PISA. For
example, Manners’ group built on the approach of Hasimoto and co-workers'** by employing anionic
polymerization for the PISA synthesis of highly anisotropic rods and platelets driven by crystallization of a
structure-directing poly(ferrocenylmethylphenylsilane) block.!3! This approach enables crystallization-
driven self-assembly (CDSA) to be performed at much higher concentrations than previously achieved.
Others have explored the potential of ring-opening metathesis polymerization (ROMP) in PISA formulations
by extending the seminal work of Xie and co-workers.!*? For example, Gianneschi’s group performed
ROMP dispersion polymerization of a peptide-functional norbornene monomer in methanolic DMF using a
third-generation Grubbs catalyst.'** More recently, O’Reilly’s group developed an effective route for
conducting aqueous ROMP PISA by first synthesizing a water-soluble macroinitiator in an organic
solvent.'** This strategy circumvents some of the limitations of conventional aqueous ROMP, enabling the
in situ synthesis of a range of nanoparticle morphologies. Although the full potential of these techniques

remains unfulfilled, these new strategies undoubtedly provide new impetus to the evolving PISA landscape.
2.3 New mechanisms of self-assembly within PISA

To date, self-assembly in the context of PISA has been almost exclusively driven by insolubility of the
growing polymer block in the polymerization solvent. However, electrostatic interactions can also be
utilized to drive self-assembly. For example, Cai and co-workers have combined electrostatic self-assembly
with PISA to produce polymerization-induced electrostatic self-assembly (PIESA).'3> This can involve
various approaches, such as polymerization of an ionic monomer in the presence of an oppositely-charged
polyelectrolyte.'**137 Recently, this concept was also extended to demonstrate the effect of comonomer
distribution on the final nanoparticle morphology.!*® For example, the shape and size of vesicles/lamellae
with identical chemical compositions could be tuned by varying the ionic comonomer distribution from
block-like to a gradient-type distribution. In principle, PIESA is compatible with a broad range of ionic
comonomers and it is clearly well-suited to aqueous formulations. Finally, block copolymer self-assembly
can also be induced using the chemical ligation routes developed by Magenau’s group'* and Yan’s

group.'%’ These strategies can be considered as alternatives to conventional PISA. However, given that self-
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assembly is not induced by polymerization we consider these studies to be beyond the scope of this PISA-

focused review.
3. Stimulus-responsive Block Copolymer Nano-objects

The number of examples of stimulus-responsive block copolymer nanoparticles prepared via PISA has
grown considerably since the first example was published in 2012.3! Much of this literature has focused on
block copolymer nanoparticles that can change their morphology when exposed to a change in

31, 43,56 pH 141144 1joht145-146 or redox potential.'*” In many cases, the worm phase has been

temperature,
targeted. This is because this phase is relatively narrow, so such anisotropic nanoparticles can be often
converted into spheres by applying a suitable stimulus. This morphological transition results in

1.2% reviewed the field of stimulus-

thermoreversible gelation, which may offer practical applications. Pei et a
responsive nanoparticles in 2017. Thus, in the present article we briefly summarize the older literature and

then focus on the most important advances made over the past two years.
3.1 Thermoresponsive Nanoparticles

In many cases, PISA formulations based on dispersion polymerization produce thermoresponsive diblock
copolymer nano-objects. For example, in the case of aqueous dispersion polymerization, the second
monomer (e.g. HPMA) is fully miscible in the aqueous continuous phase, which means that the insoluble
block is usually only weakly hydrophobic. In contrast, aqueous emulsion polymerization involves water-
immiscible monomers such as styrene or benzyl methacrylate, which leads to much more hydrophobic
structure-directing blocks. In such cases, it is much less likely that thermoresponsive behavior will be
observed for the resulting aqueous dispersions.?? Indeed, there are numerous literature reports of kinetically-

trapped spheres being obtained for the latter aqueous PISA formulations, ' 27 148

even when targeting highly
asymmetric diblock copolymer chains that might be expected to form either worms or vesicles. This can be
viewed as either a limitation or a benefit, as this morphological constraint actually provides a convenient

low-viscosity route for the synthesis of high molecular weight hydrophobic polymer chains in aqueous

media. In this context, Cockram et al. have recently postulated that the aqueous solubility of the second
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monomer is likely to be a critical parameter for avoiding kinetically-trapped spheres, which is a common

limitation for PISA syntheses based on aqueous emulsion polymerization formulations.'*’

Blanazs et al.’! reported the first example of thermoresponsive block copolymer nano-objects prepared via
PISA in 2012. More specifically, PGMAss.PHPMA 140 (Where PGMA = poly(glycerol monomethacrylate))
worms were prepared via RAFT aqueous dispersion polymerization of HPMA at 70 °C. This dispersion
formed a soft physical gel on cooling to 20 °C. However, further cooling to 4 °C induced a worm-to-sphere
transition, which led to concomitant degelation, as determined by variable temperature dynamic light
scattering (DLS), TEM and small angle x-ray scattering (SAXS) studies. Moreover, 'H NMR studies
indicated greater solvation of the weakly hydrophobic PHPMA blocks at 4 °C, thus providing evidence for
‘LCST-like’ behavior.!>® Many non-ionic water-soluble polymers such as PNIPAM exhibit so-called
‘inverse temperature solubility’ behavior: they are soluble in cold water but become insoluble in hot water
when heated above their lower critical solution temperature (LCST). The weakly hydrophobic PHPMA
block exhibits similar temperature dependence for its degree of (partial) solvation but, unlike PNIPAM, it
remains water-insoluble at all temperatures. These spectroscopic observations are interpreted in terms of

greater solvation of the hydrophobic PHPMA block close to the block junction (see Figure 2).
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Figure 2. (A) Chemical structure of a PGMAs4-PHPMA 14 diblock copolymer. (B) Digital photographs,
schematic cartoon and TEM images illustrating the thermoreversible behavior of this diblock copolymer.
Cooling from 21 °C to 4 °C drives a worm-to-sphere transition and an associated gel-sol transition. Digital
photographs were recorded at 10% w/w copolymer concentration. Adapted with permission from reference

31, Copyright 2012 American Chemical Society.

Thus, it is believed that surface plasticization of the worms drives the worm-to-sphere transition.
Temperature-dependent oscillatory rheology studies indicated that: (1) returning to 20 °C led to reformation
of the original worms, albeit with some hysteresis and (i1) the reconstituted gel had essentially the same
properties as the original worm gel. Moreover, these worm gels could be readily sterilized by ultrafiltration
of the low-viscosity, free-flowing dispersion of spheres formed at 4 °C, which suggests potential biomedical
applications. Indeed, Armes and co-workers demonstrated that similar PGMAss-PHPMA 135 worm gels

151

induce stasis (a quiescent, non-proliferative state) in pluripotent human stem cells'>" and can also be utilized

for cryopreservation of red blood cells.!>> More recently, Lovett et al. reported that the gelation behavior of
highly anisotropic diblock copolymer worms can be reasonably well explained in terms of percolation

153

theory. This suggests that physical gelation is simply the result of multiple inter-worm contacts, > rather
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than the ‘worm entanglements’ mechanism that has been invoked for surfactant-based worms.!>415

Similarly, there are numerous literature reports of the preparation of thermoresponsive block copolymer
nano-objects via non-aqueous dispersion polymerization. Thus, Fielding et al.*’ reported that poly(lauryl
methacrylate)-poly(benzyl methacrylate) [PLMA-PBzMA] worms prepared in n-dodecane undergo a worm-
to-sphere transition on heating to 90 °C. This change in morphology was confirmed by SAXS, TEM and
DLS, with 'H NMR spectroscopy studies indicating greater solvation of the core-forming PBzMA block at
elevated temperature. Such thermoresponsive behavior is complementary to that observed in aqueous
solution and thus can be interpreted in terms of ‘UCST-like’ behavior. In addition, Fielding ef al. suggested
that the worm-to-sphere transition was more likely to proceed by a ‘worm budding’ mechanism than by a

‘random worm scission’ mechanism.*?

Subsequently, Lowe and co-workers reported that similar worm-to-sphere transitions could be obtained for

138 156 or p-alkanes.*> %7 These latter studies

several other methacrylic diblock copolymers in either alcoho
suggest that the structure-directing block should have a relatively low glass transition temperature, with
chain mobility aiding the morphology transition. More recently, Warren et al.'®® compared the

thermoresponsive behavior of three PGMA-PHPMA worms with differing block compositions: PGMA37-

PHPMAso, PGMAs4-PHPMA 140 and PGMA7:-PHPM A2 (see Figure 3).

PGMA,,-PHPMA,, ~

Mn =213 kg mol-! dw =16.8 nm \@
M, M, = 1.13 \

> @0
PGMA-PHPMA., 4, ~ ﬁ ‘. 9
M, = 31.8 kg mol! P— .
M,JM, = 1.12 d,, = 24.4 nm [+ @
PGMA,,-PHPMA /
M,= 43.57)1kg mol-! 200 ~

MMy 114 dy =312 nm

Figure 3. Schematic representation of three PGMAx-PHPMA, diblock copolymer worms with differing

mean cross-sectional worm diameters (dw). The worm-to-sphere transition that is observed on cooling to 2
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°C in each case is reversible for PGMA37-PHPMAgo and PGMAss-PHPMA 149 but irreversible for PGMA7;-

PHPMAxo. Adapted with permission from reference '°®. Copyright 2018 American Chemical Society.

