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Abstract

Lipid bilayer membranes with precisely programmed properties play a vital role in most
biological processes, enabling structural organization, confinement and communication
on both a cellular and subcellular level. Self-assembled synthetic analogues, such as
liposomes and polymersomes, have been widely investigated as simplified biomimetic
models, providing a deeper understanding of fundamental membrane functions. The
primary aim of this thesis was to explore novel methodologies for tuning the
physicochemical membrane characteristics of functional polymersomes developed via
aqueous polymerization-induced self-assembly (PISA) and highlight their potential
application in biomimicry. In particular, PISA was employed for in situ preparation of
block copolymer nano-objects at high concentrations throughout this thesis, owing to its
robustness, versatility, and high reproducibility. Importantly, highly efficient strategies
were established herein that afforded fine control over various properties of the prepared
nanostructures, including the thickness, hydrophobicity, permeability, rigidity, and
functionality of their membranes. Moreover, polymersomes of controllable size and shape
could be also obtained depending on the experimental procedure followed. The outlined
findings and identified trends were used for studying different communication and
transport mechanisms within or between these nanocompartments, mediated either via
passive diffusion of small molecules across selectively permeable membranes of catalytic
nanoreactors or via intervesicular fusion events, and are expected to set the groundwork

for future studies in biocatalysis and therapeutic delivery.
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1.1. Introduction to Synthetic Polymers

The term polymer, first introduced in 1833 by Swedish chemist Jons Jakob Berzelius and
established with its modern etymology in 1920 by German chemist Hermann Staudinger,
derives from the Greek words zoli¢ (polys, meaning “many”) and uépo¢ (meros, meaning
“part”)." 2 Polymers are complex, high molar mass molecules (also referred to as
macromolecules) composed of a sequence of smaller repeated subunits, called monomers,
that are linked to one another through covalent or non-covalent intermolecular
interactions to form long chains or networks. Naturally occurring polymers such as
deoxyribonucleic acid (DNA), proteins and polysaccharides, play vital roles in sustaining
all forms of life, as they are essential components in the vast majority of biological
processes. Not surprisingly, tremendous research effort has been devoted over the past
century toward the development of synthetic polymers that mimic certain characteristics
and functions of their natural counterparts, and their utilization in a wide range of
industrial and biomedical applications. However, such synthetic species have yet to

achieve the high complexity and sequence-defined uniformity of natural polymers. *

Polymers are synthesized via a chemical process termed polymerization, during which
the overall number of repeated monomeric units within a single polymer chain, also
defined as degree of polymerization (DP), and the distribution of molecular mass across
all polymer chains, also known as dispersity (Bwm) — the ratio between weight-average
molar mass (Mw) to number-average molar mass (Mn), should be precisely controlled.®
Typically, these values are two of the main parameters that determine the
physicochemical properties of polymers, which are distinctly different and often superior
with respect to their constituent small molecules. Due to their high molecular mass,

polymers present increased viscosity, mechanical strength, and chemical resistance,
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amongst other properties.® Uniquely, polymers also display glass transition temperatures
(Tg) — defined as the temperature at which polymers undergo a glassy-to-amorphous state

transition.®

Importantly, there are a number of other factors that can affect the final properties and
ultimately the application of polymer-based materials. In particular, the composition,
topology and functionality of synthetic polymers are parameters that can be externally
controlled for the design and preparation of well-defined materials with certain
application-oriented characteristics (Figure 1.1).”° Polymer composition can be
programmed by precisely tuning the sequence (e.g., homopolymer, block copolymer,
alternating copolymer, statistical/random copolymer, etc), and tacticity (e.g., isotactic,
syndiotactic, or atactic polymer) of monomeric units across the polymer chain, as well as
the total polymer molecular weight. In addition, polymers with varying topologies (e.g.,
linear, cyclic, star, bottlebrush, etc), also expressed in terms of their macromolecular
architecture, present markedly different macroscopic features. Finally, polymers that bear
reactive or polymerizable moieties within their structure are able to undergo subsequent
post-polymerization modification for the introduction of a broad range of functionalities
and the development of materials with uniquely distinct properties compared to their

parent polymers.”
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Figure 1.1. The composition, topology and functionality of polymer-based materials are among
the main features that determine their properties and, as a consequence, their potential

applications.

1.2. Polymerization Techniques

Over the last century, numerous polymerization methodologies have been developed and
can be primarily divided into two main categories — step-growth polymerization'® * and
chain-growth polymerization*?> — depending on the mechanism under which polymer
growth proceeds. The basic principles of each polymerization type will be briefly
introduced herein, and particular focus will be given to polymerization techniques utilized

within the experimental Chapters of this thesis.

To date, step-growth polymerization, such as polycondensation or polyaddition reactions,
remains one of the most widely utilized and economically viable approaches for polymer
synthesis at industrial scale.® Typical examples of polymers prepared via step-growth
polymerization processes include polyesters, polyamides, polyurethanes, and polyureas.

During the initial stages of step-growth polymerization, two homo-bifunctional or hetero-

4
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bifunctional monomers react to form dimer products. Then, these dimers can react with
another monomer to produce a trimer or combine with other dimers to form tetramers.
This series of events continues in a step-wise manner until short oligomeric chains are
formed. In principle, polymers of high molecular weight are only attained at the late
stages of the process, whereby near-quantitative monomer conversions are achieved and
oligomers can further react with each other (Figure 1.2A). This also coincides with a
broadening in the molecular weight distribution of the resulting polymers. Step-growth
polymerizations typically proceed until the limiting reagent/monomer is fully

consumed. 114

(B) Chain-growth

(C) Living

Molecular Weight

(A) Step-growth

T T
0 20 40 60 80 100
% Conversion

Figure 1.2. Evolution of polymer molecular weight with increasing monomer conversion for (A)
step-growth polymerization, (B) conventional chain-growth polymerization, and (C) living

polymerization.

It is also important to note that low molecular weight species exist throughout the whole
duration of a step-growth polymerization process, highlighting the requirement of
additional post-polymerization purification steps to yield highly pure polymers.
Additionally, precise control over the stoichiometric ratio of the monomeric species
coupled with high monomer purity, strictly monitored reaction conditions and long

reaction times are usually required for the synthesis of high molar mass polymers.t!

5
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Ultimately, step-growth polymerization is prone to terminating side reactions and is
considered a less versatile and robust methodology compared to its chain-growth

counterpart.

In opposition to the sole chemical reaction occurring between monomers throughout step-
growth polymerization, chain-growth polymerization processes involve multiple types of
reactions that occur simultaneously at different rates and via distinct mechanisms.
Generally, these reactions can be classified in initiation, propagation and termination
reactions.!® During the initiation stage, activated polymerization mediators, such as
radicals and ions, are generated by the external supply of energy (e.g., heat, light,
electromagnetic radiation), which act as intermediate species in propagation and
termination steps.'® 17 Subsequent reaction of these active species with monomers results
in the formation of growing polymer chains, which can then repeatedly react with
additional monomeric units through their reactive chain ends in a process termed
propagation. The propagation step proceeds until full monomer consumption is achieved
or the reactive sites of the growing chains are deactivated by reaction with each other, or
with other terminating species. Other side-reactions such as (ir)reversible chain transfer
often occur during chain-growth polymerization, reducing the average molecular weight

of the final polymer.®

Contrary to step-growth polymerization, monomer concentration decreases constantly
with time during chain-growth polymerization, while high molar mass polymers can form
throughout the polymerization process. Moreover, for conventional, poorly controlled
chain-growth polymerization methodologies, polymers of high molecular weight can
form at the very early reaction stages and at low monomer conversions, since the small

amount of initiated polymer chains react with monomer and grow rapidly owing to their
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high propagation rate (Figure 1.2B).1® Importantly, polymerization techniques that
proceed via a chain-growth mechanism can be categorized as radical, ionic, coordination

or ring-opening polymerizations.

In the case that chain transfer and chain termination reactions are completely absent from
a chain-growth polymerization process, then this type of polymerization is classified as
“living”.!8 The term living polymerization was first coined by polymer chemist Michael
Szwarc in 1956 and describes the polymerization process during which specific
prerequisites are satisfied: (a) a linear relationship exists between polymer molecular
weight and monomer conversion (Figure 1.2C), (b) the growing polymer chains remain
active after full conversion is reached allowing for further chain-extension upon
sequential monomer additions, (c) the obtained polymers possess narrow molecular
weight distributions (i.e., low dispersity values), and (d) the final polymer DP can be
controlled by tuning the stoichiometric ratio of monomer to initiator.’® Representative
examples of living polymerization techniques include anionic!® and cationic®
polymerization, group transfer polymerization (GTP)?* and ring-opening metathesis

polymerization (ROMP).%2

Another important aspect of living polymerizations is that the initiation rate is
significantly faster than the propagation rate, leading to a uniform distribution of initiated
chains before propagation occurs and ensuring that all polymer chains will grow evenly
at similar rates.?® Selective termination can be achieved by the addition of appropriate
reagents, since growing polymer chains do not present reactivity toward each other.
However, in the majority of cases, living polymerization methodologies require strictly
controlled reaction conditions (e.g., complete removal of oxygen and water from the

system) and the use of expensive specialty equipment, drastically limiting their scope.?*
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In summary, a high degree of control over polymer synthesis with regards to the
composition, topology and functionality of resulting polymers can be achieved in most
cases of conventional and living chain-growth polymerizations. The wide range and high
complexity of available monomers, initiators and catalysts, as well as the development of
orthogonal polymerization techniques and establishment of adaptable reaction conditions
have allowed for the facile preparation of (multi)functional copolymers with well-defined

compositions and architectures.

1.2.1. Free Radical Polymerization (FRP)

Free radical polymerization (FRP) currently remains one of the most commonly utilized
polymerization methodologies for the production of high molar mass polymers at
industrially-relevant scales. This is primarily attributed to the relatively simple and
inexpensive nature of FRP compared to other chain-growth polymerization techniques,
as well as its robustness, high functional group-tolerance and mild, metal-free reaction
conditions.?> 26 As with all conventional chain-growth polymerizations, FRP proceeds
through a mechanism that involves distinct initiation, propagation and termination steps,

while the process is also susceptible to chain transfer reactions.

Initially, free radicals (I") are generated by decomposition of an initiator molecule (I-1)
by, for instance, thermo- or photolysis. The radical initiator fragments then react with
monomer (M) to form propagating radicals (I-M"), followed by successive monomer
additions during the propagation step for formation of growing polymer chains (Pn’).
Termination is indicated by the removal of the active radical species from the

polymerization mixture through irreversible reactions, typically involving the
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recombination (Pn+m) or the disproportionation (P,= and Pm—H) between two growing
polymer chains, and the formation of so-called “dead” polymers.?®> Importantly, chain
transfer events, where the reactive radicals can be transferred from a growing polymer
chain to another chain, a monomer, the solvent or an added chain transfer agent (CTA),
are also occurring to a great extent in FRP and often lead to the formation of polymers
with lower molecular weight values than the theoretically expected ones, broad molecular
weight distributions or branched architectures (i.e., via intramolecular chain transfer).?’

The described principal mechanistic steps of FRP are outlined in Scheme 1.1.

Initiation
kg

- —— 2|’

k:

'+ M ——— -0

Propagation

ko

I-M" + n1M ———> P/

Termination

Chain Transfer

ket
P, + HSR —— P,H + RS

Scheme 1.1. Principal mechanistic steps along with their associated rate constants involved in

free radical polymerization (FRP).

Prominently, the radical species generated in FRP are highly reactive with short lifetimes
that promote the occurrence of chain transfer and termination events over propagation or
initiation reactions.?’ This phenomenon can be more clearly understood upon comparison

of the initiation (k;), propagation (kp) and termination (k) rate constants; a relationship of
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ke > kp >> ki is typically true for most FRP reactions. As a consequence, the greater
termination and propagation rate constants over the initiation rate constant suggest that
the small number of initiated polymer chains grow, reach their final length and terminate
rapidly in an uncontrolled manner, while others are still initiating. The dominance of
chain transfer and termination phenomena in FRP result in poor control of the polymer
composition and topology, prevent the synthesis of block copolymers and limit the
potential application of this polymerization methodology for the design of precision

polymers with tunable properties.?®: 28

1.2.2. Reversible-Deactivation  Radical Polymerization (RDRP)

Techniques

Reversible-deactivation radical polymerizations (RDRP), also known as controlled
radical polymerizations, are a family of polymerization techniques that combine many of
the advantages of conventional FRP and living polymerization. Over the past 30 years,
research involving RDRP techniques has dramatically expanded owing to their high
versatility and functional group-tolerance, the requirement of less stringent conditions
(i.e., oxygen and water can be tolerated under certain circumstances) and reduced need
for highly pure reagents, enabling the preparation of well-defined, functional polymers
with controlled molecular weights and compositions, low dispersity values (typically, Pwm

< 1.5), high end-group fidelity, and a wide range of macromolecular architectures.?® *°

In RDRP, a dynamic equilibrium between active propagating radicals and deactivated
dormant species is achieved by using appropriate capping or chain transfer agents

(CTAs), resulting in reduction in the overall concentration and simultaneous increasing

10
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of the lifetime of effective radicals and, thus, in a drastic limitation of undesired chain
transfer and termination reactions.*® This equilibrium can be achieved via approaches
exploiting either the persistent radical effect (PRE) or degenerative chain transfer
processes.>* The three main examples of RDRP techniques are atom transfer radical
polymerization (ATRP),” nitroxide-mediated radical polymerization (NMP),3 and
reversible addition—fragmentation chain transfer (RAFT) polymerization.®®3* ATRP and
NMP are principal examples of polymerizations relying upon the PRE to mediate the
reversible activation/deactivation equilibrium between propagating and dormant radicals
and will be briefly outlined below. Furthermore, RAFT polymerization — the
polymerization technique utilized in Chapters 2 and 3 of this thesis — will be discussed in

further detail in Section 1.2.3.

ATRP was independently developed by polymer chemists Mitsuo Sawamoto and
Krzysztof Matyjaszewski in 1995.% 3% In ATRP, a secondary or tertiary alkyl halide (R—
X) is commonly employed as the initiator, which first undergoes a reversible redox
reaction using a transition metal complex (M*L, e.g., Cu'Cl) as the catalyst (or activator)
to produce the initiating alkyl radicals (R ") and an oxidized version of the catalytic species
(X—-M**1L,). The produced radicals can then initiate polymerization of vinyl-type
monomers for formation of growing polymer chains (Pn’). During the main
equilibrium/propagation step, the active polymer chain radicals can either continue to
propagate by reacting with additional monomer or reversibly react with the oxidized
metal complex to produce dormant polymer chains that bear stable halo end-groups (Pn—
X) and regenerate the initial catalytic species in its lower oxidation state (Scheme 1.2).
This rapid transfer of the halide moieties between the metal activator and the propagating

chains drives the equilibrium toward the deactivated species (Kact << Kdeact), €NSUring
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limited termination reactions and excellent control throughout the whole polymerization
duration by maintaining a low concentration of reactive radicals.” *” Growing chains can
be terminated by procedures such as bimolecular coupling between radicals, although
such reactions have been proven to be beneficial for the overall control of ATRP as they
further increase the ratio of the oxidized metal halides relevant to P,” and as a
consequence that of dormant species. This phenomenon is known as the PRE, which

increases the probability of deactivation over termination reactions.3® °

Initiation
k‘ac‘c .

R-X + ML, —— R’ + X-M*L,
kdeact

k;

R+ M — P,

Main Equilibrium
. kact
P, + X-M*L, ———_ P,-X + ML,
@/4 s deact
kp kt‘\‘
P,—P,
Scheme 1.2. Principal mechanistic steps along with their associated rate constants involved in

atom transfer radical polymerization (ATRP).

NMP was discovered by scientists based at the Australian research institute CSIRO in
1985.%% In NMP, polymerization control is achieved by using sufficiently stable nitroxide
radicals that act as capping agents of the growing polymer chains to reversibly afford the
deactivated species, in a similar manner to the halide atoms in ATRP. Contrary to ATRP,
NMP is a catalyst-free polymerization technique, where alkoxyamines (R-N-O-R>') are
typically utilized as initiators to form nitroxide radicals (R2~N-O") and the initiating
radical species (R") upon homolysis at elevated temperatures (usually > 100 °C). The

main equilibrium step proceeds via reaction of the activated propagating radicals (Pn")

12



Chapter 1

with either monomeric units or the stable nitroxide radicals to yield the dormant nitroxide
end-capped polymer chains (Pi—N—O-R>") in a reversible activation/deactivation process
(Scheme 1.3).3241:42 As in all PRE-mediated polymerizations, occurrence of termination
reactions result in a simultaneous excess of the stable nitroxide radicals, driving the main
equilibrium toward the dormant species and allowing for good polymerization control for

certain monomer categories (e.g., styrenics).

Initiation

R k'act R
R-0-N I E— R + O-N

R K'deact R

Scheme 1.3. Principal mechanistic steps along with their associated rate constants involved in

nitroxide-mediated radical polymerization (NMP).

1.2.3. Reversible Addition—Fragmentation Chain Transfer (RAFT)

Polymerization

Reversible addition—fragmentation chain transfer (RAFT) polymerization is a controlled
RDRP technique that was also discovered by researchers based at the Australian research
institute CSIRO in 1998, although, contrary to ATRP and NMP techniques, RAFT
polymerization utilizes a degenerative chain transfer mechanism to achieve the

equilibrium between active and dormant species.*® During a degenerative chain transfer
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mechanism, the overall number of radicals remains constant throughout the activation-
deactivation process and inherent radical creation or destruction reactions are suppressed,
hence an external radical source is typically required to initiate RAFT polymerization.3*
Moreover, the use of thiocarbonylthio compounds (such as dithioesters and
trithiocarbonates) that act as chain transfer agents (CTAS) ensures a rapid exchange of
radicals between the active propagating polymer chains and the dormant species,
minimizing radical-radical coupling termination events and imparting excellent control

over RAFT polymerization.*3 44

From a mechanistic point of view, the initiation stage mimics that of FRP, whereby
initiator (I-1) decomposition via thermolysis, photolysis or other initiation procedures
results in the generation of free radicals (I") that can react with a few vinyl monomer units
(M) for the formation of growing polymer chains (Pn"). In the pre-equilibrium step, these
active polymer chains can then react with the C=S bond of a small molecule CTA
(generally denoted as Z-(C=S)-S-R) in a reversible manner to form intermediate radical
species, which can subsequently fragment to produce a growing polymeric CTA (macro-
CTA) and a CTA-derived reinitiating radical (R"). Radical R* can then reinitiate the
polymerization of new polymer chains (Pm") upon reaction with more monomer. Growing
polymer chains Pn” and Pm" subsequently enter the main equilibrium stage, whereby either
chain can rapidly add onto the C=S bond of the CTA or fragment to mediate further
propagation through a series of reversible reactions with Kada/K-ada >> kp. This preference
of addition over fragmentation and propagation reactions results in a low concentration
of active growing polymer radicals, which in turn leads to reduction of termination events
(e.g., via bimolecular coupling of Pn" and Pm") and overall control over the average DP

and dispersity of the developed polymer chains, as each propagating polymer radical has
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also equal possibility of fragmenting due to the symmetrical nature of the Ph-CTA-Pn

intermediate species (Scheme 1.4).34 4

Initiation
ky

-1 — 21
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@I}n Y K add h Ky \f
k Z 4 z

P

Reinitiation
. KiRr ]
R+ mM ——— P,
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Termination
ki

P, + P, — P,—P,

Scheme 1.4. Principal mechanistic steps along with their associated rate constants involved in

reversible addition—fragmentation chain transfer (RAFT) polymerization.

In order to achieve well-controlled RAFT polymerization, the pre-equilibrium and
reinitiation steps must be completed early in the process to allow for the system to rapidly
reach the main equilibrium stage (i.e., ks > K-aad).*® Importantly, this is primarily dictated
by the nature of the R— and Z— groups of the utilized CTA, hence the CTA must be

carefully selected (also depending on the monomer type — more activated monomers
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(MAMs) vs less activated monomers (LAMSs)) for determination of the addition—
fragmentation stages. More specifically, the R— group must be a good homolytic leaving
group from the intermediate CTA-derived radical species relative to the growing polymer
chain to ensure kg > k-aqq and also the produced R" must be an efficient, yet stable, radical
to reinitiate polymerization. In contrast, the leaving ability of the growing P is directly
related to the nature of the monomer utilized and is found to decrease in the order
methacrylates, methacrylamides >> styrenics, acrylamides, acrylates > N-vinyl amides,

vinyl esters.*6 47

On the other hand, variation in the Z— group chemistry directly influences the stability of
the CTA-derived radical intermediates and their susceptibility to fragmentation during
the pre-equilibrium and main equilibrium stages. Thus, the Z— group must be
appropriately chosen such that the intermediate radical species are stable enough to ensure
Kadd > K-add, but should simultaneously be unstable enough allowing for fragmentation
events to occur to a certain degree to promote propagation. In addition, the Z— group
nature and electron density regulates the reactivity of the C=S bond toward radical
addition and the extent of side-reaction occurrence during a RAFT polymerization
process (e.g., hydrolysis, irreversible chain transfer, etc). Electron withdrawing Z— groups
were found to generally favor the formation of the intermediate radicals due to their
enhanced stabilization over the propagating polymer chain radicals, and thus increase the
rate of chain transfer over propagation events. The opposite trend has been observed for
electron donating Z— groups.** 6 Four main categories of CTAs have been reported to
date based on the atom of the Z— group that is adjacent to the thiocarbonylthio moiety,

namely dithioesters (for C), trithiocarbonates (for S), dithiocarbamates (for N), and
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xanthates (for O) (Scheme 1.5A),* while a generic guide for selection of CTA R—and Z—

groups based on each monomer type is shown in Scheme 1.5B.3

A ] S S S
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R'J\S—R R'—SJ\S-R \NJ\S-R R‘—OJLS—R
R"
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B
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Scheme 1.5. (A) Classification of CTAs based on the functionality of the Z— group. (B) General

guidelines for selection of R—and Z— groups of CTAs expressed in terms of RAFT polymerization

control of various monomers (the dashed lines represent limited or poor polymerization control).

Abbreviations: MMA - methylmethacrylate, HPAM - 2-hydroxypropyl methacrylamide, St -

styrene, MA - methyl acrylate, AM - acrylamide, AN - acrylonitrile, VAc - vinyl acetate, NVP -

N-vinylpyrrolidone, NVC - N-vinylcarbazole. Reproduced from ref. 34 with permission from the

American Chemical Society.

Typically, RAFT-derived polymers are characterized by high end-group fidelity, while

the presence of a CTA moiety at the end of each polymer chain can be further utilized for
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the synthesis of block copolymers upon sequential monomer additions or for pre-/post-
polymerization modification methodologies through introduction of functionalities on
either R— or Z— groups of the CTA (Scheme 1.6).** In Chapters 2 and 3 of this thesis, an
R-functionalized PEG-based macro-CTA is utilized for the chain-extension of
methacrylate monomers and the synthesis of diblock copolymer nano-objects via RAFT-
mediated polymerization-induced self-assembly, suggesting that the CTA groups are
located at the w-end of the prepared diblock copolymers.

R-functionalized macro-RAFT agent:
S

L T i
- monomer
SO OZIID—R'-S/U\Z (monomen) | D R-IID-s 7
functionalize RAFT

Z-functionalized macro-RAFT agent:

X T ) i
monomer
00000-x 2SR Gogan-z” s R Q00002 s~QOID-R

functionalize RAFT

Scheme 1.6. Utilization of either R- or Z-functionalized macro-CTAs for the synthesis of diblock
copolymers via RAFT polymerization dictates the localization of the thiocarbonylthio moiety
within the polymer chain. Reproduced from ref. 44 with permission from the Royal Society of
Chemistry.

Ultimately, there exists a plethora of advantages that make RAFT polymerization the
most widely established RDRP technique, including its compatibility with a wide range
of monomers and solvents (allowing even for pseudo-living polymerizations in aqueous
and other protic media), robustness and versatility, high functional group-tolerance,
requirement of relatively mild, metal-free conditions, commercial availability of small
molecule and polymeric CTAs, facile synthesis and post-polymerization
functionalization of polymers with complex macromolecular architectures, quantitative
end-group removal for certain industrial and biomedical applications, and its

orthogonality with other non-radical polymerization methodologies, amongst other
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features.3* 4 Furthermore, there are also an increasing number of reports focusing on
oxygen-tolerant and initiator-free RAFT polymerization methodologies that allow for
synthesis of polymers with quantitative monomer conversions and high degree of
livingness with potential aim toward the development of (multi)block or sequence-

controlled copolymers of particular biotechnological interest.*8-0

1.2.3.1. Photoinitiated RAFT Polymerization (Photo-RAFT)

Conventional RAFT polymerization typically employs thermal initiators as the source of
radical generation. Recently, research efforts have been devoted toward the development
of milder alternative methodologies for the formation of initiating radicals (e.g., light,
enzymes, microwaves, redox species) for controlled RAFT polymerization with bio-
relevant scope.®> %2 In particular, photoinitiated RAFT polymerization (photo-RAFT) has
attracted significant interest over the past 20 years, mainly owing to the ambient reaction
temperatures required and the spatiotemporal control over photo-RAFT offered by simple
“ON/OFF” switching of the light source (i.e., radical formation and polymerization
progresses when the light source is switched “ON” and energy is supplied to the system,
while they instantly stop when the source is switched “OFF”). Additionally, the ability to
regulate externally-controlled parameters such as the intensity and wavelength of incident
light drastically affects polymerization control and kinetics, with photo-RAFT processes
being found to possess faster kinetics compared to thermally initiated ones in certain

cases.>3

Photo-RAFT can be mediated by the use of classical photoinitiators and special organo-

photoredox catalysts or via the initiator-free “iniferter” mechanism of CTAs depending
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primarily on the irradiation wavelength selected for the reaction.3* ! Similar to radical
generation via thermolysis of temperature-sensitive molecules, photoinitiators are
radical-generating compounds that contain labile bonds susceptible to photolysis and they
typically operate in the UV-Vis area of low wavelengths (1 = 360 — 485 nm).
Mechanistically, the only difference between thermally initiated RAFT polymerization
and photoinitiator-mediated RAFT lies in the homolytic initiator decomposition step
(Scheme 1.7A).%% 53 Representative examples of photoinitiators commonly utilized in
photo-RAFT are 2,2-dimethoxy-2-phenylacetophenone (DMPA), sodium phenyl-2,4,6-
trimethylbenzoylphosphinate  (SPTP) and  2-hydroxy-4'-2-(hydroxyethoxy)-2-

methylpropiophenone (PP-OH).
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Scheme 1.7. Different mechanisms of photo-RAFT: (A) photoinitiator-mediated RAFT

polymerization, (B) PET-RAFT polymerization via electron (top) and energy (bottom) transfer,
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(C) oxygen-tolerant PET-RAFT polymerization, and (D) photoiniferter-mediated RAFT
polymerization. Reproduced from ref. 54 and 55 with permission from Wiley-VCH Verlag GmbH
& Co and the Royal Society of Chemistry, respectively.

Furthermore, the use of organic dyes (e.g., Eosin Y, fluorescein) and metal complexes
with long-lived excited states as photoredox catalysts (PC) for activating photo-RAFT
via a mechanism that involves photo-induced electron/energy transfer (PET) has been
comprehensively investigated by the Boyer group and others over recent years.>>>’ Given
the electron accepting nature of CTAs, the visible light-mediated excitation of specific
photoredox catalysts can promote electron transfer to the thiocarbonylthio group and its
subsequent reduction for formation of radicals (R" or Pn") (the CTA itself forms a stable
anion). The produced radicals can then either take part in polymerization initiation, pre-
and main-equilibrium processes in a similar manner to conventional RAFT
polymerization or react with the oxidized version of the catalyst to reform the original
species and complete the catalytic cycle. In the case that energy transfer is expected to
occur rather than transfer of electrons, active propagating and CTA radicals are formed
through energy transferred from the excited photoredox catalyst toward the
thiocarbonylthio moieties, which can rapidly recombine to form the dormant species
(Scheme 1.7B). It should be highlighted that PET-RAFT can also proceed under
atmospheric conditions, as molecular oxygen (O) can act as the potential electron/energy
acceptor for formation of an oxygen radical anion (O2"), thereby reducing its overall

concentration in the system (Scheme 1.7C).58 5°

Moreover, the use of CTAs as “iniferter” (“initiator — transfer agent — terminator”)
molecules and their inherent susceptibility to photolysis by various UV and visible light

irradiation sources has been extensively studied as a simple, yet efficient, radical
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generation approach in controlled photo-RAFT without the necessity of external
photoinitiators or photocatalysts.®° In photo-iniferter RAFT, photolytic cleavage of CTA-
R and CTA-P, bonds leads to the formation of propagating and CTA-derived radicals.
The active radicals can then be inserted in the RAFT mechanism and mediate
polymerization as previously discussed (Scheme 1.7D). Importantly, control over photo-
iniferter RAFT polymerization has been shown to strongly rely on the type of CTA
utilized and also on the intensity and wavelength of incident light. In particular, it was
found that UV irradiation generally results in limited polymerization control, especially
at high conversions, due to rapid degradation of the CTA end-group, while visible light
leads to well-controlled polymerization processes.>* Additionally, low light intensity
generates a low concentration of active radical species, which in turn ensures good
polymerization control.®* Owing to the procedural simplicity of photo-iniferter RAFT
polymerization and its compatibility with sensitive biomacromolecules, such as enzymes,
peptides and DNA, this methodology has been utilized for the studies described in

Chapters 2 and 3 of this thesis.

1.2.4. Ring-Opening Metathesis Polymerization (ROMP)

Ring-opening metathesis polymerization (ROMP) is one of the most recently developed,
but also among the most widely established and versatile living chain-growth
polymerization techniques. ROMP belongs to the Nobel Prize-awarded family of olefin
metathesis reactions, along with cross metathesis (CM), ring-closing metathesis (RCM)
and acyclic diene metathesis (ADMET), involving primarily the rearrangement of

carbon-carbon double bonds.5162
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In 1971, Hérrison and Chauvin were the first to propose that all metathesis reactions
proceed through a metallocyclobutane intermediate, which led to the now well-accepted
ROMP mechanism (Scheme 1.8).%4% Based on these early investigations, it was
demonstrated that the initiation step in ROMP encompasses coordination of an
organometallic alkylidene (pre)catalyst (LnAM=CH:R, M = Mo, W, Ru) with a cyclic
olefin monomer, followed by [2+2] cycloaddition between the alkylidene and the
incoming olefin, leading to the formation of an intermediate metallocyclobutane species.
This metallocyclobutane then undergoes cycloreversion to yield a product olefin and a
new alkylidene moiety. To date, it has been shown that there are three plausible, catalyst-
dependent mechanisms of initiation: (a) an ‘“associative” mechanism, whereby the
monomer first coordinates to the metal alkylidene precatalyst prior to ligand
displacement; (b) a “dissociative” mechanism that assumes a ligand is lost prior to olefin
binding; or (c) an “interchange” mechanism, whereby the loss of a ligand and olefin
binding occur simultaneously through a common transition state.’” During the
propagation step, a highly reactive 14-electron metal alkylidene complex continues to
react with monomeric cyclic olefins to grow the polymer from the metal center (i.e.,
monomer insertion at the w-chain end). It is worth noting that both initiation and
propagation reactions are theoretically reversible, therefore the thermodynamics of
ROMP should be considered when selecting the monomers to drive the reaction toward
polymer formation. Typically, chain propagation continues until either (1) all monomer
has been consumed; (2) an equilibrium has been reached due to thermodynamic
considerations; or (3) the reaction has been terminated by catalyst deactivation.?? In
contrast to other living polymerization techniques, termination of ROMP most commonly

occurs by intentional catalyst deactivation through a CM process using appropriate
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quenching reagents (e.g., vinyl ethers)®® or by uncontrolled catalyst decomposition,®® 7

whilst chain termination via bimolecular coupling has yet to be observed to occur.

Initiation
a. Associative

+

D
|

O (D

cycloaddition cycloreversion
L=, =——s L N= =———= LM _ L_M_—( _)—\
n R L n-1 _\R n R n-1 R

LaM=x
R

b. Interchange

@ [2+2]
* Q cycloaddition cycloreversion ()
LM=, =—— LpM= =— LM LnaM= =

R -L R R R

c¢. Dissociative
C_) [2+2]
* @ cycloaddition cycloreversion
LiM=_ = LyyM=_ = LuM= LM = Ln_1M——( _L\
R -L R R R

R

Propagation

N 9 NN O
LaM= =S\ T LuM= = S S LM

m+2 R

Termination

Cross

metathesis
L,4M + X=Y LyaM=X + Y
'm+2 R

m+2 R

Scheme 1.8. Accepted mechanism of ring-opening metathesis polymerization (ROMP).

One of the principal reasons that led to the widespread utilization of ROMP for synthesis
of precision (co)polymers over the past 20 years is the development of highly active and
tolerant transition metal complexes and their use as efficient catalysts/initiators in ROMP.
Initial metathesis catalysts were based on early transition metal salts; however, use of
these ill-defined, heterogeneous systems resulted in uncontrolled metathesis reactions that
were poorly understood from a mechanistic point of view.”* The subsequent rapid
development of homogeneous Mo and Ru alkylidene catalysts allowed for controlled
polymerizations, greater mechanistic understanding of olefin metathesis chemistry, and

as a consequence to the commercialization of such catalytic species (Scheme 1.9)."*"
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Scheme 1.9. Chemical structures of common, commercially available metathesis catalysts.