Mean worm cross-sectional diameters were 16.9, 24.4 and 31.2 nm, respectively. In each case, concentrated
aqueous dispersions of these worms formed free-standing gels at room temperature. Variable temperature
SAXS studies were conducted to examine the effect of block composition on the thermoreversibility of the
worm-to-sphere transition. On cooling to 2 °C, the PGMA37;-PHPMAgo worms dissociated to form
molecularly-dissolved copolymer chains. Returning to ambient temperature led to reformation of the worms,
with recovery of the original gel strength. For the intermediate PGMAs4-PHPMA 140 composition, the worms
formed sterically-stabilized spheres on cooling, rather than undergoing molecular dissolution. SAXS studies
indicated that worms were reformed via stochastic 1D fusion of multiple spheres, even at copolymer
concentrations as low as 0.5% w/w (given sufficiently long times). In contrast, PGMA7;-PHPMA200 worms
exhibited an irreversible worm-to-sphere transition. In summary, this study suggests that longer PHPMA
chains become significantly more hydrophobic and ultimately no longer thermoresponsive. In retrospect, it
is clear that the original observation of thermoreversible behavior for this particular PISA formulation was
somewhat fortuitous. There are numerous literature examples for which a worm-to-sphere transition is
irreversible.” 1% For example, Tan et al. prepared PPEGMA4+-PHPMAy (where PPEGMA =
poly(poly(ethylene glycol) methyl ether methacrylate)) worms by photo-initiated PISA."® Cooling to 4 °C
resulted in the desired worm-to-sphere and gel-sol transition. However, worm reformation did not occur on
returning to room temperature, even after heating at 50 °C for 24 h. Similarly, Warren et al. reported that
PEG113-PHPMA20 (where PEG = poly(ethylene glycol)) worms exhibited an irreversible worm-to-sphere
transition on cooling.® In both cases, the observation of kinetically-trapped spheres suggests that steric
stabilization is so efficient that it prevents the sphere-to-worm transition. HPMA monomer acts as a co-
solvent/plasticizer for the growing insoluble PHPMA block during the initial PISA synthesis, which
facilitates this evolution in morphology. This enhances the mobility of these growing chains, which aids 1D
sphere-sphere fusion. However, once the polymerization is complete there is no longer any HPMA monomer
to aid the sphere-to-worm transition. The thermoresponsive nature of PEGii3 stabilized vesicles was also
examined. The relatively large, polydisperse PEGi13-PHPMA30 vesicles (Dn = 450 nm, PDI = 0.30)
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originally obtained via PISA were transformed into spheres (Dn = 40 nm, PDI = 0.10) on cooling to 2 °C for
1 h. Incubation at 50 °C for 24 h led to the formation of much smaller, less polydisperse vesicles (Dn = 120
nm, PDI = 0.09). Utilizing this reversible thermal transition, a water-soluble rhodamine 6G-labeled poly((2-
methacryloyloxy)ethyl phosphoryl-choline) (PMPC) homopolymer could be encapsulated within the lumen
of the reformed PEGi13-PHPMA3oy vesicles. Thus, this protocol demonstrated the post-polymerization
encapsulation of macromolecules within vesicles, with the significant reduction in vesicle dimensions also
being preferred for potential intracellular delivery applications. However, one important question remains
unclear: why do PEGi13-PHPMA300 vesicles undergo a reversible morphology transition, whereas the

PEG13-PHPMA220 worms exhibit an irreversible morphology transition?

The challenge of designing PEG-based diblock copolymer worms that undergo a thermoreversible worm-to-
sphere transition was recently addressed by Penfold et al.’® Assuming that the PEG3 stabilizer block is too
long to allow the efficient 1D fusion of multiple spheres required to form worms, then reducing the mean
DP of the PEG stabilizer block should enable a thermoreversible worm-to-sphere transition to be achieved.
Utilizing a binary mixture of PEGii3 and PEG4s macromolecular chain-transfer agents (macro-CTAs), a
range of [x PEG4s + z PEG113] — PHPMA, diblock copolymer nanoparticles were prepared. Here, x and z
represent the mole fractions of the PEGss and PEGi 3 stabilize blocks, respectively. A phase diagram was
constructed to establish the relationship between block composition and copolymer morphology. The
thermoresponsive behavior of each worm dispersion was evaluated by cooling a 10% w/w aqueous
dispersion to 4 °C to induce a worm-to-sphere transition with concomitant degelation, followed by returning
to 25 °C for 24 h. Almost all block copolymer compositions displayed irreversible behavior and are denoted

by red filled squares in Figure 4.
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Figure 4. (A) Phase diagram constructed for [x PEG4s + z PEG113] — PHPMA, to examine the relationship
between block composition and copolymer morphology. Here x and z represent the mol fractions of PEGas
and PEGi3 respectively and n represents the PHPMA DP [S = spheres, W = worms, V = vesicles, R =
rosettes and P = precipitate]. (B) Schematic representation for the thermoreversible behavior exhibited by
[0.70 PEGss + 0.30 PEG113] — PHPMA 15 worms. (C) Temperature-dependent oscillatory rheology data and
digital photographs obtained for a 10% w/w aqueous dispersion of [0.70 PEGuss + 0.30 PEG113] — PHPMA 15
worms subjected to a 25 °C — 4 °C — 25 °C thermal cycle. Adapted with permission from reference °.

Copyright 2019 American Chemical Society.

However, a single composition corresponding to [0.70 PEGas + 0.30 PEG113] — PHPMA 15 worms exhibited
thermoreversible behavior. Oscillatory rheology studies confirmed degelation at 4 °C, and the original gel

strength was regained on returning to 25 °C. Furthermore, similar freeze-dried block copolymer worms
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could be reconstituted after dissolution in a commercial cell culture medium (Nutristem) and the gel strength
could be conveniently tuned by simply adjusting the copolymer concentration. Such thermoreversible worm
gels should enable an important scientific question to be addressed: do human stem cells enter stasis when
immersed within PGMA-PHPMA worm gels simply because of their very soft nature or is their hydroxyl-
rich nature also important? Repeating such cell biology experiments using PEGylated worm gels of
comparable softness should enable these two parameters to be delineated. In this context, it is also
noteworthy that Ren and Perez-Mercader'®! prepared PEG4s-PHPMA nano-objects using photo-initiated
PISA at 25 °C. Colloidally stable dispersions were only obtained for PHPMA DPs of 60 to 80. PEGas-
PHPMAG o spheres formed free-flowing liquids at 15 °C and very strong hydrogels (G' ~ 20 kPa) at 37 °C.
Although this sol-gel transition was reversible, it was suggested to be the result of micelle network
formation, rather than a worm-to-sphere transition. Furthermore, the bulk modulus is much too high for the
long-term storage of stem cells, although other biomedical applications may be feasible.!>! As stated above,
HPMA is a relatively rare example of a vinyl monomer that is suitable for aqueous dispersion
polymerization. Alternative water-miscible monomers include NIPAM,% MEA,!"'! N,N-diethylacrylamide

(DEAA),» di(ethylene glycol) methyl ether methacrylate (DEGMA)** and DAAM.3

Over the past few years, DAAM has been evaluated by various research groups in the context of aqueous
PISA formulations.®* 12165 This is in part because its reactive pendent ketone group provides a convenient
platform for post-polymerization modification. For example, Byard et al.>* synthesized poly(N,N-dimethyl
acrylamide)-poly(diacetone acrylamide) PDMAC-PDAAM nanoparticles via RAFT aqueous dispersion
polymerization at 70 °C. By varying the respective DPs of the PDMAC and PDAAM blocks, well-defined
diblock copolymer spheres, worms or vesicles could be obtained. As for most PISA formulations, the worm
phase proved to be the most difficult to identify and indeed this had eluded previous workers.!®167 Even
with the aid of a phase diagram, only a single diblock composition (PDMAC4-PDAAMoy) could be
identified that self-assembled to form pure worms. Given that DAAM monomer is highly water-soluble, it is
perhaps surprising that such worms were not thermoresponsive when cooled to below 5 °C. However,
heating to 50 °C resulted in a morphology transition from worms to a mixed phase comprising worms and

vesicles.??
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More recently, Wang et al.®® prepared PDMAC30-PDAAM; nanoparticles via RAFT aqueous dispersion
polymerization at 70 °C. A phase diagram was constructed for this relatively short PDMAC3p macro-CTA,
which resulted in the in situ formation of lamellae and vesicles and the identification of an unusually broad
lamellae phase. Moreover, PDMAC30-PDAAMeo-90 lamellae were transformed into a mixture of worms and
spheres on cooling from 70 °C to 10 °C. Rheology studies confirmed the expected sol-gel transition with a
critical gelation temperature (CGT) of 35 °C. Returning to 70 °C resulted in lamellae reformation.
Surprisingly, 'H NMR studies over this temperature range indicated no detectable solvation for the core-
forming PDAAM block. As expected, this thermoresponsive behavior was suppressed when the diblock
copolymer lamellae were cross-linked in situ via statistical copolymerization of DAAM with 2 mol% allyl

acrylamide.

To date, there appear to be no reports of aqueous thermoresponsive nanoparticles composed of an all-acrylic
block copolymer. Presumably, this is in part because the relatively low 7 values of such copolymers makes
TEM studies (and hence morphology assignments) somewhat problematic. In principle, the increasing
availability of cryo-TEM facilities within many research institutes should enable such PISA formulations to
be studied in the near future. In this context, it is perhaps noteworthy that Ratcliffe and co-workers
constructed a useful phase diagram for the PISA synthesis of all-acrylic diblock copolymer nano-objects in
non-polar media based mainly on DLS data and visual observations. This phase diagram was subsequently

corroborated based on a relatively limited set of cryo-TEM observations. '

In a traditional PISA synthesis, the R group of the RAFT macro-CTA is a soluble polymer that acts as the
steric stabilizer. After chain extension of this macro-CTA under PISA conditions, the organosulfur-based

RAFT end-groups are located within the solvophobic interior of the nanoparticles.
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Figure 5. (A) Reaction scheme for the synthesis of mPEGus-PtBA diblock copolymers via dispersion
polymerization in ethanol/water mixtures. Note that a Z-type macro-CTA was utilized, where the PEG
moiety is covalently attached to the Z-group of the RAFT agent. (B) Cartoon of mPEG4s-PtBA spheres,
worms and vesicles. The red circles represent the location of the trithiocarbonate functionality of the RAFT
agent at the core/shell interface. Adapted with permission from reference.'® Copyright 2019 American

Chemical Society.