In 1990, the first commercially available ROMP catalyst was developed in the form of
“Schrock’s catalyst”.”* Grubbs and coworkers were the first to report a metathesis catalyst
based on a Ru center — namely Grubbs 1% generation catalyst (G1) — in the late 1990s,
which became the first of several commercially available Ru-based catalysts (i.e., G2,
G3, HG1, and HG2) developed in the Grubbs lab and elsewhere in later years.”>’® In
particular, G1-mediated ROMP was found to afford polymers with relatively moderate
control, whilst G2 showed high activity but also very limited control over ROMP
reactions due to slow phosphine ligand dissociation for formation of the active catalytic
species and, thus, slower initiation relative to propagation rate.”®®" This led to the
development of a new catalyst — namely Grubbs 3™ generation catalyst (G3) — in 2002,
that contains more labile pyridine ligands compared to G1 and G2, promotes rapid ligand
dissociation in solution and presents extremely fast initiation rates.®? Unsurprisingly, G3
has been established as the main commercially available catalyst utilized for living
ROMP of norbornene-based monomers and preparation of well-defined polymers with
narrow molecular weight distributions, under mild reaction conditions. However, the
lability of the pyridine ligands of G3 also results in a simultaneous reduction in its
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catalytic stability, with the active catalytic species reported to typically deactivate in
solution after 1 hour, even under stringent reaction conditions.®® Ultimately, the inherent
advantages of Ru-based catalysts, especially those of G3, over those based on Mo or W
centers, such as greater functional group-tolerance, fast polymerization Kinetics,
quantitative monomer conversions, and enhanced stability toward oxygen and moisture,
along with the in-depth mechanistic understanding of such species has allowed for the
application of ROMP as a powerful tool for synthesis of (multi)block copolymers®+ and
for even more challenging polymerizations such as those of macromonomers,® 8" and

those carried out in aqueous or protic media.®®

Typically, cyclic olefins, such as cycloalkenes and bicycloalkenes, are utilized as
monomers for ROMP for the formation of unsaturated polymers with unique
characteristics, including rigid rod-like backbones, high Ty values and improved
mechanical and thermal properties relative to their (meth)acrylate/acrylamide-based
counterparts.?? Additionally, polymers with degradable or responsive backbones can be
developed in certain cases by using functional cyclic monomers.8-°! However, it should
be noted that not all cyclic olefins can be effectively polymerized via ROMP. The driving
force for ROMP is primarily based on alleviation of the ring strain of the monomer, but
also on a number of other factors including sterics surrounding the cyclic olefin, the
electronic nature of the olefin itself, and the relative reactivity of the formed olefins within
the polymer backbone (as they can be involved in back-biting reactions).?? In order to
favor ROMP and drive the polymerization equilibrium toward the polymer product,
reactions are typically conducted at room temperature or below using monomers which
possess a large ring strain (i.e., > 7 kcal mol™).%2 To date, a wide range of highly-strained

monomers have been utilized for ROMP with the most common examples being
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norbornene (NB), oxanorbornene (ONB), cyclopentene, cyclooctene and their

derivatives.

In particular, NB and its derivatives have attracted immense research interest across the
ROMP community owing to their facile synthesis and modification with a wide range of
functionalities, exceedingly high ring strain (27.2 kcal mol® for NB) and rapid
polymerization kinetics.®®> Additionally, the steric hindrance provided by the
polynorbornene backbone suppresses the occurrence of secondary metathesis reactions
between the catalyst and polymer olefins, allowing for living ROMP and preparation of
polymers with controllable molecular weight and low Dm.** However, stereopure
monomers are usually required for controlled ROMP as there is a significant difference
in polymerization rates between exo- and endo-norbornenes (i.e., exo-NB possesses

considerably faster initiation rate over the endo- product).% %

1.2.4.1. ROMP in Aqueous Media

Recently, there has been significant research interest in carrying out controlled ROMP
and other metathesis reactions in aqueous media or in heterogeneous mixtures containing
organic solvent and water for certain biological applications, such as DNA or protein
modification.®” % Modern Ru-based metathesis catalysts have demonstrated remarkable
tolerance toward both oxygen and water, expanding the scope of metathesis
transformations and opening up the possibility for carrying out ROMP in aqueous
solutions. In order to successfully conduct living ROMP in water, three main criteria must
be satisfied: (1) the utilized catalyst must be water-soluble, (2) the utilized catalyst must

present enhanced stability in water over the timescale of ROMP, and (3) the utilized
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catalyst must exhibit increased activity in aqueous media, ideally similar to its activity in

organic solvent.

Initial attempts for aqueous ROMP have focused on utilization of emulsion
polymerization conditions, enabled by the addition of small molecule surfactants for
sequestration of the monomer and catalytic species.®® 1% While relatively simple to
perform, emulsion ROMP cannot be exploited to directly prepare hydrophilic polymers
or to carry out metathesis in aqueous media in the presence of biomacromolecules, among
other limitations. Early reports on homogenous ROMP in water involved polymerization
of ONB-based monomers using water-soluble metal salts, such as RuCls.1%1%2 Although
low dispersity polymers could be obtained, the active catalytic species were ill-defined
and intolerant to oxygen. Moreover, these Ru salts lack a pre-formed alkylidene moiety,

hence their practical usefulness was rather limited.

In the past 20 years, the development of well-defined Ru-alkylidene complexes has
dramatically expanded the scope of metathesis chemistry in both organic solvents and
aqueous media.l® In particular, synthetic efforts have been primarily devoted on the
preparation of novel water-soluble ROMP catalysts through their functionalization with
hydrophilic ligands. G1 derivatives bearing charged phosphine ligands were among the
first catalysts to be used in aqueous ROMP of water-soluble ONB monomers.% Since
these preliminary studies, numerous water-soluble catalysts based on the Grubbs and
Hoveyda-Grubbs (HG) catalysts’ scaffolds have been reported upon modification of N-
heterocyclic carbene (NHC),% 1% phosphine,**” pyridine,'%® 1% or benzylidene!? !
ligands with solubilizing moieties such as ammonium, pyridinium, and sulfonate groups,
or hydrophilic polymers. However, it is often observed that water-soluble G1-G3

derivatives are typically limited by poor activity for mediating ROMP in aqueous milieu.
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This phenomenon was generally attributed to slow phosphine and pyridine ligand
dissociation, driving the equilibrium away from the active catalytic species, while it was
found that addition of specific additives (i.e., acid or metal salts) to the polymerization
mixture showed significant improvement toward ROMP control and polymerization
Kinetics.198 112.113 On the contrary, HG catalysts have been more extensively studied for
aqueous metathesis, as they do not possess phosphine or pyridine ligands and, hence,
ligand dissociation is not required prior to formation of the active species and monomer
coordination.’” As a result, the often biologically incompatible acid or metal salt
additives are not required to perform aqueous metathesis reactions using HG-type
catalysts. However, it is important to note that water-soluble HG2 catalysts are generally
unsuitable for aqgueous ROMP — especially for NB-based monomers — owing to slow
initiation kinetics affected by strong chelation interactions between the metal center and
benzylidene ligand,'* although a recent study showed that an NHC-modified HG2
catalyst can effectively mediate ROMP-induced self-assembly (ROMPISA) in water with
excellent polymerization control.**® Typical examples of water-soluble ROMP catalysts

based on HG2 and G3 scaffolds are shown in Scheme 1.10.
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Scheme 1.10. Chemical structures of water-soluble Ru-based catalysts based on either (A) HG2

or (B) G3 scaffolds recently reported for aqueous ROMP.
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Recently, our group has developed a facile alternative strategy to existing catalyst
solubilization methodologies that allowed for living open-to-air ROMP in aqueous
media.®® This approach involves the synthesis of a short, water-soluble macroinitiator
block in a water-miscible organic solvent (i.e., THF) using commercially available G3.
Transfer of the prepared macroinitiator from organic to acidic agueous media containing
a wide range of water-miscible NB-based monomers promoted chain-extension of the
macroinitiator block in a living manner for the synthesis of well-defined diblock

copolymers (Scheme 1.11).
1. Solution ROMP 2. Aqueous ROMP / ROMPISA
. 0: »NN “0 K
QN NQ \N —S N Q— 0 N
CN Ru—\ _ T =
cl’ N THF c| N ACIdIC H,0
U r.t., air 0 N o r.t., air

G3

~NL N
“HT

Commercially available catalyst, mild reaction conditions, excellent M,, and By, control

Scheme 1.11. Two-step methodology for controlled aqueous ROMP mediated by a water-soluble

macroinitiator, reported by O’Reilly and coworkers.®

In Chapters 4 and 5 of this thesis, the described methodology developed within our group
is utilized and further expanded to aqueous dispersion ROMPISA, revealing a unique
block copolymer self-assembly behavior for polynorbornene-based copolymers. Overall,
the development of catalysts that exhibit excellent ROMP control in water at neutral or
basic pH currently remains an ongoing challenge and further research on this field could

dramatically expand the scope of aqueous ROMP.
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1.3. Block Copolymer Self-Assembly in Solution

As previously discussed, controlled/living polymerization techniques, such as RAFT
polymerization and ROMP, represent excellent methodologies for precision synthesis of
well-defined block copolymers. Similar to small molecule surfactants composed of a
solvophilic head group and a solvophobic tail, preparation of copolymers comprised of
discrete blocks that differ significantly in their solvophilicity leads to microphase
separation between the incompatible blocks either in bulk or in solution.*® In particular,
spontaneous aggregation of such amphiphilic block copolymers occurs in an
appropriately chosen solvent that is selective for one (or more) of the blocks in an attempt
for the system to minimize unfavorable polymer-polymer and polymer-solvent
interactions. This process, known as solution self-assembly of block copolymer
amphiphiles, results in the formation of ordered nanostructures with distinct domains
owing to strong attraction forces developed between the associating blocks.''” 18 Such
polymer-based assemblies typically exhibit superior physicochemical characteristics
compared to their small molecule surfactant analogues, including increased chemical
versatility, improved colloidal stability, slower chain rearrangement and easier

functionalization.*®

Importantly, there is a wide range of factors — many of which have been thoroughly
explored in the present thesis — that affect the amphiphilic block copolymer self-assembly
pathway followed and thus the obtained nanoparticle morphology. Amongst the most
important parameters are the extent of core-block stretching and its solvophobicity,
corona-forming chain repulsion, overall copolymer molecular weight, rigidity of each
constituent block (e.g., coil-coil, rod-coil, or rod-rod copolymers), copolymer

architecture, and solvent composition.*'® 20 Upon systematically varying at least two of
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these parameters, phase diagrams can be constructed to facilitate reproducible preparation
of nanostructures with predictable morphologies. Typical morphologies arising from
block copolymer self-assembly in solution include core-shell spherical and worm-like
micelles, bilayer lamellae and vesicles, and other more complex nanostructures (Figure

1.3).121, 122

Porous Vesicles

Qe 7 i

Figure 1.3. Electron microscopy images of typical and more “exotic” nanostructures arising from

amphiphilic block copolymer self-assembly in solution. Images reproduced with permission from
the following ref.: spherical micelles,?® worm-like micelles,'?* spherical vesicles,'? tubular
vesicles,?® “jellyfish”-like particles,'?” “sea urchin’-like particles,?® lacunal spheres,’® and

porous vesicles.**®

For self-assembled block copolymer aggregates with fast unimer exchange dynamics
(i.e., assemblies under thermodynamic equilibrium), the adapted nanostructure
morphology is primarily dictated by the “dimensionless” packing parameter, p = v/aolc,
where v is the volume of the solvophobic segment, ao is the contact area of the solvophilic
domain at the particle-solvent interface, and I¢ is the length of the solvophobic segment.

As a generic guide, formation of spherical micelles is favored when p < ', cylindrical
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micelles are favored when 5 < p < ', whilst bilayer lamellae and hollow vesicles are
favored when %2 < p <1 (Figure 1.4).117- 331 However, it should be noted that p-determining
values are difficult to be precisely calculated, hence the relative solvophilic/solvophobic
volume fractions of the constituent block copolymers are used instead to describe a given

formulation.%?

Large p
Stretched chains
Small p Low curvature
Compact chains e -
High curvature g

Sphere (p < 1/3) g
4 5 Cylinder
(113<p<1/2)

Vesicle
(112<p<1)

Figure 1.4. The adapted morphology for amphiphilic block copolymer nano-objects under
thermodynamic equilibrium is dictated by the interfacial curvature between the incompatible
blocks and packing of the individual chains within the structure, which can be estimated by

calculating its packing parameter, p.

In certain cases, unimer rearrangement and exchange between particles can be
energetically unfavorable processes or can occur over prohibitively long timescales,
leading to formation of out-of-equilibrium “kinetically trapped” morphologies.'®® 134 A
number of factors can be responsible for low chain mobility within a self-assembled
polymeric system, although the main ones include high molecular weight and/or
solvophoabicity of the core-forming block,3® the “glassy” nature of copolymers with high
Ty values,'® and increased copolymer rigidity or crystallinity.* 13 Such formulations
are often susceptible to interparticle fusion phenomena for formation of higher-order

nanostructures in order to minimize the overall energy of the system.
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Importantly, the self-assembly methodology applied frequently determines whether the
developed nanostructure will be under thermodynamic or kinetic control.!t® The most
widely utilized methodologies for the development of polymeric nano-objects involve
either conventional self-assembly approaches, such as direct dissolution, solvent-switch
and thin-film rehydration, or alternative techniques, such as dispersion/emulsion
polymerization, nanoprecipitation, crystallization-driven self-assembly (CDSA), and
polymerization-induced self-assembly (PISA). Ultimately, owing to the unique properties
of self-assembled nanostructures comprised of block copolymer amphiphiles, such
constructs have been successfully utilized in a wide range of applications including drug

delivery, diagnostic imaging and sensing, catalysis, and cell-mimicry, amongst others.*1¢

117,139

1.4. Polymerization-Induced Self-Assembly (PISA)

Until recently, preparation of block copolymer nano-objects has primarily relied upon
multi-step procedures involving synthesis, post-polymerization purification and self-
assembly of constituent amphiphilic block copolymers in dilute solutions (i.e., [solids] <
1% wi/w).2° Over the past decade, polymerization-induced self-assembly (PISA) of block
copolymer amphiphiles has emerged as a widely utilized, powerful alternative to
conventional self-assembly methodologies that allows for polymerization and in situ
development of nano-objects with predictable characteristics (e.g., size, morphology,
surface chemistry, etc) in a single synthetic step at high polymer concentrations (i.e.,
[solids] = 10-50% w/w) and quantitative monomer conversions.**! 142 The already

highlighted advantages of this technique in addition to its facile scalability and the rather
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limited post-PISA processing required, make PISA a highly viable process for

implementation at industrial scale.

Fundamental mechanistic investigations during PISA have revealed that formation of
block copolymer nanostructures is driven via the chain-extension of a solvophilic steric
stabilizer block using either solvent-miscible (dispersion polymerization conditions) or
solvent-immiscible (emulsion polymerization conditions) core-forming monomers that,
upon a critical DP, form solvent-insoluble polymers which in turn aggregate to exclude
solvent molecules (Figure 1.5). Typically, this onset of nano-object micellization is
accompanied with a marked increase in polymerization rate due to a high local monomer

concentration within the developed nanoparticle cores.42-144

homogeneous polymerization — Dispersion polymerization
Active chain end

% + O Lomy Wﬁ‘@

" monomer
Macro-CTA Critical micelle degree

of polym. (CMDP)

micelles

~
Polym. induced self-assembly

worm like

\ vesicles

Polym. induced reorganization
Figure 1.5. Schematic illustration of morphological evolution of diblock copolymer nano-objects

developed during RAFT-mediated polymerization-induced self-assembly (PISA) under
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dispersion polymerization conditions. Reproduced from ref. 145 with permission from the Royal

Society of Chemistry.

Similar to conventional block copolymer self-assembly methodologies, the final
morphology obtained through PISA under thermodynamic control is primarily dictated
by the relative volume fractions of the stabilizer and core-forming blocks (i.e., packing
parameter).1 142 This is true for the majority of dispersion PISA formulations, whereby
the simultaneous chain-extension and self-assembly of amphiphilic block copolymers
drive a continuous alternation of the packing parameter of the assemblies, leading to
occurrence of sphere-to-worm-to-vesicle morphological transitions with intermediate
morphologies, such as jellyfish- and octopi-like assemblies, also being accessible.?” On
the contrary, morphological evolution is restricted in the vast majority of PISA reactions
under emulsion polymerization conditions owing to the limited unimer exchange
dynamics between the growing nano-objects, resulting in formation of “kinetically
trapped” spherical nano-objects of increasing size as the core-block DP increases.146-148
However, there exists a limited number of studies demonstrating that higher-order
morphologies can arise during emulsion PISA, although the reasoning behind these
intriguing findings remains currently unclear.}4®*1 OQverall, by tuning externally
controlled parameters such as the length of both corona- and core-forming blocks, the
total solids content, the core-block solvophobicity and the reaction conditions, assemblies
of pure morphology can be reproducibly obtained via PISA through construction of phase

diagrams (Figure 1.6).15% 153
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Figure 1.6. Phase diagram and representative TEM images of PGMAvs-b-PHPMA,, diblock
copolymer nano-objects developed via aqueous RAFT-mediated PISA upon varying the total
solids content and DPpxpma. Reproduced from ref. 152 with permission from the American
Chemical Society.