In principle, an alternative approach would be to employ a macro-CTA!7!7! such that the steric stabilizer
chain is effectively the Z group of the RAFT macro-CTA. In this case, the organosulfur component of the
RAFT agent is located at the core-shell interface of the nanoparticles after PISA (Figure SB). However, if
the RAFT agent is not located within monomer-swollen nanoparticles, uncontrolled polymerizations are
usually observed. In 2018, Tan et al.’® reported the synthesis of a Z-type PEGas macro-CTA (see Figure
5A). 3-(Benzylthiocarbonothioylthio) propanoic acid (BTPA) RAFT agent was reacted with monohydroxy-
capped PEG4s-OH to afford PEGss-BTPA via Steglich esterification. This Z-type macro-CTA was then
chain-extended with #-butyl acrylate in ethanol/water (60/40 w/w) mixtures at ambient temperature using
photo-PISA. These conditions were selected to reduce monomer partitioning within the nanoparticles during
PISA. This PISA synthesis involved RAFT dispersion polymerization using a sodium phenyl-2, 4, 6-
trimethylbenzoylphosphinate (SPTP) photocatalyst. Canning et al.'’? reported that poly(N,N-dimethyl
acrylamide)-poly(phenyl acrylate) [PDMAC-PPhA] nanoparticles could be synthesized by RAFT aqueous

emulsion polymerization of phenyl acrylate. The unusually high 7; of 50 °C for the core-forming PPhA
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block prevented film formation and allowed nanoparticle morphologies to be assigned by conventional TEM
studies. As expected, only spherical nanoparticles were formed due to the low water-solubility of PhA

monomer, a parameter believed to be critical in accessing more complex morphologies.!'*’

In 2017, Pei et al.?* reviewed the behavior of thermoresponsive nanoparticles in various organic solvents,
with both worm-to-sphere and vesicle-to-sphere transitions being covered. Later that year, Derry et al.!”
demonstrated that PSMA3-PBzMAgs (where PSMA = poly(stearyl methacrylate)) vesicles prepared in
mineral oil undergo a vesicle-to-worm transition on heating up to 150 °C. TEM images confirmed the
formation of highly anisotropic worms, while SAXS analysis of the initial and final copolymer
morphologies indicated that, on average, each vesicle dissociated to form approximately three worms.
Variable temperature '"H NMR studies indicated an apparent degree of solvation of up to 43% for the
PBzMA core-forming block at 150 °C, and the morphology transition was explained in terms of surface
plasticization of the vesicle membrane. Perhaps more importantly, this vesicle-to-worm transition leads to a
significant increase in solution viscosity at elevated temperature. Thus, in principle, such a change in

copolymer morphology offers a completely new high-temperature oil-thickening mechanism.
3.2 pH, Photo- and Redox-responsive Nanoparticles

In their 2017 review article, Pei et al. also discussed pH-responsive block copolymer nanoparticles prepared
via PISA.? For example, Armes and co-workers reported that essentially non-ionic PGMA-PHPMA nano-
objects can exhibit fully reversible worm-to-sphere transitions. Importantly, these diblock copolymers were
prepared using either a carboxylic acid'** or morpholine-functionalized'**> RAFT agent, with such groups
being located at the terminus of the PGMA stabilizer chains. Ionization of the carboxylic acid group or
protonation of the morpholine end-group resulted in a subtle increase in the volume fraction of the PGMA
block, which in turn drives a worm-to-sphere transition. Furthermore, the analogous vesicle-to-worm
transition was also reported for similar PISA formulations.'*!* 1> Perhaps unsurprisingly, these morphology
transitions were suppressed in the presence of added salt owing to charge-screening effects. In closely
related work, Gibson et al.'”* recently prepared a series of seven poly(N-(2-methacryloyloxy)ethyl

pyrrolidone) [PNMEP] homopolymers with a range of DPs using a carboxylic acid-based RAFT agent.
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Ionization of this end-group was shown to be essential for the formation of colloidally stable nanoparticles
prepared via aqueous PISA. More specifically, the RAFT aqueous dispersion polymerization of HPMA and
the RAFT aqueous emulsion polymerization of 2-ethoxyethyl methacrylate (EEMA) were both unsuccessful
when conducted at pH 3 but yielded anionic electrosterically-stabilized nanoparticles when performed at pH
7. Both PNMEP-PHPMA and PNMEP-PEEMA spheres exhibited zeta potentials of approximately —30 mV
at pH 7. However, protonation of the anionic carboxylate end-group resulted in irreversible flocculation at
pH 3, which confirmed that such end-groups made a vital contribution to the overall colloidal stability. This
was further confirmed by the addition of electrolyte, with flocculation being observed at a KCI concentration

of 60 mM.

Poly(2-(diisopropylamino)ethyl methacrylate) [PDPA] exhibits pH-dependent aqueous solubility.!” As a
weak polybase with a pK, of around 6.2, PDPA is insoluble in neutral or basic solution but dissolves in
acidic solution owing to protonation of its tertiary amine groups. This pH-dependent solubility also applies
to DPA monomer. In 2018, Mable et al.%! chain-extended PGMAss-PHPMA30 vesicles using DPA via
RAFT seeded emulsion polymerization. The precursor PGMAss-PHPMA3p0 vesicles exhibited smooth
surfaces and remained intact between pH 3 and pH 8. However, the resulting PGMA sg-PHPM A300-PDPAsgg.
460 vesicles had a distinctly framboidal morphology. This was explained in terms of microphase separation
between the mutually incompatible hydrophobic PHPMA and PDPA blocks, which leads to the protrusion
of nano-sized PDPA spherical globules from the vesicle membranes. Larger globules were observed when
targeting higher PDPA DPs. Importantly, vesicle disintegration occurred on lowering the dispersion pH to
pH 3. Below the pK, of the PDPA block, the tertiary amine groups become protonated and acquire cationic
character. This resulted in an irreversible loss of the framboidal vesicle morphology to produce ill-defined
weakly-interacting spheres according to TEM analysis. SAXS studies indicated the presence of a fractal-like
morphology at pH 3. Time-resolved pH-jump SAXS experiments confirmed that vesicle disintegration

occurred rapidly and was complete within 1 s.

Like DPA, 2-(diethylamino)ethyl methacrylate (DEA) is a weak base (pK. ~ 7.3) that exhibits pH-
responsive behavior.!'”> PDEA is hydrophobic in its neutral form but becomes hydrophilic when protonated

(Figure 6A).
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Figure 6. (A) Chemical structure and schematic representation of the schizophrenic behavior exhibited by
PDEAgs-P(MAA-stat-BzMA)199 diblock copolymer nanoparticles in aqueous solution on adjusting the
solution pH. (B) Variation in intensity-average diameter and zeta potential with pH for a 0.1% w/w
dispersion of PDEAgs-P(MAA-stat-BzMA)199 diblock copolymer spheres. Adapted with permission from

reference '7°. Copyright 2019 American Chemical Society.

Taking advantage of this pH-responsive character, Canning et al.!’® reported that pH-responsive PDEAsgs-
P(MAA-stat-BzMA)199 (Where MAA = methacrylic acid) diblock copolymer spheres can be prepared at pH
2.5 via RAFT aqueous emulsion copolymerization of MAA and BzMA. The P(IMAA-stat-BzMA) block is a
weak polyacid. Thus, PISA synthesis conducted under acidic conditions produces cationic diblock
copolymer spheres of approximately 40 nm diameter, with electrosteric stabilization conferred by the
protonated PDEAgs stabilizer chains and the spherical cores being composed of the protonated hydrophobic
P(MAA-stat-BzMA) block (Figure 6B). On addition of base, the PDEA residues become less protonated

and macroscopic precipitation was observed at around the isoelectric point. A colloidal dispersion
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comprising highly anionic nanoparticles was obtained above pH 8. '"H NMR spectroscopy studies confirmed
that the PDEA block now forms the insoluble micelle cores under such conditions, while the ionized
P(MAA-stat-BzMA) chains are located within the micelle corona. This is an example of so-called

‘schizophrenic’ micellization behavior.!”’

A third commercially available tertiary amine methacrylate is 2-(dimethylamino)ethyl methacrylate
(DMAEMA). This monomer has a similar pK, to that of DEA but it is water-miscible even in its neutral
form. Tan et al. prepared a poly(ethylene glycol) methyl ether methacrylate (PEGMA, M, = 475 g mol!)
macro-CTA with a mean DP of 9 and chain-extended PPEGMAy via RAFT aqueous dispersion
copolymerization of HPMA with DMAEMA using photo-PISA at 25 °C to prepare PPEGMAy-P(HPMA -
stat-DMAEMA) vesicles.!”® Bubbling CO, into this aqueous dispersion lowered the pH owing to the
formation of carbonic acid (H>CO3). In control experiments, PPEGMAo-PHPMA» vesicles remained
essentially unchanged in the presence of CO,. However, when PPEGMA9-P(HPMA»o-stat-DMAEMA 10)
vesicles were exposed to CO, they were transformed into “irregular nanoparticles”, with DLS studies
indicating a reduction in mean nanoparticle diameter from 404 nm to 188 nm. The DMAEMA residues are
protonated at low pH, so the membrane-forming block becomes less hydrophobic. This subtle change in
solvation drives the observed morphology transition. Incorporating higher amounts of DMAEMA into the
PPEGMAy-P(HPM Axoo-stat-DMAEMA4o) vesicles led to a vesicle-to-chain transition on exposure to CO»:
the original milky-white dispersion became transparent and nanoparticles could no longer be observed by
DLS or TEM. Finally, a model protein (BSA) could be encapsulated within PPEGMAo-P(HPMA0o-stat-
DMAEMAg) vesicles with a loading efficiency of 24%, with protein release occurring after CO» treatment.
It is well-known that bubbling nitrogen gas through CO»-saturated aqueous solution can remove the
dissolved gas and return the solution pH to its original neutral value.!” Thus it is perhaps surprising that Tan

et al. did not examine the reversibility of this morphological transition.