To date, a wide range of PISA methodologies have been developed in both organic and
aqueous media, utilizing principally reversible-deactivation radical polymerization
(RDRP) techniques (e.g., ATRP, > 155 NMP, %% 157 and RAFT polymerization®: 158 159)
but also non-radical approaches including ring-opening polymerization (ROP)% 161 and
coordination—insertion polymerization mechanisms (e.g., ROMP 8 115 162 and Ni-
catalyzed coordination polymerization®®). Additionally, a vast array of functional and
stimuli-responsive monomers that fulfill the necessary solubility requirements have been
reported thus far as suitable core-forming PISA monomers based mainly on empirical
observations. Moreover, our group has recently reported an in silico methodology that

allows for prediction of new corona- or core-forming PISA monomers based on
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calculation of surface area-normalized octanol-water partition coefficients (LogPoct/SA)
for a series of monomers and their oligomeric models.'®* Our computational approach has
also provided valuable insight into the obtained nano-object morphology for a certain
core-block length with polymers of higher LogPoct/SA values leading to the formation of
higher-order morphologies. This methodology has been successfully applied to both
aqueous RAFT- and ROMP-mediated PISA and is the subject of discussion in Chapter 4

of this thesis.

Overall, PISA-derived nano-objects of different morphologies have been successfully
used in a wide range of industrial, biotechnological and biomedical applications including
their utilization as oil modifiers,® Pickering emulsifiers,'%® 17 drug delivery vehicles,*>
168-170" catalytic nanoreactors,*?> 171173 imaging agents,!’* cryoprotectants,t” and cell-

mimicking models,'’® amongst others.

1.4.1. RAFT-mediated Photo-PISA

Owing to the requirement of polymeric nano-objects to be dispersed in aqueous media
for certain bio-related applications, aqueous PISA — primarily mediated via RDRP
techniques — has attracted significant research interest over the past five years. In
particular, the vast majority of studies that have been reported in the literature thus far are
based on aqueous RAFT-mediated PISA methodologies, owing to the high versatility and
tolerance of RAFT polymerization toward a broad range of functional groups and reaction

conditions, as well as its compatibility with water,142 147, 176,177

Despite the fact that numerous aqueous PISA reports have been relying upon thermally

initiated RAFT polymerization, 4% 153 178,179 g steadily increasing number of studies have
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focused on photoinitiated PISA (photo-PISA) approaches mediated by visible light-active
photoinitiators and photoredox catalysts or via the “photoiniferter” mechanism of CTAs,
following the above described initiation mechanisms for conventional photo-RAFT
polymerization. This is attributed to the many advantages of photo-PISA over thermally
initiated PISA procedures, including faster polymerization kinetics, milder initiation
conditions, ambient reaction temperatures, and compatibility with temperature-sensitive
biomacromolecules, allowing for efficient fabrication of cargo-loaded nano-objects
directly in water with further biologically relevant scope.>® 18183 Since photo-PISA
studies have been recently reviewed by Boyer and coworkers,>* a few key examples of
such formulations are presented herein with special emphasis given to the preparation of

enzyme-loaded polymersomes and their applications.

In particular, an initial approach was introduced by Tan, Sumerlin and coworkers in 2015,
whereby an aqueous visible light-initiated (1 = 405 nm) photo-PISA process was reported
for the preparation of various diblock copolymer nano-object morphologies (e.g.,
micelles, worms, and vesicles) based on poly(ethylene glycol)i13-b-poly(2-
hydroxypropyl methacrylate), (PEG113-b-PHPMA\) at room temperature, using SPTP as
the photoinitiator (Figure 1.7A).18 Near quantitative monomer conversions were
achieved within 15 min of irradiation, while the ability of the polymersomes to in situ
encapsulate silica nanoparticles and fluorescein-labeled bovine serum albumin (BSA)
protein during PISA was also demonstrated (Figure 1.7B). Importantly, BSA maintained
> 95% of its biological activity after photo-PISA, while free BSA could be quantitatively
removed from the polymersome solution via successive centrifugation/resuspension

cycles.
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Figure 1.7. (A) Schematic of the synthetic procedure followed for preparation of PEG1i3-b-
PHPMA, diblock copolymer nano-objects via photo-PISA along with representative TEM
images. (B) Encapsulation of BSA into the polymersomes developed under photo-PISA
conditions and activity determination for native (1), post-PISA isolated (2) and denatured (3)

BSA. Reproduced from ref. 180 with permission from the American Chemical Society.

In a later study, Tan et al. reported the preparation of CO,-responsive nano-objects via
aqueous photo-PISA (1 = 405 nm, SPTP as photoinitiator) of PPEGMA\-b-P(HPMA-co-
DMAEMA)n diblock copolymers at room temperature.’® Pure higher-order
morphologies could be accessed by this approach, while the CO.-responsive character of
the obtained polymersomes was further investigated. It was shown that the presence of
DMAEMA units within the membrane of the polymersomes was critical for their
disassembly upon treatment with CO,. Finally, in situ encapsulation of BSA into the
aqueous lumen of the polymersomes and their CO»-triggered release behavior was also
evaluated by fluorescence measurements. Moreover, the same authors have also

developed an enzyme-assisted photo-PISA methodology that can be utilized under both
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dispersion and emulsion polymerization conditions based on glucose oxidase (GOX)-
mediated degassing to allow for development of block copolymer nano-objects in open-

to-air vessels and at low volumes, enabling high-throughput screening.>! 18 186

In a more recent study by Ma et al., a protein surface-initiated aqueous RAFT-mediated
photo-PISA process was reported.’®” In this example, BSA was modified with
trithiocarbonate groups to give a BSA-based star macro-CTA. Chain-extension using
HPMA as the core-forming monomer was achieved upon 460 nm irradiation using a
water-soluble ruthenium complex as the photoredox catalyst. The authors showed that
spherical nanoparticles of various sizes could be obtained upon varying the
polymerization parameters (Figure 1.8). The BSA-based nanostructures were loaded with
both hydrophobic (doxorubicin) and hydrophilic (DNA) compounds that were released
upon treatment of the particles with a model protease. However, it should be noted that
the authors failed to report the formation of higher-order structures, such as worm-like
micelles and vesicles, being limited to only spherical micelle-like formulations due to the

high molecular weight of the BSA steric stabilizer block.
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Figure 1.8. Schematic illustration of the synthesis of BSA-based star macro-CTA and in-situ
photo-PISA for preparation of BSA-g-PHPMA, spherical nano-objects. Reproduced from ref.

187 with permission from the American Chemical Society.
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Our group has also carried out pioneering work on this field prior to the projects discussed
in Chapters 2 and 3 of this thesis, developing a series of PEG113-b-PHPMA400
polymersome nanoreactors loaded with various hydrophilic enzymes and exploring their
potential applications as artificial cell-mimicking models. In an initial study, the total
solids content and core-block DP at which a pure population of PEG-b-PHPMA
polymersomes could be reproducibly obtained via aqueous photo-PISA (1 = 405 nm) at
37 °C were mapped out upon construction of detailed morphology diagrams.!8 In a
subsequent report, the inherent permeability of the PHPMA polymersome membranes
toward small organic molecules and their ability to efficiently retain larger
biomacromolecules such as green fluorescent protein (GFP), horseradish peroxidase
(HRP) and GOx within the polymersomes was demonstrated, allowing for the
encapsulated proteins to communicate through enzymatic cascades from within the inner
aqueous compartment of the nanostructures (Figure 1.9A).1"2 Furthermore, the same
polymersome system was used for encapsulation of a therapeutic enzyme used for
leukemia treatment, L-asparaginase (ASNS), showing a great reduction of antibody
binding and proteolytic susceptibility in this case as compared to the native enzyme
(Figure 1.9B).? The efficacy of the polymeric formulation against a cancer line was also
demonstrated, whilst its in vivo biodistribution was also assessed. Finally, the effect of
alternative corona chemistries on the resistance of polymersome nanoreactors toward
protease degradation and protein-induced aggregation was investigated upon fabrication
of HRP-loaded polysarcosine-based polymersomes and comparison with their PEG-
based counterparts.t”® This studies are further extended in Chapters 2 and 3 by exploring

ways to incorporate hydrophobic biomolecules into the membrane of such constructs
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during photo-PISA and facile methodologies to either enhance or block their membrane

permeability toward substrate molecules and reaction products.
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Figure 1.9. (A) Enzymatic cascade reaction between GOx- and HRP-loaded PEG113-b-PHPMAuq0
polymersome nanoreactors monitored by kinetic colorimetric analysis. Reproduced from ref. 172
with permission from the American Chemical Society. (B) Comparison of proteolytic
susceptibility and antibody recognition for ASNS-loaded PEGi13-b-PHPMAugo polymersomes,
free ASNS and a PEGylated ASNS conjugate. Reproduced from ref. 125 with permission from
the American Chemical Society.

1.4.2. ROMP-mediated PISA (ROMPISA)

Recently, ROMP-mediated PISA (ROMPISA) has emerged as a highly promising non-
radical procedure for the in situ fabrication of polynorbornene (PNB)-based nano-objects
with common morphologies owing to the previously described advantages of living
ROMP.28 In particular, numerous studies focused on ROMPISA in organic milieu

(usually mixtures of organic solvents) have been reported thus far,'*> 1819 whilst the
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potential of aqueous ROMPISA has only very recently been explored by our group and
others as a consequence of the significant progress made toward the development of novel

approaches to effectively conduct well-controlled aqueous ROMP. 88 162192

Interestingly, ROMPISA studies realized in both organic and aqueous media have
revealed that the prepared nanostructures typically possess uniquely distinct properties
compared to RDRP-based PISA and conventional self-assembly formulations. The rapid
kinetics of ROMP coupled with the high T4 and rigidity of PNBs have resulted in a high
degree of chain stretching (i.e., lower interfacial curvature) within the nanostructures and
slow unimer exchange dynamics, allowing for easier access to higher-order morphologies
(e.g., worm-like micelles and polymersomes) and unique “kinetically trapped” nano-
objects.88 188, 193, 194 Haowever, other externally-controlled parameters such as the total
solids concentration or the ratio between the corona- and core-forming blocks can be also

tuned to access these morphologies.

These observations are typified in a recent study by our group, whereby the developed
macroinitiator methodology for conducting living ROMP in acidic media introduced in
Section 1.2.4.1 was adapted in aqueous dispersion ROMPISA.% In this report, chain-
extension of a hydrophilic PNB-(tertiary amine)io macroinitiator using appropriately
selected water-miscible monomers (e.g., exo-5-norbornenecarboxylic acid and a
di(oligo(ethylene glycol))-based norbornene) that gradually become water-insoluble
upon polymerization in phosphate buffer (pH = 2) promoted the formation of diblock
copolymer nano-objects via open-to-air dispersion ROMPISA ([solids] = 1 wt%).
Quantitative monomer conversions (> 99%) were achieved within ~2 min, whilst the
dimensions of the obtained assemblies were found to be uniquely small, as judged by the

acquired transmission electron microscopy (TEM) images (Figure 1.10). Moreover, the
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onset of nanoparticle micellization was found to occur very early in the polymerization
process with assemblies of core-block DP = 14 and 22 already forming spherical and
worm-like micelles, respectively. A higher asymmetry between the corona- and core-
forming blocks was found to yield higher-order spherical polymersomes with average
diameter of ~30 nm and membrane thickness of ~ 4-5 nm. This initial demonstration has
been expanded in Chapters 4 and 5 of this thesis in an attempt to tune the chemistry and
physical characteristics of ROMPISA assemblies with overall aim the development of
functional polymeric nanoreactors and artificial cell-mimics in future studies. Current
advances in ROMPISA have been extensively discussed in a recent Highlight article by
our group, where interested readers are redirected for detailed descriptions on individual

approaches. &
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Figure 1.10. Representative TEM images of PNB-(tertiary amine)io-b-PNB-(carboxylic acid),
diblock copolymer nano-objects developed via aqueous dispersion ROMPISA, and corresponding
particle counting analysis in each case. Reproduced from ref. 88 with permission from Wiley-
VCH Verlag GmbH & Co.
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1.5. Block Copolymer Vesicles (Polymersomes) as Cell-Mimicking

Bioreactors

As discussed, existing self-assembly methodologies of block copolymer amphiphiles
(i.e., solvent-switch, thin-film rehydration, PISA, etc) represent a powerful tool towards
generating nanostructured aggregates of various morphologies. Among these, artificial
polymeric vesicles (also referred to as polymersomes) have attracted particular research
interest owing to their unique properties, their ability to mimic certain functions of
cellular membranes and their broad spectrum of biotechnological and biomedical
applications in aqueous media, ranging from drug delivery and catalysis to biosensing

and cell/organelle mimicry (Figure 1.11),19519
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Figure 1.11. Schematic representation of the responsiveness of cargo-loaded polymersomes
toward various externally applied stimuli and their potential utilization in biotechnological and
biomedical applications. Reproduced from ref. 197 with permission from the American Chemical

Society.

Similar to liposomes that are prepared from phospholipids and other types of amphiphilic
surfactants, polymersomes are nano- or micro-sized block copolymer vesicles consisted

of a hydrophobic bilayer membrane and an inner hydrophilic cavity that are capable of
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encapsulating hydrophilic, hydrophobic and/or amphiphilic cargo (e.g., drugs, enzymes,
membrane proteins, DNA, etc) (Figure 1.12).11% 199 200 Notaply, the wide range of
chemical composition, topology and functionality of synthetic polymers have allowed for
formation of a wide range of polymersome nanoconstructs with tailored properties,
offering a new dimension of bioinspired polymer-based compartments. To date,
numerous research groups have primarily directed their studies toward programming the
physicochemical characteristics of self-assembled polymersomes (i.e., size,?%! shape,%?
membrane thickness,?® composition,?* surface functionalization,2®  stimuli-
responsiveness,?® etc) and exploring their potential biomedical scope. To this extent, the
general concept of discovering novel methods for tuning of the characteristics of
polymersomes developed via aqueous PISA, especially those of their membranes, for in
situ development of cargo-loaded nanoreactors and minimal cell-mimics has been the

main focus of this thesis.
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Figure 1.12. Schematic illustration of lipid (left) and block copolymer (right) vesicles, also

referred to as liposomes and polymersomes, respectively. The main properties in each case are
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shown, signifying the higher physical stability and enhanced chemical versatility of

polymersomes over liposomes. Reproduced from ref. 200 with permission from Elsevier.

In terms of their size, both liposomes and polymersomes can self-assemble into small (20
—100 nm), large (100 — 1000 nm) and giant (> 1 um) vesicular nanostructures, while such
assemblies can also be classified based on their lamellar properties in unilamellar (ULVS),
multilamellar (MLVs) and multivesicular (MVVs) (also known as vesosomes).!* 207 |n
the vast majority of cases, polymersomes adapt a spherical shape in solution, as this
morphology represents the most thermodynamically favoured chain-packing
conformation due to minimization of interfacial tension.?%> 2% However, inspired by the
high complexity and anisotropy of naturally-occurring systems and their vital role in
certain biochemical processes, researchers have developed novel polymerization and self-
assembly methodologies to either promote the direct construction of non-spherical
polymersomes or to induce shape transformation of spherical polymersomes into
tubular,?%8-21% ellipsoidal,?*> '3 stomatocyte?'4?16 or other non-spherical®®? vesicular
morphologies. Importantly, it has been demonstrated that anisotropic assemblies, such as
tubular polymersomes, often exhibit superior biophysical properties as compared to their
spherical counterparts, showing improved biodistribution, prolonged circulation times in

vivo and enhanced cellular uptake.?!7-2%

Such investigations on the preparation of polymersomes with programmable shape have
been primarily pioneered by the van Hest, Wilson and Battaglia groups. The first two
groups have developed an osmotic pressure-induced strategy to transform spherical
polymersomes into stomatocytes, oblate, prolate and tubular polymersomes.?2%-223 First,
spherical polymersomes are constructed upon block copolymer self-assembly in an

organic solvent/water mixture, whereas subsequent shape transformation is mediated
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through a conventional solvent-switch/dialysis approach in salt-containing aqueous
media, inducing osmotic deformation and kinetic trapping of the structures (Figure
1.13A). In addition, van Hest and coworkers have also reported the rapid shape
transformation of spherical poly(ethylene glycol)-b-poly(styrene-co-4-vinylbenzyl azide)
polymersomes into tubular ones upon covalent cross-linking of their membranes and
further increase of their asymmetry (Figure 1.13B).2% In a different study, the Battaglia
group reported the preparation of tubular polymersomes as the major product upon thin-
film hydration of a poly(2-methacryloyloxyethyl phosphorylcholine)-b-poly(2-
(diisopropylamine)ethyl methacrylate) (PMPC-b-PDPA) diblock copolymer in aqueous
media containing 5% w/w cholesterol (Figure 1.13C).?%° The presence of cholesterol was
found to improve the mechanical stability of the intermediate tubular morphology,
preventing the occurrence of pearling and budding processes toward the formation
spherical polymersomes. However, it should be noted that the described existing
strategies for preparation of non-spherical polymersomes are typically rather laborious
and require either strategic design of the block copolymer system or use of specific
additives that are not always compatible with bio-relevant applications. As such, in
Chapter 5 of this thesis, a facile, one-step strategy for controllable preparation of
anisotropic tubular polymersomes via fusion of spherical precursors during aqueous
ROMPISA is explored, which is based on the inherent rigidity (high Ty values) of

polynorbornenes and build-up of membrane tension upon polymerization.
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Figure 1.13. Existing methodologies for development of tubular block copolymer polymersomes
via (A) osmotic pressure-induced shape transformation of spherical polymersomes. Reproduced
from ref. 220 with permission from the American Chemical Society, (B) cross-linking-induced
shape transformation of spherical polymersomes. Reproduced from ref. 209 with permission from
the American Chemical Society, and (C) block copolymer self-assembly in the presence of
external additives, such as cholesterol. Reproduced from ref. 210 with permission from the

American Chemical Society.