Coumarin is a well-known light-sensitive compound that has been used to design light-responsive block
copolymers. 318 Hydroxyl-functional derivatives of coumarin can be reacted with methacryloyl chloride to
produce coumarin-based methacrylates, such as 7-(2-methacryloyloxyethoxy)-4-methylcoumarin (CMA).!#

Utilizing CMA, Pan and co-workers'®® recently reported that PHPMACa-P(DPAso-stat-CMAxo) spheres,
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‘nanowires’ or vesicles could be prepared in an 70/30 w/w ethanol/water mixture at 20% w/w solids. UV
irradiation at 365 nm led to vesicle cross-linking via photo-triggered dimerization of the coumarin groups
within the membrane-forming block. DLS studies indicated that the cross-linked vesicles had an intensity-
average diameter of 440 nm at pH 8. However, the vesicles swelled to 820 nm at pH 4 owing to protonation
of the DPA residues within the hydrophobic membrane. These vesicle dimensions remained constant for
five pH cycles between pH 8 and pH 4. Moreover, the mean size of membrane pores could be fine-tuned by
varying the UV irradiation time to adjust the cross-link density. Gold nanoparticles of up to 15 nm diameter

could be ‘post-loaded’ within such porous vesicles.

More recently, the same team reported the PISA synthesis of dual-responsive vesicles.!®¢ PEGo-PDPAx
vesicles were prepared in the presence of a bifunctional cross-linker, cystamine bismethacrylamide (CBMA)
(Figure 7). The lower reactivity of CBMA compared to DPA ensured that cross-linking was delayed until
vesicles had been formed. These vesicles proved to be pH-responsive, with mean diameters ranging from
300 nm to 600 nm over three pH cycles. Moreover, addition of a reductant (DTT) cleaved the disulfide
bonds within the CBMA residues, causing vesicle molecular dissolution within 20 min at pH 4. However, if
the same DTT cleavage experiment was conducted at pH 8, then the vesicles remained intact because the

DPA residues within the membrane-forming block are highly hydrophobic under such conditions.

(A) pH- and Reductant-Responsive of the Vesicles
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Figure 7. (A) Schematic representation of the pH-responsive swelling exhibited by PEG-P(DPA-stat-

CBMA) vesicles. (B) pH cycling experiments confirm the reversibility of the change in vesicle dimensions.
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(C) Addition of a suitable reductant (e.g. DTT) at pH 4 leads to cleavage of the disulfide bonds within the
CBMA cross-links; such vesicles undergo molecular dissolution under these conditions because the DPA
residues are protonated at this pH. Conversely, the same vesicles remain intact if the DTT reagent is added

at pH 7.4. Adapted with permission from reference '%¢. Copyright 2019 American Chemical Society.

Recently, Boyer and co-workers reported the synthesis of redox responsive poly(oligo(ethylene glycol)
methyl ether methacrylate-poly(2-(methylthio)ethyl methacrylate) [POEGMA-PMTEMA] nanoparticles
under ethanolic Photo-PISA conditions.!” Interestingly, the thioether functional and water insoluble
PMTEMA block could be readily oxidized to the corresponding polymeric sulfoxide yielding a double
hydrophilic block copolymer. This mechanism was used to demonstrate the disassembly of POEGMA-
PMTEMA vesicles in the presence of hydrogen peroxide. Alternatively, such POEGMA-PMTEMA vesicles
were also shown to be responsive to visible light with nanoparticle disassembly occurring due to the

generation of singlet oxygen by an encapsulated photosensitizer.

Sobotta et al.'*” employed an aqueous one-pot RAFT-mediated PISA protocol to prepare a series of novel
redox-responsive poly(N-acryloylmorpholine)-poly(N-acryloylthiomorpholine) (PNAM-PNAT)

nanoparticles (see Figure 8).
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Figure 8. Schematic representation of the oxidation-induced degradation of PNAM-PNAT nanoparticles to
water soluble chains after exposure to H»O». Adapted with permission from reference '*’. Copyright 2017

Royal Society of Chemistry.
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Like PMTEMA, PNAT is insoluble in water but oxidation of its thioether moiety yields a sulfoxide species
and the resulting PNATOX block is water-soluble. Thus exposing PNAM-PNAT spherical nanoparticles to
relatively low concentrations of hydrogen peroxide resulted in nanoparticle dissociation to form water-
soluble diblock copolymer chains. Moreover, such redox-responsive nanoparticles were shown to be
biocompatible. Thus, in principle, such redox responsive polymeric nanoparticles could provide a
convenient mechanism for the delivery of hydrophobic drugs to specific sites that are subjected to localized

oxidative stress.
4. New Strategies for Cross-linking

It is well-known that linear block copolymer nanoparticles undergo either dissociation to individual
copolymer chains or a change in copolymer morphology when exposed to (i) surfactants, (i1) good solvents
for both blocks, or (iii) changes in temperature or solution pH.'®” To address this problem, a wide range of
chemistries have been utilized to prepare covalently-stabilized block copolymer nanoparticles,!8818
including those prepared via PISA.2!: ' Most examples focus on core cross-linking, because conducting
shell cross-linking at high copolymer concentrations usually results in inter-particle cross-linking and hence

irreversible loss of colloidal stability. Generally speaking, cross-linking can be performed either via post-

polymerization derivatization or during the polymerization. These two strategies are discussed in turn below.
4.1 Post-polymerization cross-linking of nanoparticles.

In principle, covalently-stabilized block copolymer nanoparticles can be conveniently prepared via PISA
simply by adding a divinyl comonomer such as ethylene glycol dimethacrylate (EGDMA). In principle, such
comonomers can be added during the initial growth of the core-forming block.!”! However, better results are
usually obtained when adding EGDMA to linear diblock copolymer nanoparticles to produce core-cross-
linked ABC triblock copolymer nanoparticles, where the C block comprises PEGDMA (see Scheme 1A).
Armes and co-workers have shown that this strategy can work well for both spheres'®? and vesicles'”* but it
is more problematic for worms. This is because the latter morphology occupies relatively narrow phase
space. Thus, targeting even a relatively short PEGDMA block can generate mixed phases. Nevertheless,

core cross-linked worms can be prepared by this route if sufficient care is exercised.'*?
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In some cases, post-polymerization cross-linking can be readily achieved with no change in the block
copolymer composition. For example, PDMAC-PDAAM diblock copolymer nano-objects prepared via
RAFT aqueous dispersion polymerization can be covalently stabilized using adipic dihydrazide (ADH) in
concentrated aqueous solution (see Scheme 1B).>> !> However, it is perhaps more common to introduce
comonomers with appropriate functionality into the PISA formulation. One of the most versatile
comonomers in this regard is glycidyl methacrylate (GlyMA), because its pendent epoxy groups can be
194-195 3_

readily cross-linked via various chemistries. These include reaction with diamines (see Scheme 1C),

aminopropylsiloxane (APTES) (see Scheme 1D)'**!*® or 3-mercaptopropylsiloxane (MPTES).!”

For example, Chambon et al.'"®* prepared PGMA 55-P(HPM A47-stat-GlyMAs>) diblock copolymer vesicles
via RAFT aqueous dispersion copolymerization of HPMA and GlyMA. It is well-known that surfactants can
disrupt vesicle membranes and cause rapid vesicle disintegration. To address this problem, various diamines
such as ethylenediamine or commercially available Jeffamines were added to concentrated aqueous
dispersions of the vesicles to enhance their stability. Ring-opening of the epoxy groups within the vesicle
membranes by such diamines resulted in cross-linking, which dramatically increased vesicle stability in the
presence of surfactants. This approach is attractive because the GlyMA monomer is commercially available,

relatively cheap, and a range of bifunctional nucleophiles can be utilized to cross-link such nanoparticles.
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Scheme 1. Various strategies reported in the literature to covalently stabilize block copolymer nanoparticles
prepared via RAFT-mediated PISA. (A) Polymerization of ethylene glycol dimethacrylate (EGDMA) as the
‘C’ block to produce ABC triblock copolymer vesicles with cross-linked membranes;'* (B) Addition of
adipic dihydrazide (ADH) to ketone-functional poly(diacetone acrylamide) (PDAAM) cores leads to
hydrazone cross-links between chains;** 2 (C) Addition of 3-aminopropyltriethoxysilane (APTES) to
epoxy-functional nanoparticles enables core cross-linking via simultaneous epoxy-amine chemistry and
siloxane hydrolysis with concomitant condensation of the resulting silanol groups and the hydroxyl groups
on neighbouring HPMA residues;'” (D) ring-opening of the pendant epoxy groups in glycidyl methacrylate-
based spherical nanoparticles with ethylenediamine.?® [P-OH denotes the hydroxyl functionality located

within P(HPMA-co-GlyMA) cores].