Furthermore, whilst both lipid- and polymer-based vesicular analogues present similar
self-assembly behavior, it has been shown that polymersomes form membranes that are
not only much thicker (liposome membranes are around 3-5 nm, whereas polymeric

membranes range from 5 to 50 nm), but also show greater chemical and mechanical
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stability both in vitro and in vivo.!% 224225 As a consequence of this feature, the properties
of these synthetic polymeric membranes, such as their fluidity and permeability, as well
as their interactions with other natural or synthetic bilayered systems, are vastly different
compared to liposomes. Although by themselves, polymersome membranes generally
exhibit lower permeability than liposome membranes, it is possible to regulate the
transport of molecules through them by following various reported approaches that offer

control over their size-selective permeability (Figure 1.14),204 207,226

-
Methodologies for Tunable Polymersome Membrane Permeability )

A. Intrinsically Permeable Membranes B. Incorporation of Biopores C. Stimuli-Responsive Membranes

Substrates: B pHE ¢mm—)  pH 6
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Product:
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Figure 1.14. Commonly employed methodologies for controllable regulation of small molecule
transport across the membrane of enzyme-loaded polymersome nanoreactors: (A)
Permeabilization through utilization of core-forming polymers that yield intrinsically permeable
membranes. Reproduced from ref. 227 with permission from Wiley-VCH Verlag GmbH & Co.
(B) Incorporation of hydrophobic biopores, such as membrane proteins and ion channels, into the
polymersome membranes. Reproduced from ref. 228 with permission from the Royal Society of
Chemistry. (C) Permeabilization through utilization of stimuli-responsive membrane-forming
polymers. Reproduced from ref. 229 with permission from the Royal Society of Chemistry. (D)
Permeabilization through utilization of post-assembly approaches for membrane modification.

Reproduced from ref. 230 with permission from the American Chemical Society.
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One principal approach involves appropriate selection of core-forming polymers that
favor the formation of inherently porous membranes.1’2 226 227. 231-233 |n general, these
membranes allow for selective diffusion and exchange of small organic molecules located
in the inner or outer aqueous polymersome microenvironment, whilst they prevent
leakage of larger hydrophilic encapsulates such as proteins, enzymes and DNA, rendering
additional protection toward such sensitive cargo against protease degradation and
antibody binding. For instance, van Hest and coworkers reported the preparation of multi-
enzyme-loaded polystyrene-b-poly(L-isocyanoalanine(2-thiophen-3-yl-ethyl)amide)
(PS-b-PIAT) polymersomes and demonstrated their ability to mediate multi-enzyme
cascade or polymerization reactions based on the intrinsic permeability of their PS-based
membranes (Figure 1.14A).2%" 24 Moreover, the Lecommandoux and van Hest groups
were able to encapsulate such enzyme-loaded PS-b-PIAT polymersomes within larger
poly(butadiene)-b-poly(ethylene oxide) (PB-b-PEQO) polymersomes for the fabrication of
a multi-compartmentalized polymeric formulation that structurally resembled a simplistic
cell and its containing organelles.?*®> Our group has also reported that enzyme-loaded
PEG-b-PHPMA polymersome nanoreactors with inherent size-selective membrane
permeability could be prepared via aqueous photo-PISA under mild reaction conditions
and further demonstrated the ability of the confined domains to communicate through

enzymatic cascades.'?> 172

More significantly, insertion of transporters, ion-channels and membrane proteins into
polymersome membranes for the introduction of biopores presents a biomimetic strategy
for selective membrane permeabilization (Figure 1.14B).22% 236239 This methodology
allows for control of the flux of electrolytes and the specific or non-specific transport of

reactants (e.g., substrates and products of enzyme-catalyzed reactions) across vesicular
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membranes. Polymersomes equipped with biopores/membrane proteins, acting as “gates”
for the diffusion of molecules across their membranes, constitute nanoscale reaction
spaces and are served for the design of complex cell-mimicking nanoreactors.1% 237 240
In an early publication by Meier’s group, enhanced permeability of polymersomes formed
via the self-assembly of poly(2-methyl-2-oxazoline)-b-poly(dimethylsiloxane)-b-poly(2-
methyl-2-oxazoline) (PMOXA-b-PDMS-b-PMOXA) triblock copolymers in aqueous
media, was achieved upon incorporation of the hydrophobic outer membrane protein F
(OmpF) within their membrane.?*! Additional studies based on further modifications of
this type of polymersomes revealed an ever wider range of applications for these
nanostructures.?42-24 By inserting other membrane proteins, such as maltoporin LamB,
aquaporin Z (AgpZ) or glycerol facilitator (GlpF), into the hydrophobic domain of similar
polymersomes, selective permeability towards specific molecules or ions could be also
achieved depending on the protein utilized. In a more recent study, Palivan and coworkers
introduced gramicidin (gA) channels within the membrane of PMOXA-b-PDMS-b-
PMOXA polymersomes for their selective permeability toward ions.?* Inserted gA
exhibited efficient time response to pH and ions, showing that the nanoreactors are
promising candidates for designing sophisticated biosensors for a variety of applications
in which stimuli-responsiveness, such as pH or ionic strength variations, is required. In a
similar approach, Battaglia and coworkers have also demonstrated that incorporation of
DNA-based nanopores into the hydrophobic membrane of block copolymer
polymersomes facilitates the diffusion of small molecule reactants, whilst retaining
encapsulated macromolecules within their inner aqueous lumen.?*¢ Importantly, a novel

one-step approach for surfactant-mediated incorporation of a porin membrane protein,
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OmpF, into enzyme-loaded polymersome nanoreactors prepared via aqueous RAFT-

mediated photo-PISA is introduced in Chapter 2 of this thesis.

Another commonly employed strategy for controlled membrane permeability of
polymersomes involves the utilization of stimuli-responsive core-forming blocks (Figure
1.14C).2% 24721 |n a seminal study, Yao et al. prepared GOx-loaded poly(N-
isopropylacrylamide)-b-poly(2-((((2-nitrobenzyl)-oxy)carbonyl)amino)ethyl  acrylate)
(PNIPAAM-b-PNBOCA) polymersomes with photo-sensitive membranes.?*® Cross-
linking of the membrane upon UV irradiation led to a hydrophobic-to-hydrophilic
transition of the originally impermeable membrane owing to cleavage of the nitrobenzyl
units. This resulted in a significant increase of the membrane permeability of the cross-
linked polymersomes toward the corresponding small molecule substrates. In a different
example, Voit, Battaglia and coworkers developed GOx-, HRP- and myoglobin-loaded
polymersomes with pH-responsive cross-linked membranes based on poly(N,N-
diethylaminoethyl methacrylate) (PDEAEMA).?*® On-demand substrate diffusivity and
enzymatic activity were observed upon protonation of the PDEAEMA core-forming

block when lowering the solution pH from 8 to 6.

Ultimately, a less explored approach to modulate the exchange of small molecules across
polymersome bioreactors encompasses post-assembly membrane modification
methodologies (Figure 1.14D). In one of the few reports, Bruns, Meier and coworkers
constructed various HRP-loaded polymersome nanoreactors that underwent an
impermeable-to-permeable transition upon reaction with externally added PP-OH under
UV-irradiation and subsequent radical oxidation of their membrane.?®° The permeability
of the PP-OH-treated polymersomes was assessed using a range of different organic

molecules of varying hydrophobicity, indicating that more hydrophobic compounds
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exhibited increased diffusivity across their membrane. In Chapter 3, an alternative post-
PISA membrane modification methodology was developed for diffusivity regulation of
semi-permeable polymersome nanoreactors by employing epoxide—amine “click”
reactions using various primary amines, providing valuable insight into the effect of the
hydrophobicity of the modifier onto the polymersome membrane thickness and their

resulting permeability.

1.6. Summary

In Chapter 1, the fundamental methodologies and key concepts investigated within the
experimental Chapters of this thesis have been introduced. A general introduction to
synthetic polymers and the common polymerization techniques utilized for their
preparation have been presented. Particular focus has been given to mechanistic insights
of RAFT/photo-RAFT polymerization and ROMP, followed by a detailed description on
amphiphilic block copolymer self-assembly, as well as the basic principles that determine
the obtained nanoparticle morphology. Moreover, polymerization-induced self-assembly
(PISA), which is the general topic area of this thesis, has been highlighted as a rapidly
growing one-pot procedure for the synthesis of block copolymer nano-objects with
predictable morphologies, whilst relevant aqueous RAFT-mediated photo-PISA and
ROMPISA reports of particular significance for the projects explored herein have been
discussed. Finally, the main properties of block copolymer vesicles (polymersomes) and
specific application-oriented examples have been also presented with special emphasis
given to compartmentalization and preparation of tunable biomembrane-mimicking

polymersome nanoreactors.
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Chapter 2

Overview: The main objective of this Chapter was to investigate the extent of interaction
between an amphiphilic block copolymer formulation and a series of commonly utilized
small molecule surfactants of varying nature (i.e., non-ionic, ionic and zwitterionic) in
order to provide a guide for future studies on mixed polymer/surfactant systems with
industrial or biotechnological scope. Contrary to previous literature reports on systems
whereby surfactants are typically introduced into pre-synthesized/assembled block
copolymer nanostructures leading to disruption of the assemblies due to solubilization of
the polymer chains by the surfactant micelles, in this study polymerization and self-
assembly were carried out simultaneously in the presence of different surfactants to allow

for polymer/surfactant co-assembly and formation of equilibrium structures.

On the basis of previous studies from our group, aqueous RAFT-mediated photo-PISA
was used as a direct and mild methodology for the synthesis of PEG-b-PHPMA diblock
copolymer nano-objects in the presence of various surfactants, whilst targeting the
formation of spherical, unilamellar vesicles as the final morphology (DPpHpma = 400,
[solids] = 11 wt%). In particular, photo-PISA was employed in order to exclude variations
in the behavior of each surfactant at high reaction temperatures and further associate these
findings with the directed one-pot incorporation of temperature-sensitive and
hydrophobic biomacromolecules (e.g., membrane proteins), that require surfactants for

their stabilization in aqueous media, within the membrane of the prepared assemblies.

Of all surfactants investigated, only the non-ionic and low-CMC zwitterionic ones
presented minimal interactions with the developed block copolymer amphiphiles and
were found to promote the formation of polymersomes similar to those obtained in pure

water, whereas surfactants of ionic character (including high-CMC zwitterionic
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surfactants) were found to drastically affect the final nano-object morphology toward the
development of lower-order structures. Moreover, it was possible to regulate the size and
membrane thickness of the prepared polymersomes upon appropriately varying the type

and concentration of each surfactant utilized.

As a practical demonstration of this study, a non-ionic surfactant was used for
stabilization of a model channel-forming membrane protein, OmpF, and photo-PISA was
subsequently carried out under the same conditions in an aqueous solution containing the
hydrophilic enzyme HRP and surfactant-solubilized OmpF in an attempt to in situ
construct OmpF-decorated polymersome nanoreactors with enhanced membrane
permeability toward reactants and catalysis products. Building upon existing PISA
studies primarily focused on encapsulation of hydrophilic enzymes within polymersomes,
the results presented in Chapter 2 are expected to pave the way for the facile and
reproducible development of biomembrane-mimicking polymersomes decorated with
hydrophobic (macro)molecules, that would exhibit higher complexity, specificity and

functionality.
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ABSTRACT: Photoinitiated polymerization-induced self-assembly
(photo-PISA) is an efficient approach to predictably prepare polymeric =
nanostructures with a wide range of morphologies. Given that this process
can be performed at high concentrations and under mild reaction
conditions, it has the potential to have significant industrial scope.
However, given that the majority of industrial (and more specifically ® .
biotechnological) formulations contain mixtures of polymers and
surfactants, the effect of such surfactants on the PISA process is an
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important consideration. Thus, to expand the scope of the methodology,

the effect of small molecule surfactants on the PISA process, specifically for the preparation of unilamellar vesicles, was
investigated. Similar to aqueous photo-PISA findings in the absence of surfactant molecules, the originally targeted vesicular
morphology was retained in the presence of varying concentrations of non-ionic surfactants, while a diverse set of lower-order
morphologies was observed for ionic surfactants. Interestingly, a critical micelle concentration (CMC)-dependent behavior was
detected in the case of zwitterionic detergents. Additionally, tunable size and membrane thickness of vesicles were observed by
using different types and concentration of surfactants. Based on these findings, a functional channel-forming membrane protein
(OmpF porin), stabilized in aqueous media by surfactant molecules, was able to be directly inserted into the membrane of
vesicles during photo-PISA. Our study demonstrates the potential of photo-PISA for the direct formation of protein—polymer
complexes and highlights how this method could be used to design biomimicking polymer/surfactant nanoreactors.

Bl INTRODUCTION

Small molecule surfactants, also known as surface-active agents,
have been extensively utilized as wetting agents, emulsifiers,
plasticizers, etc.,, in cleaning, food, oil, and textile industry.l’2
Self-assembled amphiphilic polymer aggregates (macromolec-
ular counterparts of surfactants) have also accumulated
significant interest as they exhibit greater stability compared
to surfactant assemblies due to their superior mechanical and
physical properties.”* Today, mixed polymer—surfactant
formulations that coassemble at a certain critical aggregation
concentration are also used in various household, personal
care, and other industrial and biotechnological applications.s’(’
Hence, the need to understand the effect of small molecule
surfactants on polymeric assemblies and the interaction of such
complex systems is increasingly required.

In an early report by Wesley et al,, the interaction of anionic
surfactant sodium dodecyl sulfate (SDS) with poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) homopol-
ymer chains was investigat‘.ed.7 Small-angle neutron scattering
revealed that the presence of polymer induced the micelliza-
tion of the surfactant at concentrations below its CMC value,
an observation also shown in a different study by Diamant and

- ACS Publications  © 2018 American Chemical Society 6190

Andelman.” Pata et al. investigated the effect of non-ionic
surfactant Triton X-100 on poly(ethylene oxide)-b-poly(ethyl
ethylene) and poly(ethylene oxide)-b-poly(butadiene) diblock
copolymer vesicles.” Higher resistance to membrane dissolu-
tion was achieved upon increasing the bilayer thickness of such
vesicles. Armes and co-workers prepared epoxy-functional
diblock copolymer vesicles by aqueous RAFT dispersion
polymerization. "’ Cross-linking of the membrane of the
vesicles was achieved, and the stability of vesicles toward
externally added amounts of small molecule surfactants of
different nature (i.e., ionic and neutral) was then studied. The
non-cross-linked vesicles could tolerate the presence of non-
ionic surfactants, while they were easily disrupted upon
exposure to ionic species (surfactant-induced dissociation).
On the contrary, the cross-linked vesicles remained stable in
the presence of both non-ionic and ionic surfactants. More
recently, Atanase et al. studied the micellization behavior of

poly(butadiene)-b-poly(2-vinylpyridine)-b-poly(ethylene
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oxide) (PB-b-P2VP-b-PEO) triblock copolymers as a function
of pH and SDS concentration.'' SDS addition led to a
noticeable decrease of particles’ size, indicating the develop-
ment of strong hydrophobic interactions between SDS and
P2VP and the formation of surfactant—polymer complexes.
Importantly, phospholipid/block copolymer hybrid vesicles
(lipo-polymersomes) have been also studied in depth because
of their similarity, in terms of thickness and hydrophobicity, to
cell membranes and their advantages of combining the best
features of both species.'”™"*

Over recent years, polymerization-induced self-assembly
(PISA) has become a widely utilized and efficient synthetic
methodology to produce block copolymer nano-objects of
controlled size, morphology, and tunable properties.'®"”
Owing to the fact that traditional block copolymer self-
assembly methods are mostly conducted at low polymer
concentrations (<1% w/w) and in almost all cases require
further postpolymerization processing, which makes it difficult
to implement on a large scale, PISA has become an alternative
one-pot route to reproducibly prepare nano-objects at high
concentrations (10—50% w/w).'®"” Controlled radical poly-
merization techni%ues such as nitroxide-mediated polymer-
ization (NMP),”” atom-transfer radical polymerization
(ATRP),”" and reversible addition—fragmentation chain-trans-
fer (RAFT) polymerization®>~>° have been mainly applied in
this process, although RAFT polymerization is still the most
popular method owing to its high versatility and broad
applicability. Typically, in RAFT-mediated dispersion PISA, a
solvophilic macromolecular chain transfer agent (macro-CTA)
is chain-extended using miscible monomers such that the
growing second block gradually becomes insoluble, which
drives in situ self-assembly to form amphiphilic diblock
copolymers. These generate a set of higher-order polymeric
nanostructures with morphologies that evolve by varying the
degree of polymerization (DP) and solids concentration.”