An alternative cross-linking strategy for diblock copolymer nano-objects was reported by Lovett et al.,'’
who prepared five examples of PGMAss-P(HPMAy-stat-GlyMA ;) worms (where y, z were varied and y + z
= 144).The GlyMA content could be varied from zero to 20 mol% without perturbing the copolymer
morphology. Covalent cross-linking of the worm cores was achieved by addition of APTES. The pendent

epoxy groups in the GlyMA residues reacted with the primary amine group on the APTES, with covalent
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cross-linking resulting from simultaneous hydrolysis/condensation of the pendent siloxanes, both with each
other and with the secondary hydroxyl groups on the HPMA residues. Kinetic studies using 'H NMR
spectroscopy revealed that the ring-opening and hydrolysis/condensation reactions occurred on similar time
scales, suggesting that they proceeded concurrently, rather than sequentially. Successful cross-linking was
assessed by dilution into methanol (a good solvent for both linear blocks) with subsequent TEM analysis
confirming retention of the worm morphology. The cross-linked worms also proved to be colloidally stable
in the presence of excess anionic surfactant (SDS). APTES cross-linking resulted in stiffer worms and the
acquisition of weak cationic character owing to secondary amine formation within the worm cores. In
principle, less APTES should be required compared to a diamine cross-linker, because the former reagent

can theoretically react with up to four other copolymer chains.

Recently, Hunter et al.'®®

utilized this APTES cross-linking chemistry to prepare two types of PGMA4s—
P(HPMAyo-stat-GlyMA s) diblock copolymer worms that differed only in their mean aspect ratio. This was
achieved by conducting the APTES cross-linking at two different temperatures to take advantage of the
weakly thermoresponsive nature of the core-forming P(HPMAgo-stat-GlyMA s) chains.!”! Thus relatively
long cross-linked worms were prepared by reaction with APTES at 20 °C for 24 h, whereas relatively short
worms were obtained using the same reagent at 4 °C for 7 days. According to SAXS studies, these two types
of worms had mean aspect ratios of approximately 40 and 5, respectively. Both types of worms were used as
Pickering emulsifiers to prepare n-dodecane-in-water emulsions, which were then exposed to a non-ionic
surfactant (Tween 80). Significantly higher surfactant concentrations were required to displace the longer
worms from the oil/water interface. Thus this study demonstrated that highly anisotropic nanoparticles are

more effective Pickering emulsifiers than less anisotropic nanoparticles with essentially the same chemical

composition.

Covalent stabilization of highly anisotropic block copolymer worms also enables their use as highly
effective flocculants for model micrometer-sized particles. Thus, Penfold et al.'®® utilized the same
GlyMA/APTES strategy to prepare cationic cross-linked worms by employing a binary mixture comprising
90% PEGi13 and 10% PQDMA 125 macro-CTAs. Unlike the linear worms, the cationic cross-linked worms

(zeta potential ~ +40 mV) remained colloidally stable when challenged with methanol (a common solvent
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for both blocks) or a cationic surfactant (CTAB). Both the linear and cross-linked cationic worms were
evaluated as putative flocculants for near-monodisperse 1 um diameter anionic silica particles. Once
electrostatically adsorbed, the linear cationic worms did not survive the strong torsional forces exerted by
the relatively massive anionic silica particles. Thus only minimal flocculation was observed by laser
diffraction (D43 ~ 3 um). Conversely, the covalently cross-linked worms proved to be sufficiently robust to
cause substantial silica flocculation (D43 ~ 30 um for the resulting aggregates). Scanning electron
microscopy (SEM) studies confirmed that the electrostatically-adsorbed cross-linked worms acted as
bridging flocculants by spanning between neighboring silica particles. Importantly, these cross-linked
cationic worms outperformed four commercially-available high molecular weight water-soluble polymers
that are widely used as flocculants. Moreover, such cross-linked cationic worms were also able to flocculate
4 um and 8 um silica spheres. In related work,!” both cationic and anionic cross-linked worms were
prepared using a binary mixture of a non-ionic and a polyelectrolytic steric stabilizer block. In this case,
covalent stabilization was achieved by reacting MPTES with GlyMA residues within the worm cores rather
than APTES. This is because the epoxy-thiol reaction produces neutral species and hence does not adversely
affect the electrophoretic behavior of the original worms. Aqueous electrophoretic studies indicated zeta
potentials of ~ +41 mV and -39 mV for the cationic and anionic worms, respectively. Layer-by-layer (L-b-
L) deposition of these cationic and anionic cross-linked worms was performed in turn on planar silicon
wafers. Such experiments were conducted to gain a better understanding of the well-known L-b-L
deposition of soluble polyelectrolytes in the absence of salt because the much greater length scale of the
worms was sufficient to enable their direct visualization by SEM. Interestingly, the deposition of cross-
linked cationic worms onto a planar anionic silicon wafer (layer 1) was extremely fast, with ~16% surface
coverage being obtained within a few seconds. Subsequent L-b-L. deposition of oppositely-charged worms
resulted in a gradual increase in surface coverage as judged by ImageJ analysis of SEM images. Surface zeta
potential studies confirmed that this sequential deposition was accompanied by charge reversal for each new
worm layer. Interestingly, ellipsometry studies revealed two linear growth regimes, with faster film growth

obtained after approximately monolayer coverage.
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GlyMA is a water-immiscible monomer with an aqueous solubility of ~ 24 g dm™ at 80 °C.2°! Thus using
solely GlyMA to generate a core-forming block via aqueous PISA should involve emulsion polymerization.
According to the PISA literature formulations based on emulsion polymerization are often limited to
kinetically-trapped spheres, although non-spherical morphologies have occasionally been reported. !4 202-200
Recently, Hatton et al.'® reported the synthesis of PGMAu4s-PGlyMA diblock copolymer nanoparticles at
50 °C by RAFT aqueous emulsion polymerization. Only spherical nanoparticles were obtained, although
their mean diameter could be tuned by systematic variation of the PGlyMA DP. Core cross-linking of
PGMA45-PGlyMA 0o spheres was performed using either ethylenediamine or bis(3-aminopropyl)-terminated
PEG (PEG31-DA). This led to the formation of core cross-linked nanogels, which acquired weakly cationic
character due to their secondary amine functionality. One way to access diblock copolymer worms and
vesicles comprising solely PGlyMA cores is to switch from purely aqueous media to using ethanol/water
mixtures. For example, Tan et al.?® chain-extended a PEG4s macro-CTA with GlyMA using a 40:60 w/w
ethanol/water mixture at 25 °C using photo-PISA. Importantly, this solvent composition is a good solvent
for GlyMA monomer but the resulting PGlyMA is insoluble, allowing the formation of spheres, worms and
vesicles via RAFT dispersion polymerization. 'H NMR spectroscopy studies indicated up to 98% of the

original epoxy groups survive under such mild reaction conditions. Cross-linked block copolymer worms

and vesicles were then obtained by reacting with ethylenediamine at room temperature.

GlyMA has also been used as a core-forming monomer for PISA syntheses conducted in mineral oil. For
example, Docherty et al.?"’ chain-extended a PSMA macro-CTA with GlyMA to prepare PSMA-PGlyMA
spheres of tunable diameter. According to "H NMR studies, essentially all of the epoxy groups survived the
PISA synthesis, with enhanced long-term stability being observed compared to PGlyMA-core nanoparticles
synthesized via RAFT aqueous emulsion polymerization of GlyMA.!"> The epoxy-functional spheres
prepared in mineral oil were subsequently reacted with N-methylaniline. Ring-opening of the epoxy group

by this secondary amine produced hydroxyl groups, which ultimately resulted in core cross-linking.

More recently, use of a ketone-functionalized monomer, DAAM as the core-forming block in PISA
formulations has provided new opportunities to explore various cross-linking chemistries. Importantly, the

full range of nanoparticle morphologies can be accessed via RAFT aqueous dispersion polymerization of
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DAAM using either photo-PISA or thermally-initiated PISA 3233 63 162, 164,166 R example, Byard et al.>
reported cross-linking of PDMAC-PDAAM spheres, worms and vesicles by reacting the ketone moieties
with ADH. Sufficient cross-linking for covalent stabilization was achieved within 6 h at 25 °C using
[ADH]/[DAAM] molar ratios as low as 0.075. Such post-polymerization modification did not perturb the
original worm morphology. Similarly, Figg et al.'®® cross-linked PDMAC-P(DMAC-stat-DAAM) diblock
copolymer nano-objects using a difunctional alkoxyamine at 70 °C, resulting in hydrolytically stable oxime
linkages. In this study, the composition of the core-forming block was systematically varied to control the

mean length of the block copolymer worms.

DAAM has also been used as a stabilizer block in PISA formulations. He er al.?®® chain-extended a
PDAAM29 macro-CTA with #-butyl acrylate (fBA) via photo-PISA in a 60/40 w/w ethanol/water mixture.
Spheres, worms and vesicles were prepared, but the worm phase space was extremely narrow when
PDAAM>9-PrBAg9 diblock copolymers were prepared at 30% w/w. Incorporation of isobornyl acrylate into
the core resulted in the formation of lamellae, which could be subsequently shell cross-linked via the
PDAAM stabilizer chains using ADH at 5% solids. Subsequent hydrolysis of the tBA residues produced
carboxylic acid groups, which could be used as a template for the formation of silver nanoparticles via in
situ reduction of AgNOs. It is clear that low molecular weight polyfunctional reagents offer a convenient
post-polymerization approach to produce covalently-stabilized block copolymer nanoparticles (see Scheme
2). However, specific functionality (usually epoxy or ketone groups) must be incorporated into the

nanoparticles if this strategy is to be successfully implemented.
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1,3-bis-aminooxypropane

Scheme 2. Chemical structures of three low molecular weight reagents that have been employed to

covalently cross-link various types of block copolymer nanoparticles prepared via PISA; PEG3;-diamine, '

3-mercaptopropylsiloxane (MPTES)!*” and 1,3-bis-aminooxypropane.'®?

However, this approach is not the only strategy for the preparation of core cross-linked nanoparticles. For
example, we have already discussed use of the photo-reactive CMA!83184 a5 a core-forming block in PISA
formulations to prepare cross-linked PHPMA Cy4o-P(DPAgo-stat-CMA20) nanoparticles via UV irradiation (A
= 365 nm). Similarly, PHPMAC-P(NBMA-stat-CMA) (where NBMA = 2-nitrobenzyl methacrylate)
spheres, nanoworms, vesicles and lamellae were reported by Zhang et al.>*” In this case, exposure to UV
irradiation led to photoinduced cleavage of the NBMA moieties, resulting in the formation of 2-
nitrobenzaldehyde and methacrylic acid residues to yield PHPMAC-P(MAA-co-CMA) cross-linked
nanoparticles. In principle, such a hydrophobic-to-hydrophilic transition should result in nanoparticle
dissolution. However, simultaneous photoinduced dimerization of the CMA moieties resulted in the

formation of core cross-linked nanoparticles.

Boyer and co-workers utilized photo-PISA to prepared PEG113-PHPMAy diblock copolymer nanoparticles
via PET-RAFT aqueous dispersion polymerization.!*® Remarkably such syntheses could be conducted in the
presence of air by using a water-soluble zinc meso-tetra(N-methyl-4-pyridyl)porphine tetrachloride

(ZnTMPyP) photocatalyst and vitamin B7 (biotin) as a singlet oxygen quencher. These reactions were

Page 31



performed in a 96-well plate using red light (A = 595 nm) at ambient temperature. Diblock copolymer
spheres, worms and vesicles were prepared, with essentially full monomer conversions being achieved in all
cases. Higher PHPMA DPs were required to obtain worms and vesicles using this protocol when compared
to traditional thermally-initiated PISA syntheses conducted at 50 °C.%° This is most likely because PHPMA
is well-known to be slightly more hydrated at lower temperatures, thus a higher DP is required to induce
nanoparticle formation. The nanoparticle cores could be modified by statistically copolymerizing HPMA
with 7-[4-(trifluoromethyl)coumarin] methacrylamide (TCMAm). Importantly, the latter comonomer
undergoes radical polymerization when irradiated with red light but exposure to UV light (A = 365 nm)
induces [2 + 2] cycloaddition of its coumarin-based side-chains. Nevertheless, incorporation of TCMAm did
not prevent access to the full range of copolymer morphologies. Thus PEGi3-P(HPMA-co-TCMAm)
spheres, worms or vesicles could be obtained via irradiation at 595 nm with cross-linking being achieved by
exposure to UV light (A = 365 nm). This new approach is a rapid and convenient strategy to prepare cross-

linked nanoparticles that takes advantage of the wavelength selectivity offered by TCMAm.

In related work, Huang et al.?' demonstrated the versatility of [2 + 2] cycloaddition as a cross-linking
strategy by preparing PHPMA 40-PDEMA (where DEMA = 2-((3-(4-
(diethylamino)phenyl)acryloyl)oxy)ethyl methacrylate) diblock copolymer spheres, worms and vesicles by
RAFT-mediated PISA in methanol. Exposure to UV light (A = 365 nm) resulted in covalent cross-linking of
the nanoparticle cores due to cycloaddition of the cinnamate functionality on the PDEMA residues. Such
cross-linked nanoparticles can act as templates for the in situ formation of gold nanoparticles. However, this
approach requires the use of specialty monomers (see Scheme 3) which are usually expensive or require

multistep syntheses.
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Scheme 3. Chemical structures of three vinyl monomers that undergo [2+2] cycloaddition on exposure to

UV light (A = 365 nm) to produce core core-linked nanoparticles. 4% 209210

Recently, Cai and co-workers reported a new strategy to crosslink vesicles and ultrathin lamellae by taking

advantage of UV-activated disulfide exchange reactions.?!!

The authors incorporated cystamine
methacrylamide hydrochloride (CysMA) groups into nano-objects using visible light-mediated

polymerization. Subsequent UV irradiation induced rapid disulfide exchange to yield covalently-stabilized

nanoparticles with concomitant release of cystamine salt.

4.2 In Situ Cross-linking

In principle, homopolymerization of a divinyl comonomer as a third block can be a highly convenient route
to cross-linked block copolymer nano-objects. However, this approach leads to a subtle change in the block
copolymer composition, which may affect the copolymer morphology. This can be problematic when
preparing block copolymer worms, which typically occupy relatively narrow phase space.'®’> However,
block copolymer vesicles can be readily cross-linked via this route with minimal change in their

morphology.'?*1* 212 For example, using EGDMA as the third block enables the preparation of surfactant-
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resistant PGMA-PHPMA-PEGDMA vesicles.?!?> A new strategy was reported by An and co-workers in
2016, when a PDMAC30 macro-CTA was chain-extended with DAAM plus an asymmetric cross-linker,
allyl acrylamide (ALAM), to form covalently-stabilized block copolymer vesicles.'®” The acrylamide group
in ALAM exhibits similar reactivity to that of DAAM but the allyl group reacts much more slowly; this
leads to latent cross-linking in the latter stages of the PISA synthesis, i.e. well after vesicle formation. Such
cross-linked vesicles were utilized as templates for the synthesis of polyelectrolyte-based vesicles via chain
extension using either a cationic or anionic acrylamide comonomer.?!* X-ray photoelectron spectroscopy
(XPS) confirmed that the polyelectrolytic blocks were located at the surface of the vesicles, which exhibited
either positive or negative zeta potentials. Utilizing the same approach, An’s group reported the synthesis of
PDMA-PBzZMA worms via RAFT-mediated PISA in ethanol.?'* More specifically, the statistical
copolymerization of three asymmetric methacrylic cross-linkers were examined: vinyl methacrylate (VMA),
allyl methacrylate (AMA) and 4-allyloxybenzyl methacrylate (ABMA), see Scheme 4B. Incorporating
either VMA or AMA resulted in subtle morphology transitions (from pure worms to mixed phases of
spheres and worms). In contrast, ABMA enabled the initial copolymer morphology to be retained.
Furthermore, such cross-linked worms were obtained when using just 3% of ABMA in the nanoparticle

core.

Alternatively, Pan and co-workers recently reported that in sifu cross-linking of nanoparticles can be
achieved by statistically copolymerizing a small amount of a symmetric bismethacrylamide comonomer (see
Scheme 4A) with DPA. More specifically, this strategy was utilized for cross-linking PEG-P(DPA-co-

CBMA) vesicles, '8 as discussed earlier.
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Cystamine bismethacrylamide Ethylene glycol dimethacrylate
(CBMA) (EGDMA)

(B) Asymmetric vinyl comonomers

& o
T L e
0/\/
4-Allyloxybenzyl methacrylate Vinyl methacrylate
(ABMA) (VMA)
(0] 0]
0/\/ N/\/
| H
Allyl methacrylate Allyl acrylamide
(AMA) (ALAM)

Scheme 4. Chemical structures of (A) two symmetric and (B) four asymmetric cross-linking comonomers

that have been employed to prepare cross-linked block copolymer nano-objects.

The various synthetic approaches to cross-linked block copolymer nano-objects are summarized in Table 1.
However, it is perhaps worth noting that in at least some cases such covalent stabilization may not be
required. For example, amphiphilic diblock copolymer nano-objects comprising highly hydrophobic core-
forming blocks such as polystyrene or poly(benzyl methacrylate) may be sufficiently stable in aqueous
solution owing to the relatively strong van der Waals forces between the insoluble structure-directing chains.
In such circumstances, linear nanoparticles can exhibit remarkable tolerance to cosolvents and/or

surfactants.?"
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Table 1. Summary of the various cross-linking strategies reported in the PISA literature to prepare
covalently stabilized block copolymer nano-objects.

Copolymer Solvent used for Copolymer Cross-linking Reference

Composition PISA synthesis morphology reagent(s)

PGMAss- Water Vesicles Ethylenediamine, 194

P(HPMA 247-co- various

GlyMAs») Jeffamines

PGMAg4s- Water Spheres Ethylenediamine, '*°

PGlyMA 100 PEGg3;-diamine

PEG4s-PGlyMAy 40:60 w/w Spheres, Worms  Ethylenediamine ~ >*
ethanol/water and Vesicles

PGMA s6- Water Worms APTES 197

P(HPMAy-co-

PGMA4s— Water Long and short APTES 196

P(HPMA 9o-co- worms

GlyMA1s)

[0.90 PEG113 + Water Cationic worms  APTES 198

0.10

PQDMA 125]-

P(HPMA 160~

GlyMAu4o)

[0.90 PEG113 + Water Cationic worms  MPTES 199

0.10

PQDMA 140]-

P(HPMA 137-co-

GlyMA3s)

[0.90 PEG113 + Water Anionic worms MPTES 199

0.10

PKSPMA111]-

P(HPMA 168-co-

GlyMA39)

PEG113- Water Spheres, Worms 365 nm UV 146

P(HPMA«-co- and Vesicles

TCMAy)

PHPMA - Methanol Spheres, Worms 365 nm UV 202

PDEMAx and Vesicles

PHPMAC.- Water Spheres, Worms 365 nm UV 209

P(MAA«x-co- and Vesicles

CMAy)

PGMA ;- Water Vesicles EGDMA 212

PHPMA -

PEGDMAy
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PEG.-P(DPAx-  Water Vesicles CBMA 186
co-CBMAy)

PDMAC:- Water Vesicles ALAM 167
P(DAAMx-co-

ALAM,)

PDMA.- Ethanol Worms ABMA 214
P(BzMAx-co-

ABMAy)

PSMA-PGIyMA Mineral Oil Spheres N-methylaniline 2"’

5. Synthesis of Advanced Hybrid Materials by PISA

In the last 20 years, there has been increasing focus on the fabrication of hybrid nanoparticles combining
organic, biological and/or inorganic components.?'®?!° In principle, such nanoparticles combine the
attractive properties of their constituents, which will hopefully lead to materials with synergistic

performance.