Nevertheless, research toward bio-related or stimuli-
responsive nanomaterials produced by aqueous PISA is
currently limited. This is mainly attributed to the elevated
reaction temperatures required for most thermally initiated
aqueous PISA formulations that can lead to denaturation of
delicate biomolecules such as proteins, enzymes, or antibod-
ies.”’ Recently, an increasing number of studies based on
aqueous visible-light-initiated PISA (photo-PISA) at ambient
temperatures have been reported, showing great promise in the
design and preparation of novel materials of particular
biotechnological and biomedical interest.”*”**

The design of facile and mild routes for the preparation of
well-defined single-phase vesicles by photo-PISA is of great
interest as it allows for the development of cargo-loaded
nanocarriers in a single step, which is especially important for
the encapsulation of delicate biomolecules. To date, several
studies on the encapsulation of hydrophilic proteins and
enzymes inside polymeric vesicles via one-pot aqueous photo-
PISA under mild reaction conditions (i.e., low temperature,
visible light, and aqueous media) have been reported.””***>~*
On the contrary, conventional methods®*® used for the
insertion of hydrophobic and/or amphiphilic (macro)-
molecules (e.g, drugs, enzymes, receptors, and membrane
proteins) into vesicles are not often appropriate for delicate
and very hydrophobic biomolecules. Indeed, for very hydro-
phobic biomolecules (e.g., membrane proteins), such uptake
into vesicles cannot be achieved without the presence of
solubilizing agents such as surfactants.*' ~** The incorporation
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of membrane proteins (specifically channel proteins, such as
OmpF) into vesicles has been pioneered by Meier, Palivan, and
co-workers, who have demonstrated such nanoconstructs as
synthetic cell mimics (organelles).40’45’46 To further broaden
the scope of the synthesis of such membrane protein—vesicle
complexes, we were interested in exploring photo-PISA to
allow for uptake into the hydrophobic domain formed during
polymerization (given its mild, tolerant, and scalable
conditions).

To achieve this, we first explored the interaction and effect
of small molecule surfactants of different critical micelle
concentration (CMC) values and nature (i.e., neutral, ionic,
and zwitterionic), commonly used in various biotechnological
applications, on the self-assembly process of a poly(ethylene
glycol)-b-poly(2-hydroxypropyl methacrylate) (PEG-b-
PHPMA) block copolymer system developed by aqueous
photo-PISA, while always targeting unilamellar vesicles
(ULVs) as the desired final morphology. We were able to
demonstrate that mixed block copolymer/surfactant vesicles
with tunable size and membrane thickness could be obtained
upon appropriate usage of different types and concentrations
of surfactants. On the basis of these findings, we then moved
toward using these conditions for incorporation of the pore-
forming outer membrane protein F (OmpF), which is
insoluble in water, requires the addition of surfactants for
solubilization, and hence is challenging to incorporate directly
into polymeric self-assemblies. This was achieved by
conducting photo-PISA in the presence of OmpF, which was
first stabilized by a non-ionic surfactant to allow for direct
reconstitution into the membrane of the vesicles, as
demonstrated by their enhanced permeability. We propose
that this demonstration highlights the potential application of
photo-PISA methodology, in the presence of surfactants, for
insertion of challenging hydrophobes and hence could
contribute significantly to the further development of
biomembrane-mimicking nanoreactors.

B RESULTS AND DISCUSSION

Based on findings from other related literature reports by
Armes™” and Zhang’s groups,”® and more recently by our
group”**® for similar PISA systems, a poly(ethylene glycol)
macro-chain-transfer agent with same molecular weight (5.0 X
10% g mol™!, DP = 113) as the one used in these studies was
first synthesized. This was achieved through esterification of an
acid functionalized chain-transfer agent (CEPA CTA) with a
poly(ethylene glycol) monomethyl ether homopolymer
(PEG,;3-OH) by DCC coupling chemistry (esterification
efficiency 93%; see the Supporting Information for
experimental details).

This water-soluble macro-CTA was then chain-extended
under dispersion polymerization conditions using a water-
miscible monomer, 2-hydroxypropyl methacrylate (HPMA), as
the core-forming block. It should be noted that the monomer
was a mixture of two isomers: 2-hydroxypropyl methacrylate
(major, 75 mol %) and 2-hydroxyisopropyl methacrylate
(minor, 25 mol %). Aqueous RAFT-mediated photo-PISA of
HPMA occurred upon 405 nm visible-light irradiation of the
solution at 37 °C under a N, atmosphere for the synthesis of
PEG-b-PHPMA nano-objects (Scheme S1), and complete
monomer conversion (>99%) was achieved after 2 h of
reaction, as determined by "H NMR spectroscopy (Figure S1).
It should be mentioned that the polymerization process was
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Scheme 1. (A) Schematic Illustration Showing the Obtained PEG,;-b-PHPMA 4, Nano-Object Morphologies after Photo-
PISA in Deionized Water and in Different Type Surfactant Solutions at Concentrations Equal to or Higher than the Critical
Micelle Concentration (CMC) of Each Surfactant; (B) Summary of Chemical Structures and Main Characteristics of the
Surfactants Used in the Present Study (CMC Values in Water As Reported in the Literature)
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promoted in the absence of an initiator or catalyst, following
the well-documented “photoiniferter” mechanism.**

Based on the morphologies diagram for photo-PISA of
PEG,,;-b-PHPMA, in deionized (DI) water recently reported
by our group,”* well-defined unilamellar vesicles (ULVs) were
formed when targeting DPpypya = 400 at 10 wt % HPMA (11
wt % solids content) (Scheme 1A). SEC analysis in DMF of a
lyophilized PEG,;-b-PHPMA,, sample confirmed the suc-
cessful chain extension of HPMA and revealed the controlled
character of the photo-PISA process as indicated by the
relatively narrow molecular weight distribution determined
(M, sgcri = 80.1 X 10° g mol™", Dyg = 1.25) (Table S1).

Dry-state stained TEM imaging revealed the successful
formation of ULVs of uniform size, while DLS analysis also
confirmed a unimodal particle size distribution with hydro-
dynamic diameter (Dy,) in the range 350—400 nm (Figure S2).
The shape, size, and unilamellar character of the developed
PEG, ;-b-PHPMA,, vesicles in solution were confirmed by
cryo-TEM imaging, while their average membrane thickness
was also determined as 26.8 + 3.4 nm (Figure S3). These
findings were in good agreement with our previously reported
characterization results for the same system, suggesting the
facile reproducibility of the photo-PISA process.””** Zeta
potential measurements of the prepared vesicles after
purification in DI water showed a negative value of —30.5 +
0.4 mV, mainly attributed to the free —OH groups of the
relatively hydrated PHPMA membrane that are not entirely
screened by the PEG 5 kDa chains.” ™" It is also important to
mention that the purification process of the particles by
centrifugation/resuspension cycles in DI water did not
significantly affect any of their characteristics (i.e., shape,
size, and zeta potential).

The key aim of this research was to evaluate the impact of
small molecule surfactants (detergents) used in various
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industrial and biotechnological applications, such as solubiliz-
ing agents of hydrophobic membrane proteins, on the
formulations obtained by photo-PISA. Aqueous photo-PISA
reactions for the development of PEG,,5-b-PHPMA,, nano-
objects were performed in the presence of various surfactants
(non-ionic, anionic, cationic, and zwitterionic) with differing
CMC values, under the same polymerization conditions
described above (Scheme 1). A low-CMC non-ionic surfactant
with a hydrophilic oligo(ethylene glycol) head, Triton X-100
(n = 9-10), and two non-ionic pyranoside surfactants, n-
dodecyl f-p-maltoside (DDM, low CMC) and octyl f-p-
glucopyranoside (OG, high CMC), were first studied.
Additionally, a model anionic surfactant, sodium dodecyl
sulfate (SDS), and a cationic surfactant, cetyltrimethyl-
ammonium bromide (CTAB), were also investigated. Notably,
the effect of two zwitterionic surfactants, 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS, high CMC) and n-dodecylphosphocholine (DPC,
low CMC), on photo-PISA nano-object morphologies was
finally assessed. It is worth mentioning that the presence of 10
wt % HPMA in PISA solutions did not significantly alter the
CMC value of surfactants, as determined by surface tension
analysis (Figure S4). The developed polymer—surfactant
hybrid formulations could potentially be utilized for in situ
incorporation of unstable in aqueous media functional
(macro)molecules, such as receptors, peptides, enzymes,
membrane proteins, and DNA, and fabrication of biomimetic
nanoreactors. The observed PEG, ;-b-PHPMA,,, diblock
copolymer/surfactant morphologies formed by aqueous
photo-PISA are schematically summarized in Scheme 1A,
while the chemical structures along with the main character-
istics of the surfactants used in this study are shown in Scheme
1B.
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In all cases, photo-PISA reactions were carried out at three
different concentrations of each individual surfactant (i.e., at
concentrations equal to each detergent’s CMC and also at 10
times lower and 10 times higher concentration levels) for the
synthesis of nano-objects for the same block copolymer.
Moreover, in cases of non-ionic surfactants Triton X-100 and
DDM and zwitterionic CHAPS and DPC additional surfactant
concentrations were also investigated due to the wide use of
these particular surfactants in numerous biotechnologically
relevant applications. Purification of samples was achieved by
consecutive centrifugation/resuspension cycles in DI water for
the removal of unreacted monomer and excess of non-
incorporated surfactant molecules. "H NMR spectroscopy was
used for determination of surfactant incorporation in purified
OG and CHAPS samples at 10 X CMC (high-CMC
surfactants with visible peaks) (Figure SS). For OG, a
surfactant incorporation of 6% was calculated, while a higher
surfactant incorporation of 14.5% was calculated in the case of
CHAPS.

Molecular Characteristics of Polymer—Surfactant
Photo-PISA Formulations. The final monomer conversion
after photo-PISA in different surfactant solutions for the
synthesis of PEG;-b-PHPMA,,, nano-objects was first
determined by "H NMR spectroscopy. It was found that the
reaction times of photo-PISA processes were not significantly
affected by the presence of surfactants in the system, with
almost quantitative monomer conversions (>96%) achieved
after 2 h of irradiation time in almost all cases (Table S2). The
only exception was noticed at [CHAPS] = 160.0 mM (= 20 X
CMC), where monomer conversion of 70% was calculated
(polymerization repeated in duplicate). This rate retardation
could be explained by the inability of monomer to reach the
gradually growing copolymer chains due to their high
solubilization inside the core of the surfactant micelles at
high CHAPS concentration. Repeating the polymerization
procedure in the same CHAPS solution for 18 h resulted in
>99% conversion. SEC analyses in DMF of purified and
lyophilized PEG, ;-b-PHPMA 4, samples at surfactant concen-
trations (Cgys) equal to CMC proved the relatively controlled
character of polymerization in each case (Figure 1). In
particular, a minimal M, increase was observed in almost every
polymer/surfactant sample as compared to PEG,;-b-
PHPMA,, diblock copolymers formed in DI water, accom-
panied by a minor Dy, increase from 1.25 (DI water) to 1.29—
1.33 (surfactant solutions). Notably, no major M, and Dy
differences were detected between diblock copolymer samples
in surfactant species of different nature. SEC eluograms of
selected diblock copolymer samples prepared at Cy,¢ > CMC
revealed that a 10-fold surfactant concentration increase did
not result in a further increase of molecular weight and Dy,
values (Figure S6). These findings indicate that the presence of
surfactants during photo-PISA did not markedly affect the
molecular characteristics of the developed PEG/;-b-
PHPMA,, diblock copolymers and reveal the high tolerance
of dispersion polymerization process toward different types of
surfactants.

On the basis of the SEC results, it can be assumed that all
nano-objects’ size variations and morphology transitions
observed are attributed to the nature and CMC value (i.e.,
amount) of the surfactant used in each case and not to loss of
polymerization control during photo-PISA in different
surfactant solutions. Exhaustive DLS analysis of the received
PEG,3-b-PHPMA,,, photo-PISA formulations before and
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Figure 1. SEC RI molecular weight distributions for PEG,;-b-
PHPMA,, diblock copolymers synthesized in the presence of (A)
non-ionic, (B) ionic, and (C) zwitterionic surfactants at Cy,; = CMC
in each case along with their corresponding M, (g mol™") and Dy
values calculated from PMMA standards, using S mM NH,BF, in
DMEF as the eluent.

after purification process was performed to monitor the
hydrodynamic diameter (Dy) and polydispersity (PD) changes
upon increasing concentration of surfactants. Dry-state stained
TEM imaging was used for the observation of the prepared
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Figure 2. Summary of DLS and cryo-TEM analyses results for PEG,,3-b-PHPMA,, diblock copolymer nano-objects developed by aqueous photo-
PISA in the presence of non-ionic surfactants Triton X-100 (A), DDM (B), and OG (C). For each individual surfactant: (I) DLS of crude and
purified formulations for the monitoring of Dy, and PD changes upon increasing surfactant concentration (the error shows the standard deviation
from five repeat measurements, while the vertical dashed line indicates the CMC value of each detergent). (II) Representative cryo-TEM images of
purified PEG,,3-b-PHPMA, nano-objects formed at C,,¢ = CMC. (III) Distribution of vesicles’ membrane thicknesses measured from statistical
analysis and calculated average membrane thickness (the error shows the standard deviation from at least 150 particle membranes).

polymer—surfactant nano-object morphologies in each case,
while the received purified hybrid nano-objects in solution,
formed by photo-PISA at C,,; = CMC, were also characterized
by cryogenic transmission electron microscopy (cryo-TEM).
Additionally, in the case of vesicles, the average membrane
thickness was calculated from statistical analysis by measuring
at least 150 particle membranes in each sample.

Photo-PISA Nano-Objects Developed in the Presence
of Non-lonic Surfactants. In the case of non-ionic and low-
CMC surfactant Triton X-100, it is evident that D, and PD
values were found to be similar to those of original PEG, ;-b-
PHPMA,, vesicles in DI water, remaining constant for a wide
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range of surfactant concentrations (Figure 2A-I). Near-
identical behavior was noticed for DDM, which is also another
low-CMC non-ionic detergent with almost equal CMC value
to Triton X-100 (Figure 2B-I). It should also be noted that in
these cases the purification process did not affect the Dy, or PD
values, showing that the nanostructures remain intact after
centrifugation/resuspension in DI water. From dry-state TEM
imaging, it was observed that spherical unilamellar vesicles
(ULVs) of uniform size (350—400 nm) were developed in
both cases, analogous to those formed in DI water (Figures
§7—810). Results from cryo-TEM analysis were in good
agreement with those received from other characterization
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Figure 3. Summary of DLS and cryo-TEM analyses results for PEG,,3-b-PHPMA,, diblock copolymer nano-objects prepared by aqueous photo-
PISA in the presence of ionic surfactants SDS (anionic) (A) and CTAB (cationic) (B) and zwitterionic surfactants CHAPS (C) and DPC (D). For
each individual surfactant: (I) DLS of crude and purified formulations for the monitoring of D;, and PD changes upon increasing surfactant
concentration (the error shows the standard deviation from five repeat measurements, while the vertical dashed line indicates the CMC value of
each detergent). (II) Representative cryo-TEM images of purified PEG,;3-b-PHPMA,, nano-objects formed at C,,s = CMC. (III) Distribution of
vesicles’ membrane thicknesses measured from statistical analysis and calculated average membrane thickness (the error shows the standard
deviation from at least 150 particle membranes).
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Figure 4. DLS analyses and dry-state TEM imaging results for PEG, ;3-b-PHPMA 4, diblock copolymer nano-objects developed by photo-PISA in
aqueous solutions of anionic surfactant SDS (A) and cationic surfactant CTAB (B), upon gradually increasing C. For each individual surfactant:
(I) Intensity-weighted size distributions of purified PEG/,;-b-PHPMA,, nano-objects developed in detergent solutions of different concentrations,
as determined by DLS. (II) Representative dry-state TEM micrographs of purified PEG,;-b-PHPMA,, nano-objects formed in the presence of
ionic surfactants, stained with 1 wt % UA, revealing a transition from vesicles (V) to mixed morphologies (S + W + V) upon increasing [SDS] and a
direct vesicle-to-sphere morphology transition upon increasing [CTAB].

methods. It is apparent that ULVs of comparable size and
membrane thickness to PEG, ;-b-PHPMA,, vesicles in DI
water were formed in cases of non-ionic Triton X-100 and
DDM at Cy¢ = CMC (Figures 2A-II, 2A-TII, 2B-II, and 2B-
III). As a matter of fact, membranes were found to be slightly
thicker in both samples (average membrane thickness = 27—29
nm) compared to those in DI water, suggesting the limited
insertion of surfactant molecules in the particles’ hydrophobic
bilayer leading to a negligible increase of average membrane
thickness. On the contrary, in the case of high-CMC non-ionic
surfactant OG, a significant particles’ size increase from 350 to
760 nm was noticed at surfactant concentrations equal to or 10
times higher than its CMC value. In this case, the measured
PD values were also found to be higher than those in the other
non-jonic surfactants, ranging from 0.1 to 0.2, indicating the
formation of particles with broader size distribution (Figure
2C-I). Dry-state TEM imaging at [OG] = 18.0 mM (= CMC)
confirmed the formation of giant unilamellar vesicles (GULVs)
of varying sizes, while TEM images at [OG] = 180.0 mM (=
10 X CMC) revealed the coexistence of GULVs along with a
population of large multilamellar vesicles (MLVs) (Figures S11
and S12). As determined by cryo-TEM imaging, exceptionally
large ULVs with rough outline, significantly thicker membranes
(average membrane thickness ~40 nm), and broad bilayer
thickness distribution were formed in the case of exceedingly
high-CMC OG at C,,; = CMC (Figures 2C-1I and 2C-III).
These findings suggest that the higher surfactant weight
fraction required for the preparation of OG solutions leads to
the formation of larger hybrid polymer—surfactant vesicular
structures due to stronger interaction between OG molecules
and vesicle membranes that aids chain mobility and exchange,
thereby allowing larger vesicles to form. However, the
significantly lower relative amount of surfactant needed for
the preparation of Triton X-100 and DDM solutions is not
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able to strongly affect the size or the interfacial curvature of
PEG,3-b-PHPMA , vesicles. The evidently high tolerance of
photo-PISA toward non-ionic surfactant species is also in
agreement with relevant literature reports on polymer/
surfactant assemblies, supporting that there is no or limited
interaction between non-ionic small molecule surfactants and
neutral polymer structures.”'’