5.1 Polymer/Inorganic hybrid materials by PISA

PISA enables the convenient, one-pot synthesis of polymer/inorganic hybrid nanoparticles (Figure 9), by

either encapsulation or grafting strategies.

Figure 9. TEM images of various polymer/inorganic nanomaterials prepared by conducting PISA in the

f 220

presence of (A) titanium dioxide particles (reprinted from re with permission of the American Chemical

Society), (B) layered double hydroxides (reprinted from ref *! with permission of The Royal Society of
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Chemistry) or (C, D) silica nanoparticles (reprinted from ref 2?2 and ?2*, respectively with permission of the
American Chemical Society). Morphologies of such hybrids can be tuned by manipulation of various

parameters such as the size of the inorganic particles and the polymer/inorganic mass ratio.

For example, Hawkett’s group pioneered the encapsulation of various inorganic nanoparticles via RAFT

aqueous emulsion polymerization to form a diverse range of colloidal nanocomposites.?>*?>> This generic

220, 226 227

approach has been exemplified for various metal oxide particles, carbon nanomaterials®*’ and mineral
platelets.?”® Bourgeat-Lami and co-workers reported a PISA formulation involving grafting from the surface
of silica nanoparticles to produce a range of polymer/silica nanoparticles that exhibited multipod, snowman
or tadpole-like morphologies.??***° In addition, Mable et al. demonstrated the in situ encapsulation of silica
nanoparticles within PGMAss-PHPMA»so vesicles via aqueous PISA.?>> By exploiting the thermosensitive
nature of these silica-loaded vesicles, the silica nanoparticles could be released on cooling to 0-5 °C as a
result of a vesicle-to-sphere transition. Subsequently, the same team reported that silica nanoparticle release
from similar vesicles could be modulated using dynamic covalent chemistry.>*! Such hybrid
232233

polymer/inorganic nanomaterials offer various potential applications ranging from paints and coatings

to wound repair.?*

5.2 Polymer-protein biohybrid nano-objects by PISA

It is well-known that proteins undergo denaturation at elevated temperature,?>2%

thus the synthesis of
polymer-protein conjugates via PISA requires relatively low reaction temperatures.>**2*? For example,
Mable et al., encapsulated BSA within PGMAss-PHPMA27 vesicles prepared via RAFT aqueous dispersion
polymerization at 37 °C 22 This reaction temperature was sufficiently low to avoid denaturation, while use
of a low-temperature azo initiator generated a sufficient radical flux to ensure essentially full conversion of
HPMA monomer within approximately 8 h. Similarly, Sumerlin, Zhang and co-workers encapsulated BSA
within PEG-PHPMA vesicles prepared in aqueous solution via photo-PISA at 25 °C (Figure 10A).!"” Such
mild conditions enabled more than 90% of the native activity of this enzyme to be retained. O’Reilly’s group

extended this photo-PISA approach to encapsulate several enzymes which retained their catalytic activity

and enabled cascade reactions to be explored.?*? It is perhaps worth emphasizing here that the weakly
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hydrophobic PHPMA block is partially plasticized with water, thus reagents can readily permeate the vesicle
membranes, while the encapsulated enzymes are protected from proteolytic degradation.?** Thus such
enzyme-loaded vesicles may offer some potential in the context of industrial biotechnology. More recently,
O’Reilly’s group has also shown that using an appropriate surfactant enables the insertion of membrane
proteins within vesicle membranes during their formation via photo-PISA (Figure 10B).>* Perhaps
surprisingly, proteins can also be employed as steric stabilizers during PISA to produce unique, self-

assembled protein-polymer nanoparticles (Figure 10C).
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Figure 10. Synthesis of various protein-polymer nanoparticles by aqueous PISA. Proteins can be (A)

encapsulated within vesicles (reprinted from ref >4

with permission of the American Chemical Society), (B)
introduced within vesicle membranes to control the selective transport of small molecules (adapted from ref

245 with permission of the American Chemical Society or (C) used as a reactive steric stabilizer to prepare

protein-stabilized nanoparticles (reprinted from ref '>! with permission of the American Chemical Society).
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This approach was first reported by Gao and Liu, who polymerized HPMA directly from human serum
albumin (HSA), which was modified with an ATRP initiator group at its cysteine-34 site.!?! Depending on
the precise reaction conditions, HSA-PHPMAy spheres, worms or vesicles could be synthesized in aqueous
solution. In each case, almost complete retention of HSA esterase activity was observed compared to the
free protein. This approach was also later exploited for increasing the blood circulation half-life of
interferon-a, a promising cytokine with a range of potent biological responses.**® More recently, Huang and
co-workers employed a PET-RAFT strategy to polymerize HPMA from a RAFT agent-functionalized BSA

precursor, and demonstrated that encapsulated therapeutics could be released in the presence of proteases.?*’

6. Improved throughput during PISA

RAFT polymerization involves radical species and hence is sensitive to retardation in the presence of
oxygen.”*® Thus PISA syntheses are routinely conducted using deoxygenated reaction solutions, usually
achieved via freeze-pump-thaw cycles or by degassing using an insert gas (N2 or Argon). However, such
protocols increase the complexity of PISA syntheses and significantly increase the difficulty to conduct
high-throughput experiments using small volumes (uL). If this limitation could be addressed, it could enable

rapid optimization of reaction conditions via parallel experimentation.

In principle, PISA syntheses can be performed under a nitrogen atmosphere using an automated synthesizer
unit.>**>° This approach was recently demonstrated by Cockram and co-workers, who used a Chemspeed
AutoPlant A100 synthesizer to perform up to 20 simultaneous RAFT aqueous emulsion polymerizations

(Figure 11A).
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(A) — High Throughput Robotics in PISA
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Figure 11. Implementation of (A) automated robotic synthesizers (adapted from re
the Royal Society of Chemistry) and (B) oxygen tolerant, high throughput strategies (adapted from ref >

with permission of the American Chemical Society) for the acceleration of materials discovery in the

context of new PISA formulations.

Using mechanical stirring, either PMAA-PBuMA (where PBuMA = poly(n-butyl methacrylate) or PMAA-
PBzMA spheres could be obtained with high reproducibility at up to 45 % w/w solids. Such syntheses
resulted in relatively broad molecular weight distributions, but blocking efficiencies remained sufficiently

high to enable the synthesis of colloidally stable tetrablock copolymer nanoparticles.

As an alternative to robotic/automated synthesizers, oxygen inhibition can be minimized by conducting
chemical deoxygenation of reaction mixtures using either enzymes or photochemistry.?*>” This can
facilitate parallel syntheses without requiring specialized equipment. Furthermore, polymerizations can be
conducted at microlitre (or even smaller) scales, thus improving the efficiency of high-throughput PISA.>*
Chemical deoxygenation was first reported by Boyer and co-workers, who employed a photocatalyst to
convert molecular oxygen into singlet oxygen, with the latter species being trapped using a suitable

quencher.?*?% Subsequently, the same team demonstrated that oxygen-tolerant photoinitiation enabled
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PISA syntheses to be conducted directly in 96-well microliter plates, enabling the convenient parallel
synthesis of self-assembled nanoparticles on a laboratory benchtop.?®! In addition, Tan’s group!!> 2
demonstrated that PISA syntheses could be conducted by utilizing the enzyme deoxygenation approach.?>*
Using this strategy, a phase diagram was rapidly constructed by performing multiple PISA syntheses in a
single pass, although the subsequent morphology assignments presumably remain a bottleneck (Figure
11B). More recently, Gianneschi and co-workers have developed a high throughput TEM method using
automated TEM and automated image analysis to rapidly generate phase diagrams, which removes one of
the main limitations in the characterization of PISA samples.’®®> In summary, recent advances in high

throughput PISA syntheses and characterization methods hold considerable promise for accelerating the

pace of materials discovery and optimization of nanoparticle formulations.
7. PISA under Continuous Flow for Scalable Synthesis

Compared to traditional block copolymer self-assembly strategies, PISA can be performed at much higher
solids. In some cases, colloidally stable nanoparticles can be prepared at copolymer concentrations of up to
50% w/w,?® which augurs well for the industrial scale-up of PISA formulations. In this context, continuous

flow syntheses are becoming increasingly favored over batch syntheses,5?

as it offers superior heat/mass
transfer, enhanced reaction rates and the potential for integrated feedback control loops.?®*2 Zhu and co-
workers reported the first example of PISA conducted under continuous flow conditions, where methyl
methacrylate (MMA) was polymerized from a PEGMA macro-CTA in a stainless steel tubular reactor via

thermally-initiated RAFT emulsion polymerization (Figure 12A).2%
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Figure 12. RAFT-mediated PISA syntheses performed under continuous flow conditions using (A) thermal
initiation (adapted from ref 267 with permission from the Royal Society of Chemistry) and (B) photoinitiation
(adapted from ref 2% with permission from the American Chemical Society). Such advances augur well for

the eventual industrial scale-up of PISA.

Using a two-stage flow process, amphiphilic diblock copolymer spheres could be prepared with adjustable
mean diameters. Recently, Warren and coworkers applied an all-aqueous continuous flow approach for the
synthesis of PDMAC-PDAAM nanoparticles.’® Using a 5 mL stainless steel coil reactor resulted in
significantly faster kinetics compared to a batch process, which was attributed to the increased heat transfer
in the tubular reactor. Furthermore, higher order morphologies such as worms and vesicles could also be

readily synthesized under these continuous flow conditions at concentrations as high as 20 wt%.