Photo-PISA Nano-Objects Developed in the Presence
of lonic Surfactants. In the case of commonly used high-
CMC anionic surfactant SDS, DLS measurements showed
significant size and PD differences and coexistence of mixed
populations for the developed nano-objects upon increasing
detergent concentration (Figures 3A-I and 4A-I). The
corresponding hydrodynamic diameter of particles was similar
to that of vesicles in DI water only at [SDS] = 0.82 mM (= 0.1
X CMC), while the observed variations of Dy, and PD values at
[SDS] > CMC indicate strong surfactant interaction with the
copolymer chains and the occurrence of morphological
transitions. In particular, dry-state TEM imaging verified the
development of spherical ULVs around 350—420 nm at low
SDS concentration (Figure 4A-II and Figure S13). In contrast,
photo-PISA at [SDS] = 8.2 mM (= CMC) resulted in the
formation of mixed morphologies of spherical micelles, short
worms, and ULVs of various sizes, as judged by dry-state and
cryo-TEM imaging, due to greater interaction of surfactant
molecules with the block copolymer chains leading to
interfacial curvature changes (Figures 3A-II and 4A-II, Figure
S14). In this case, the average membrane thickness of vesicles
was calculated to be around 45 nm and was remarkably higher
compared to that of vesicles in DI water (Figure 3A-III). A 10-
fold surfactant concentration increase to [SDS] = 82.0 mM
further promoted the surfactant-induced dissociation of
polymer/surfactant assemblies toward lower-order structures.
Dry-state TEM imaging showed a significant increase in the
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worm-like and spherical micelles’ population against ULVs
(Figure 4A-1I and Figure S15). In addition to the described
results, the well-known ability of SDS to denature enzymes and
other proteins makes it unsuitable candidate for enzyme-
loaded nanoreactor development and amphiphile incorpora-
tion applications. On the other hand, for cationic surfactant
CTAB, a direct vesicle-to-sphere morphology transition was
observed at [CTAB] > CMC, as judged by DLS and dry-state
TEM analyses. DLS measurements of crude and purified
samples for removal of unbound detergent revealed a
significant Dy, decrease from 400 to 250 nm upon increasing
CTAB concentration, while PD values were constantly in the
range 0.15—0.2 (Figure 3B-I). DLS size distributions showed
the presence of two particle populations for small spherical
micelles and vesicles at [CTAB] > 0.8 mM, while a single
population of vesicles was detected at low CTAB concen-
tration (Figure 4B-I). DLS results were also verified by dry-
state TEM imaging of purified samples at different surfactant
concentrations. Unilamellar vesicles identical to those formed
in DI water were solely observed at [CTAB] = 0.08 mM (= 0.1
X CMC) (Figure 4B-II and Figure S16), while the formation
of spheres as well as small and large ULVs was revealed at
[CTAB] = CMC (Figure 4B-1I and Figure S17). Cryo-TEM
imaging at this CTAB concentration also confirmed the
coexistence of a mixture of very small and larger ULVs, while
an average bilayer thickness of around 28 nm, similar to that of
low-CMC non-ionic surfactant samples, was measured from
digital image analysis (Figures 3B-II and 3B-III). A further
increase of [CTAB] from 0.8 to 8.0 mM (= 10 X CMC)
favored the formation of spherical micelles; hence, the
population of spheres was notably larger than that of vesicles
in this case (Figure 4B-II and Figure S18). This could be
explained by the gradual introduction of positive charges,
caused by the increasing [CTAB], that blend into the diblock
copolymer chains developing strong repulsive forces and
leading to dissociation of vesicles in favor of spheres (ie.,
significant increase of interfacial curvature). It should also be
mentioned that complete charge screening occurred at
[CTAB] = 8.0 mM (measured zeta potential = —1.25 +
0.32 mV), owing to neutralization of the negative vesicles’
charge by the positively charged surfactant molecules. For both
ionic surfactants, comparable findings were also discussed by
Armes’ group in a different study and are mainly attributed to
the high sensitivity of RAFT-mediated PISA to the presence of
ionic molecules, which makes it more difficult to obtain higher-
order morphologies in contrast to the less-disruptive non-ionic
surfactants.'”** The greater disruptive power of anionic
surfactant SDS as compared to that of cationic CTAB is
mainly attributed to the greater molar concentration for a
given mass concentration of the former (ie, CMCgpg >
CMCorpp)-'*

Photo-PISA Nano-Objects Developed in the Presence
of Zwitterionic Surfactants. Importantly, the effect of two
model zwitterionic (ampholytic) surfactants on PEGy3-b-
PHPMA,,, photo-PISA nano-object formulations was thor-
oughly investigated. In the case of high-CMC steroid
surfactant CHAPS, slight size differences were observed at
low surfactant concentrations (i.e., [CHAPS] < CMC), as
judged by DLS (Figure 3C-I). However, a dramatic Dy
decrease from 420 to 110 nm was observed at [CHAPS] =
80.0 mM (= 10 X CMC) (PD = 0.18, zeta potential = —15.6 +
0.3 mV), while further [CHAPS] increase to 160.0 mM (= 20
X CMC) resulted in a notable D, decrease to almost S0 nm
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(PD = 0.04, zeta potential = —10.4 + 1.9 mV), indicating the
occurrence of morphological transitions from ULVs to lower-
order structures upon increasing detergent concentration.
Interestingly, dry-state TEM imaging revealed a morphologi-
cally distinct vesicle-to-worm-to-sphere transition upon in-
creasing [CHAPS] from CMC to 10 X CMC and subsequently
to 20 X CMC (Figure SA and Figures S19—S21). ULVs of
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Figure S. (A) Representative dry-state TEM micrographs, stained
with 1 wt % UA, reaction vial images, and illustrations of the
interfacial curvature of PEG ;-b-PHPMA,y, nano-objects developed
by aqueous photo-PISA upon increasing concentration of high-CMC
zwitterionic surfactant CHAPS. A vesicle-to-worm morphology
transition is observed at [CHAPS] = 10 X CMC, while a subsequent
worm-to-sphere transition is noticed at [CHAPS] = 20 X CMC. (B)
Representative dry-state TEM micrographs, stained with 1 wt % UA,
of PEG,3-b-PHPMA,, nano-objects developed by aqueous photo-
PISA upon increasing concentration of low-CMC zwitterionic
surfactant DPC. No morphology transitions were observed; hence,
ULVs of comparable sizes were achieved at concentrations ranging
from [DPC] = CMC to 20 X CMC.

uniform shape and size with significantly thicker hydrophobic
membranes (average membrane thickness ~38 nm) and rough
outline were formed at [CHAPS] = 8.0 mM (= CMC), as
shown by cryo-TEM (Figures 3C-II and 3C-III), whereas a
pure network of branched worms was apparently observed
after photo-PISA in 80.0 mM CHAPS solution. This was
initially indicated on a macroscopic level by the formation a
free-standing gel in the reaction vial after the polymerization
process. The increase of both D, and PD noticed in this
sample after purification is mainly attributed to further
entanglement of the worm-like micelles during the centrifuga-
tion/resuspension process.”* Additional dry-state TEM imag-
ing at [CHAPS] = 160.0 mM clearly showed the development
of small spherical micelles, confirming the results received from
DLS analysis. As "H NMR spectroscopy suggested that only
70% monomer consumption occurred after 2 h of reaction in
this sample, an overnight photo-PISA reaction was repeated to
ensure full monomer conversion. In this case, dry-state TEM
imaging showed the formation of mostly small spherical
micelles along with some short worms, derived from the
integration of adjacent spheres (Figure S$22). Similar to the
studied ionic surfactants, it is evident that the presence of high
amounts of charged zwitterionic surfactant molecules pro-
motes their ionic-like behavior and markedly affects the photo-

DOI: 10.1021/acs.macromol.8b00994
Macromolecules 2018, 51, 6190—6201


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00994/suppl_file/ma8b00994_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00994/suppl_file/ma8b00994_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00994/suppl_file/ma8b00994_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00994/suppl_file/ma8b00994_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00994/suppl_file/ma8b00994_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00994/suppl_file/ma8b00994_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b00994

Macromolecules

A' Reduced o-Dianisidine Oxidised o-Dianisidine
(colorless) (red-brown)
H3;CO H,CO
[HRP]
OCH, OCH,3 OCH,3
_ OmpF trimer
Vesicle
Bilayer
Inherently permeable OmpF-functionalized
HRP-loaded vesicles HRP-loaded vesicles
B' 1.0 T T T T T T T T T T T
30{— Intensity
@ = +HRP/-OmpF I . — Volume II
| Z —— Number
0.8 p +HRP/+OmpF Z 2 Z-ave=411+4 nm
|| —A—-HRP/-OmpF £ 1ol PP=0 121002
£ 0.6 =,
=
Q 1 1000 10000
D3
g 0.4 1
0.2 1
0.0
0 5 10 15 20 25 30
Time (min)

Figure 6. (A) HRP-catalyzed oxidation reaction of o-dianisidine to a red-brown dimer product, detected by colorimetric assay, taking place inside
inherently permeable HRP-loaded PEG, ;-b-PHPMA,,, vesicles and OmpF-functionalized + HRP-loaded PEG,,3-b-PHPMA,,, vesicles. (B)
Enzymatic activity of the purified empty (—HRP/—OmpF, blue line), HRP-loaded (+HRP/—OmpF, black line), and OmpF-functionalized + HRP-
loaded (+HRP/+OmpF, red line) PEG, ;-b-PHPMA,,, vesicles at 0.5 wt % (the inset shows the end-point microwells in each case) (I), intensity-
weighted size distributions of purified OmpF-functionalized + HRP-loaded PEG,,3-b-PHPMA,, vesicles obtained by DLS, along with the average
Dy, and PD values (the error shows the standard deviation from five repeat measurements) (II), and representative dry-state TEM image, stained

with 1 wt % UA (III).

PISA process, preventing the formation of higher-order
structures. The incorporation of zwitterionic detergent
molecules into the bilayer of the assemblies combined with
the introduction of charges in the hydrophilic corona of the
nano-objects drives the development of mixed polymer—
surfactant formulations with higher interfacial curvature (i.e.,
transitions to worm-like or spherical micelles). Above all, pure
phases of ULVs, worms, and spherical micelles were isolated by
careful control of CHAPS concentration during aqueous
photo-PISA of the same block copolymer. Surprisingly, in
the case of the other studied zwitterionic phospholipid
surfactant DPC, completely opposite behavior compared to
high-CMC CHAPS and analogous to that of non-ionic and
low-CMC detergents Triton X-100 and DDM was observed. In
particular, minor size and PD variations were recorded for a
wide range of DPC concentrations, in comparison to original
PEG,3-b-PHPMA,;, ULVs in DI water, suggesting that no
dissociation to lower-order constructs occurred in this case,
even at extreme detergent concentrations (Figure 3D-I). The
hydrodynamic diameter of photo-PISA samples in DPC
solutions ranged between 340 nm for low [DPC] and 440
nm for higher [DPC], while low PD values of 0.07—0.15 were
also measured. It should also be noted that in the case of DPC
the purification process did not affect the D; or PD values.
Dry-state and cryo-TEM imaging at [DPC] = 1.5 mM (=
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CMC) revealed the successful development of pure spherical
ULVs of uniform size (Figures 3D-II and SB, Figure S23).
Based on cryo-TEM analysis, the average membrane thickness
of vesicles formed at [DPC] = CMC was determined to be
around 30 nm (Figure 3D-III). This indicates negligible
interaction between DPC molecules and polymeric chains,
following the same trend as low-CMC non-ionic surfactants.
Additionally, the vesicular morphology and unilamellar
character were retained upon increasing DPC concentration
up to 20 times above its CMC value, showing the high
tolerance of photo-PISA toward this particular surfactant
(Figure 5B, Figures S24 and S25). The marked differences
observed between the two zwitterionic detergents are
attributed to the higher weight percent of surfactant required
in the case of CHAPS (CMCcyaps > CMCpp(), revealing the
dual nature of such species that are possible to behave like
non-ionic or ionic surfactants depending on the conditions.
Finally, these findings are of paramount importance as it was
demonstrated that besides neutral detergents, an ampholytic
small molecule surfactant could also be used for applications of
biorelevant interest without drastically affecting the desired
final morphologies prepared by aqueous PISA. The observed
morphologies of all formulations developed by RAFT-
mediated photo-PISA in aqueous surfactant solutions, as
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judged by dry-state and cryo-TEM, are summarized in Table
S3.

Outer Membrane Protein F (OmpF) Reconstitution
into PEG;3-b-PHPMA 4, Vesicles. Guided by the results on
the tolerance of PISA to surfactants, a challenging functional
membrane protein, which is not soluble in aqueous media in
the absence of surfactants, was selected for incorporation
during the photo-PISA process. The channel-forming mem-
brane protein OmpF trimer was extracted from Escherichia coli
(see the Supporting Information), purified, and stabilized in an
aqueous surfactant solution mixture of 0.39 mM DDM + 20
mM sodium phosphate (NaPhos) at pH = 6.0 (Figures S27
and S28). Initial photo-PISA reactions for the synthesis of
PEG, ;-b-PHPMA,, block copolymers in 20 mM NaPHos
and 0.39 mM DDM + 20 mM NaPHos solutions (pH = 6.0)
in the absence of OmpF protein revealed that the controlled
polymerization character (Py ca. = 1.3, monomer conversion
>98%) and original vesicular morphology were retained in
both cases, with negligible D, and membrane thickness
increases being observed (Figures S29 and S30). Importantly,
40S nm irradiation of DDM-stabilized OmpF for 2 h did not
affect the secondary structure and hence functionality of the
protein, as judged by circular dichroism (CD) measurements
before and after light exposure (Figure S31). These findings
suggest that by using this particular surfactant solution, OmpF
could be directly reconstituted into the inherently permeable
PHPMA membrane of vesicles by photo-PISA. Horseradish
peroxidase (HRP) was chosen to be encapsulated into the
lumen of both —OmpF and +OmpF-containing ULVs to
provide a read-out of function of OmpF (permeability) by
kinetic colorimetric assays, following a recently reported
procedure by our group.36 HRP catalyzes the oxidation
reaction of the colorless substrate o-dianisidine to the colored
(red-brown) dimer product, which can be detected by
measuring the absorbance at A = 492 nm over time (Figure
6A). The surfactant-stabilized OmpF protein was reconstituted
into HRP-loaded ULVs by a one-pot photo-PISA reaction to
introduce nonselective channels that would allow easier
exchange of small molecules between the aqueous compart-
ments of particles. From kinetic colorimetric analyses, a
noticeable absorbance increase of 24 + 3% was measured in
the case of purified +OmpF-containing ULVs compared to
—OmpF ones, demonstrating the permeability enhancement of
the former toward o-dianisidine and hydrogen peroxide and
OmpF retention of function (Figure 6B-I). A similar
permeability enhancement was also monitored upon ranging
the particles’ concentration from 0.5 to 0.1 wt % during kinetic
colorimetric analyses. Dry-state TEM imaging confirmed the
formation of OmpF-functionalized + HRP-loaded ULVs, while
additional DLS analysis showed a negligible D, increase to 411
+ 4 nm, similar to that observed in DDM + NaPhos mixture
without OmpF (Figures 6B-II and 6B-III and Figure S32).