Recently, a team led by Boyer, Junkers and Zetterlund developed an alternative approach:
photopolymerization was used to initiate aqueous PISA to convert a batch reaction into a continuous flow
process.26%: 270271 Photopolymerization under flow conditions significantly reduces the problem of light
intensity gradients (or light diffusion) encountered for batch processes owing to internal absorption

effects.?’?> Leveraging this advantage, a prototype microflow photoreactor (1 mm inner diameter) was
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developed that was capable of producing up to 60 g of a desired nanoparticle morphology in a single day
(Figure 12B). Furthermore, the mild photopolymerization conditions enabled the in situ encapsulation of a
well-known anticancer drug (doxorubicin) during the PISA process. Although the full potential of
continuous flow PISA syntheses are yet to be fully realized, this chemical engineering approach holds

significant promise for the successful implementation of PISA on a commercially viable scale.

8. Conclusions and Prospects

In recent years, the PISA landscape has evolved significantly with the introduction of a plethora of new
chemical tools for the synthesis and characterization of PISA-derived nanoparticles. For example, a wide
range of new initiation methods have been developed as alternatives to thermally initiated RAFT

118

1,3 enzymatic,90 ultrasonic''® or even

polymerization over the past five years. Some of these photochemica
radiochemical!’ techniques have shown that PISA can be achieved under a much broader range of
experimental conditions than previously demonstrated. For example, these advances have enabled the

efficient and rapid synthesis of vesicles at close to room temperature, allowing the in situ encapsulation of

7 247

thermally-sensitive therapeutics such as small-molecule drugs,’®® proteins'”’” and even nucleic acids
without affecting their bioactivities. Such loading strategies are expected to have a significant impact in the
field of drug delivery by providing an efficient route for the direct encapsulation of sensitive biological
therapeutics. More recently, Cai and co-workers have proposed a liquid-liquid separation mode via PISA,
utilizing liquid coacervate droplets and photo-PISA.>”® This approach could be used for the encapsulation of

therapeutic compounds (such as siRNA, DNA, and other biomolecules) via electrostatic interactions using

the liquid coacervate droplets as reservoirs.

In addition to new initiation methods, various alternative RDRP techniques have been utilized for PISA

)126-127 and even

syntheses. Techniques such as NMP,'??> ATRP,% 12 jodine-mediated polymerization (ITP
sulfur-free RAFT'?%12% may be preferable for their ability to produce non-colored nanoparticles without
malodorous or potentially toxic sulfur-based residues. Additionally, these strategies produce copolymers

with chemically diverse chain-ends, which may enable an even broader toolbox of post-polymerization
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techniques to be applied. Beyond radical-based polymerization, techniques evoking ionic polymerization
and especially ROMP-based strategies continue to broaden the PISA field, enabling the design of self-
assembled nanomaterials with new monomer families. Such discoveries will be likely aided by in silico
predictions of monomer behavior in PISA as recently demonstrated by O’Reilly’s group.?’4’> Further, such
strategies may be more compatible with certain therapeutic drugs that might be otherwise difficult to
integrate into a radical-based synthesis. For example, Delaittre’s group recently demonstrated a protecting
group-free, one-pot synthesis of nitroxide radical-functionalized polymeric nanoparticles using ROMP PISA
to circumvent issues using radical based polymerization.’’® In addition, these techniques may lead to the
design of biodegradable polymeric nanoparticles for drug delivery applications. Indeed, the morphology of
nanoparticles can have a significant effect on their biodistribution, as well as their interaction with (and
accumulation within) different cells.?’’?%0 Designing fully biodegradable nanoparticles with well-defined
morphology could have a significant impact in anti-cancer treatment and provide further understanding into

their in vivo biodistribution.

There is also increasing interest in the use of external stimuli to provide fine control over the size and shape
of PISA-derived nanoparticles. For example, light has been harnessed to provide spatiotemporal control over
initiation,?* crosslinking®® and/or to modify the hydrophobic/hydrophilic block ratio.?®! Furthermore, the
potential to activate differing chemical processes using two or more wavelengths of UV/visible light (or
alternative stimuli) opens up the possibility of performing orthogonal reactions such as on-demand
crosslinking during PISA.!”™ In principle, this approach could provide access to unusual morphologies
owing to stepwise changes in copolymer chain mobility. For example, fabrication of core/corona
compartmentalized nanoparticles could be useful drug delivery because it may enable (i) simultaneous
encapsulation of multiple therapeutic agents, (ii) the stabilization of polymer blends or (iii) the production of
hybrid organic/inorganic nanoparticles.?®>3 For example, Tan and co-workers recently reported the use of
photo-PISA to prepare so-called ‘patchy’ worms by chain extension of crosslinked polymeric

nanoparticles.?*

Apart from the introduction of new chemistries, various engineering approaches have been developed to

increase the rate at which block copolymer nanoparticles can be synthesized via PISA. A recent pilot study
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has already demonstrated the feasibility of implementing automated synthesizers (with inert working

environments) for high-throughput PISA syntheses.?!

As an alternative, inherently oxygen-tolerant
polymerization protocols have also been developed which may be more attractive for conducting high-
throughput PISA in an academic setting because they do not require any specialized equipment.?®> 26! In
principle, these high-throughput strategies enable rapid optimization of PISA formulations: this is
particularly relevant given the large number of reaction variables (monomer concentration, target degree of
polymerization, temperature, solvent composition, etc.) affecting the self-assembly process. Furthermore,
this approach provides a versatile synthesis platform to implement structure-activity screening approaches
similar to those already used in the pharmaceutical and drug discovery industries.?®> PISA formulations have
also recently been examined in the context of continuous flow reactors, allowing rapid manufacturing of
relatively large quantities of block copolymer nanoparticles with a precise morphology.?®® 2%® Such an
engineering approach can significantly improve the overall yield of polymeric nanomaterials compared to
that achieved using batch reactors without some of the issues of scale associated with the latter approach,
such as poor heat transfer and irreproducibility between batch reactions.?*® Currently, there is little known
regarding the potential effect of shear and nanoparticle-induced changes in solution viscosity during
nanoparticle formation under confined flow conditions. It seems likely that computational fluid dynamics
could be of significant utility in this context. In addition, combining flow PISA processes with in situ
encapsulation of therapeutic agents could facilitate rapid production of drug-loaded nanoparticles for
biomedical applications. Finally, the implementation of PISA under continuous flow conditions should
facilitate integration of online monitoring techniques, which could provide an elegant solution for improving

the reproducibility of the PISA process.”®’
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List of Abbreviations

Full Chemical Name Abbreviation
2-(Diethylamino)ethyl methacrylate DEA
2-(Dimethylamino)ethyl methacrylate DMAEMA
2-Ethoxyethyl methacrylate EEMA
2-Hydroxypropyl methacrylate HPMA
2-Methoxyethyl acrylate MEA
2-Nitrobenzyl methacrylate NBMA
3-(Benzylthiocarbonothioylthio) propanoic acid BTPA
3-Aminopropylsiloxane APTES
3-Mercaptopropylsiloxane MPTES
4-Allyloxybenzyl Methacrylate ABMA
7-(2-Methacryloyloxyethoxy)-4-methylcoumarin CMA
7-[4-(Trifluoromethyl)coumarin] methacrylamide TCMAm
Addition-fragmentation chain transfer AFCT
Adipic dihydrazide ADH
Allyl acrylamide ALAM
Allyl methacrylate AMA
Atom transfer radical polymerization ATRP
Bovine serum albumin BSA
Controlled/living radical polymerization CLRP
Critical gelation temperature CGT
Crystallization-driven self-assembly CDSA
Cystamine bismethacrylamide CBMA
Degree of polymerization DP
Di(ethylene glycol) methyl ether methacrylate DEGMA
Diacetone acrylamide DAAM
Dynamic light scattering DLS
Ethylene glycol dimethacrylate EGDMA
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Glucose oxidase

Glycidyl methacrylate

Horseradish peroxidase

Human serum albumin

Initiators for continuous activator regeneration
Iodine-mediated polymerization
Light emitting diode

Lower critical solution temperature
Macromolecular chain-transfer agent
Methacrylic acid

Methyl methacrylate
N,N-Diethylacrylamide
N,N-Dimethylformamide
N-Isopropylacrylamide
Nitroxide-mediated polymerization
Nuclear magnetic resonance

Photoinduced electron/energy transfer-reversible addition-fragmentation chain

transfer

Poly((2-methacryloyloxy)ethyl phosphoryl-choline)
Poly(2-(diisopropylamino)ethyl methacrylate)
Poly(2-(methylthio)ethyl methacrylate

Poly(benzyl methacrylate)

Poly(glycerol monomethacrylate)

Poly(lauryl methacrylate)
Poly(N-(2-methacryloyloxy)ethyl pyrrolidone
Poly(N,N-dimethyl acrylamide)
Poly(N-acryloylmorpholine)
Poly(N-acryloylthiomorpholine)

Poly(n-butyl methacrylate)

Poly(oligo(ethylene glycol) methyl ether methacrylate
Poly(phenyl acrylate)

Poly(poly(ethylene glycol) methyl ether methacrylate
Poly(stearyl methacrylate)

Polymerization-induced self-assembly

Reversible addition-fragmentation chain transfer
Reversible deactivation radical polymerization
Ring-opening metathesis polymerization

Scanning electron microscopy

Small angle X-ray scattering

Sodium phenyl-2, 4, 6-trimethylbenzoylphosphinate
-Butyl acrylate

Transmission electron microscopy

Upper critical solution temperature

Vinyl methacrylate

GOX
GlyMA
HRP

HSA

ICAR

ITP

LED

LCST
macro-CTA
MAA
MMA
DEAA
DMF
NIPAM
NMP

NMR
PET-RAFT

PMPC
PDPA
PMTEMA
PBzMA
PGMA
PLMA
PNMEP
PDMAC
PNAM
PNAT
PBuMA
POEGMA
PPhA
PPEGMA
PSMA
PISA
RAFT
RDRP
ROMP
SEM
SAXS
SPTP
tBA

TEM
UCST
VMA
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