B CONCLUSIONS

In this study, an insight into the effect of different types of
small molecule surfactants on aqueous photoinitiated PISA
processes for the formation of polymer/surfactant complex
nano-objects was explored. Investigation revealed the high
tolerance of photo-PISA toward non-ionic surfactants with
varying CMC values, as the originally targeted vesicular
morphology was consistently retained in these cases. On the
contrary, the high sensitivity of photo-PISA to the presence of
ionic species was verified by the occurrence of morphological
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transitions toward lower-order structures upon increasing
concentration of ionic surfactants. The introduction of charged
molecules into the polymeric chains markedly affected the self-
assembly process, leading to the development of formulations
with larger interfacial curvatures. Moreover, the presence of
zwitterionic surfactants of high or low CMC values was also
studied. An interesting vesicle-to-worm-to-sphere morphology
transition was observed upon increasing concentration of high-
CMC zwitterionic surfactant, while in the case of low-CMC
detergent vesicular structures similar to those developed in
non-ionic surfactant solutions were formed at a wide range of
concentrations. By using these results as a guide, a low-CMC
non-ionic surfactant was selected for the stabilization/
solublization of the hydrophobic channel-forming membrane
protein OmpF, which was then able to be reconstituted into
the membrane of the vesicles by a one-pot photo-PISA
process. This highlights the robustness of photo-PISA for the
in situ insertion of delicate non-stable hydrophobic species to
allow for the facile synthesis of biomimetic nanoreactors.

B METHODS

Materials and Methods. Materials and characterization
techniques used are included in the Supporting Information. The
syntheses of 4-cyano-4-[ (ethylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid chain transfer agent (CEPA CTA) and poly(ethylene glycol),;;—
CEPA macro-CTA (PEG,;;—CEPA mCTA) by N,N’-dicyclohexyl-
carbodiimide (DCC) coupling between PEG,;; monomethyl ether
and CEPA CTA were performed according to previously described
processes with slight modification.”**> The synthetic procedures
followed are given in detail in the Supporting Information. All photo-
PISA reactions were performed in a custom-built photoreactor setup.
This ensured the reaction mixture was only exposed to the light from
the 400—410 nm LED source placed underneath the sample.

Synthesis of PEG;;3-b-PHPMA,, Diblock Copolymer Nano-
Objects by Aqueous Photoinitiated Polymerization-Induced
Self-Assembly (Photo-PISA) in Surfactant Solutions. A typical
synthetic procedure to achieve PEG,,;-b-PHPMA,, diblock copoly-
mer nano-objects at 10 wt % HPMA (or 11% solids content) by
aqueous RAFT-mediated photo-PISA is described (Scheme S$1).**
PEG,;3;—CEPA mCTA (9.1 mg, 1.7 umol, 1 equiv) and HPMA (100
mg, 0.69 mmol, 400 equiv) were dissolved in a freshly prepared
aqueous surfactant solution of desired concentration (0.9 mL) in a
sealed 20 mL scintillation vial bearing a magnetic stirrer bar. The
resulting polymerization solution was degassed by purging with N,(g)
for 15 min. The sealed vial was incubated at 37 °C with magnetic
stirring under 405 nm light irradiation for 2 h to ensure full monomer
conversion. After this period, the reaction mixture was exposed to air
and allowed to cool to room temperature before conversion "H NMR
and SEC analyses. The resulting solution of particles was then diluted
10-fold in DI water and purified by three centrifugation/resuspension
cycles in DI water at 14000 rpm for the removal of unreacted
monomer and/or excess of non-incorporated surfactant molecules
(Figure S1). 'H NMR in methanol-d, and DMF SEC traces of the
pure polymer were obtained after lyophilization of an aliquot of
particles. TEM, DLS, and zeta potential analyses were performed on
samples after dilution to an appropriate analysis concentration.

HRP Loading and OmpF Reconstitution into PEG;;;-b-
PHPMA,, Vesicles by Aqueous Photo-PISA. For the synthesis of
permeable non-OmpF-containing HRP-loaded PEG, ;-b-PHPMA 4,
vesicles at 10 wt % HPMA by aqueous photo-PISA, a previously
reported procedure was followed.*® For the reconstitution of OmpF
porin, PEG,;;—CEPA mCTA (9.1 mg, 1.7 gmol, 1 equiv) and HPMA
(100 mg, 0.69 mmol, 400 equiv) were first dissolved in DI water (0.53
mL) in a sealed 20 mL scintillation vial bearing a magnetic stirrer bar.
Once homogeneous, 0.1 mL of a 200 U mL™" HRP solution in DI
water and 0.27 mL of a 750 ug mL™' OmpF solution in 0.39 mM
DDM + 20 mM NaPhos (pH = 6.0) were added. The resulting
polymerization solution was degassed by purging with N,(g) for 15
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min. The sealed vial was incubated at 37 °C with magnetic stirring
under 405 nm light irradiation for 2 h to ensure full monomer
conversion. After this period, the reaction mixture was exposed to air
and allowed to cool to room temperature before conversion '"H NMR,
kinetic colorimetric, and microscopic analyses. The resulting solutions
of non-OmpF and OmpF-containing particles were then diluted 10-
fold in 100 mM PB (pH = $.5) and purified by three centrifugation/
resuspension cycles in 100 mM PB (pH = $.5) at 14000 rpm for the
removal of unreacted monomer, free HRP enzyme, and/or non-
incorporated OmpF molecules.
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Experimental Section

Materials and Methods

Materials

Poly(ethylene glycol) methyl ether (average M, = 5,000 g mol”', PEG-OH), carbon disulfide (anhydrous,
>99%), sodium ethanethiolate, N, N'-dicyclohexylcarbodiimide (99%, DCC), 4-(dimethylamino)pyridine
(>98%, DMAP), sodium dodecyl sulfate (>99%, SDS), Triton™ X-100, octyl B-D-glucopyranoside
(OG) and o-dianisidine were purchased from Sigma Aldrich and were used without further purification.
Hexadecyl-trimethyl-ammonium bromide (99+%, CTAB) was received from Acros Organics. lodine,
diethyl ether and dichloromethane (DCM) were purchased from Fisher Scientific. Ethyl acetate and n-
dodecyl B-D-maltoside (DDM) were purchased from VWR Chemicals. n-Dodecylphosphocholine
(DPC) was obtained from Anatrace. 4,4'-Azobis(4-cyanovaleric acid) (98%, ACVA) and 3-[(3-
cholamidopropyl) dimethylammonio]-1-propanesulfonate (98+%, CHAPS) were obtained from Alfa
Aesar. 2-Hydroxypropyl methacrylate (mixture of isomers, 98%, HPMA) was also purchased from Alfa
Aesar and was passed through a column of basic alumina to remove inhibitor prior to use. Hydrogen
peroxide (35%) was purchased from Lancaster Synthesis. The enzyme peroxidase from Amoracia
rusticana (type VI, essentially salt free) (HRP) was purchased from Sigma Aldrich, divided into aliquots
at 200 U mL" in deionized water and stored at -20 °C. Dry solvents used in the experiments were
obtained by passing over a column of activated alumina using an Innovative Technologies solvent
purification system. Formvar and QUANTIFOIL® lacey-carbon coated copper grids were purchased
from EM Resolutions. The light source for the photo-initiated PISA reactions (TruOpto
OSV5X3CACI1E) was purchased from Rapid Electronics and had an output power of 800 mW at 12V
DC operating at a wavelength of 400-410 nm. This was fitted to a custom-built setup fitted with a

dimmer switch for controlling the output light intensity.

Characterization Techniques

NMR Spectroscopy. "H-NMR and >C-NMR spectra were recorded at 300 MHz or 400 MHz on a Bruker
DPX-300 or DPX-400 spectrometer respectively, with chloroform-d (CDCl;) or methanol-d, (CD;0D)

as the solvent. Chemical shifts of protons are reported as J in parts per million (ppm) and are relative to
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tetramethylsilane (TMS) at 6 = 0 ppm when using CDCl; or solvent residual peak (CH3;0H, ¢ = 3.31
ppm).

FT-IR Spectroscopy. Fourier Transform-Infrared (FT-IR) spectroscopy measurements were carried out

using a Perkin Elmer Spectrum 100 spectrometer, in the range of 600 to 4000 cm™,

Size Exclusion Chromatography. Size exclusion chromatography (SEC) analysis was performed on a
system composed of a Varian 390-LC-Multi detector suite equipped with a Varian Polymer Laboratories
guard column (PLGel 5 uM, 50 x 7.5 mm), two Mixed-C Varian Polymer Laboratories columns (PLGel
5 uM, 300 x 7.5 mm) and a PLAST RT auto-sampler. Detection was conducted using a differential
refractive index (RI) and an ultraviolet (UV) detector set to A = 309 nm. The mobile phase used was
DMF (HPLC grade) containing 5 mM NH4BF; at 50 °C at flow rate of 1.0 mL min"'. Poly(methyl
methacrylate) (PMMA) standards were used for calibration. Number average molecular weights (M,),
weight average molecular weights (M,,) and dispersities (PDv = M,/M,) were determined using Cirrus

v3.3 SEC software.

Surface Tension Analysis. Pendant drop surface tension measurements for the determination of CMC of
surfactant solutions in pure DI water and 10% v/v HPMA in water were performed using a Kriiss
DSA25 Drop Shape Analyzer. Droplets of 10 uL were produced in each case and air-water surface

tension was measured using ADVANCE software and Young-Laplace fit.

Dynamic Light Scattering. Hydrodynamic diameters (Dy) and size distributions of particles were
determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS with a 4 mW He-Ne
633 nm laser module operating at 25 °C. Measurements were carried out at an angle of 173° (back
scattering), and results were analyzed using Malvern DTS 7.03 software. All determinations were
repeated 5 times with at least 10 measurements recorded for each run. Dy, values were calculated using
the Stokes-Einstein equation where particles are assumed to be spherical, while for cylindrical particles

DLS was used to detect multiple populations and obtain dispersity information.

Zeta Potential Analysis. Zeta potential was measured by the technique of microelectrophoresis, using a
Malvern Zetasizer Nano ZS instrument, at room temperature at 633 nm. All reported measurements

were the average of at least five runs. Zeta potential was calculated from the corresponding
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electrophoretic mobilities (ug) by using the Henry’s correction of the Smoluchowski equation (ug = 4w g

& C (1+xr)/6m p).

Transmission Electron Microscopy. Dry-state stained TEM imaging was performed on either a JEOL
2000 FX, a JEOL 2011 or a JEOL 2100 microscope operating at an acceleration voltage of 200 kV. All
dry-state samples were diluted with deionized water and then deposited onto formvar-coated copper
grids. After roughly 1 min, excess sample was blotted from the grid and the grid was stained with an
aqueous 1 wt% uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis.
Samples for cryo-TEM imaging were prepared at 0.5 wt% solids content in deionized water by
depositing 8 pL sample onto a lacey-carbon grid followed by blotting for approximately 4 s and
plunging into a pool of liquid ethane, cooled using liquid nitrogen, to vitrify the sample. Transfer into a
pre-cooled cryo-TEM holder was performed under liquid nitrogen temperatures prior to microscopic
analysis. For the determination of the membrane thickness of the vesicles at least 100 particles were

analyzed in each case.

Native mass spectrometry. Native mass spectrometry was acquired on a Synapt G2-Si mass spectrometer
with a nESI source. Typical instrument settings were 1.6 kV capillary voltage, source temperature of 30
°C, argon for trap collision gas, and 4.2¢ mbar for trap collision gas pressure. OmpF was diluted to a
concentration of 5 pM in 50 mM Tris (pH = 8.0), 1% (w/v) OG then buffer exchanged into MS buffer (1
% (w/v) OG, 200 mM ammonium acetate (pH = 8.0)) using a centrifugal buffer exchange device (Micro
Bio-Spin 6, Bio-Rad). Moderate activation settings are required to remove OG detergent bound to
membrane proteins whilst maintaining the intact native membrane protein complex;' a 150 V trap
collision voltage, 150 V cone voltage and 60 V source offset were therefore used. Mass spectra were
calibrated externally using a 100 mg/mL Csl solution and deconvoluted using the UniDec software

program. The deconvoluted spectra indicated that the OmpF protein was trimeric in structure.

Circular Dichroism. Circular dichroism (CD) analysis of OmpF was performed on a Jasco J-815 CD
spectropolarimeter, featuring a 150 W air-cooled Xe lamp and a Jasco Peltier PTC-423S/15 temperature
controlling system. The samples were contained in a 1 mm Quartz Suprasil cuvette. 0.39 mM DDM + 20

mM NaPhos background spectrum was subtracted from acquired OmpF spectra.

Kinetic Colorimetric Analysis. Kinetic colorimetric analysis was performed in 96-well Nunclon™ plates

and measured on a BMG Labtech FLUOstar OPTIMA plate reader running in absorbance mode with a

S4



filter of A = 492 nm. Absorbance values at this wavelength were measured every two minutes. All

measurements were performed in quadruplicate.

Synthetic Methods

Synthesis of 4-cyano-4-[(ethylsulfanylthiocarbonyl)sulfanyl] pentanoic acid (CEPA)

4-Cyano-4-[(ethylsulfanylthiocarbonyl)sulfanyl] pentanoic acid chain transfer agent (CEPA CTA) was
synthesized according to a previously described process.” In particular, sodium ethanethiolate (10.0 g,
0.119 mol, 1eq) was suspended in 500 mL of dry diethyl ether at 0 °C. Carbon disulfide (7.74 mL, 0.131
mol, 1.1 eq) was subsequently added dropwise over 10 min, resulting to the formation of a thick yellow
precipitate of sodium S-ethyl trithiocarbonate. After 2 h of stirring at room temperature, solid iodine
(15.1 g, 0.059 mol, 0.5 eq) was added to the reaction medium. After 2 h, the solution was washed three
times with aqueous sodium thiosulfate (1 M), water and finally saturated NaCl solution. The organic
layer was thoroughly dried over MgSOj, and the crude bis-(ethylsulfanylthiocarbonyl) disulfide was then
isolated by rotary evaporation (16.2 g, 0.059 mol).

A solution of bis-(ethylsulfanylthiocarbonyl) disulfide (16.2 g, 0.059 mol, 1 eq) and 4,4'-azobis(4-
cyanopentanoic acid) (ACVA) (24.8 g, 0.0885 mol, 1.5 eq) in 500 mL of ethyl acetate was heated at
reflux for 18 h under N,(g) atmosphere. Following rotary evaporation of the solvent, the crude CEPA
CTA was isolated by column chromatography using silica gel as the stationary phase and 75:25 DCM-
petroleum ether as the eluent. The isolated product was precipitated out of solution by using hexane,
leaving a yellow-light orange solid. The final product was collected and dried under reduced pressure to
afford pure CEPA CTA (21.36 g, 0.081 mol, 69%). 'H-NMR (400 MHz, CDCl3): § (ppm) 3.35 (q, 2H,
S-CH,-CH3), 2.38-2.71 (m, 4H, CH,-CH>), 1.89 (s, 3H, C(CN)-CH3), 1.36 (t, 3H, S-CH,-CH3;). *C-
NMR (100 MHz, CDCI3): ¢ (ppm) 217.0, 177.2, 119.2, 46.5, 33.5, 31.7, 29.5, 25.0, 12.9. FT-IR (neat):
v (em™) 2235 (C=N), 1709 (C=0), 1073 (C=S). HRMS: m/z [CoH;3NO,S;+Na]" calc. 286.0001 g mol’,
exp 286.0001 g mol™.

Synthesis of poly(ethylene glycol);13-CEPA macro-CTA (PEG;13-CEPA mCTA)
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PEG3-CEPA macro-CTA was synthesized according to previously reported methods with slight
modification.* Poly(ethylene glycol) methyl ether (average M, = 5,000 g mol™', PEG,,3-OH) (4.75 g,
0.95 mmol, 1 eq) was dissolved in 150 mL of dry DCM. The resulting solution was then purged with
Na(g) for 30 min. After complete dissolution, CEPA CTA (1g, 3.8 mmol, 4 eq), DCC (392 mg, 1.9
mmol, 2 eq) and DMAP (23 mg, 0.19 mmol, 0.2 eq) were added to the reaction mixture. The
esterification reaction proceeded with stirring at room temperature for 18 h under continuous N»(g) flow.
After this period, DCC (392 mg, 1.9 mmol, 2 eq) and DMAP (23 mg, 0.19 mmol, 0.2 eq) were added
again to the reaction mixture and then stirred at room temperature for an additional period of 6 h under
continuous N»(g) flow. The solution was then filtered to remove unreacted DCC and DMAP. Following
rotary evaporation of DCM, the resulted PEG,3-CEPA mCTA was collected by precipitation into 500
mL of cold diethyl ether, redissolved in deionized water and dialyzed against DI water for 2 days
(dialysis membrane MWCO = 1000 Da). The received PEG3-CEPA mCTA solution was lyophilized to
give a yellow solid as the final product (3.66 g, 0.70 mmol, 73%)."H-NMR (400 MHz, CDCl;): ¢ (ppm)
4.26 (m, 2H, CO,-CH>), 3.46-3.82 (m, 2H, CH,0), 3.38 (s, 3H, O-CH3;), 3.34 (q, 2H, CH3-CH,), 2.65
(m, 2H, CH>-CO»), 2.37-2.54 (m, 2H, C(CN)-CH>), 1.88 (s, 3H, CH;-C(CN)), 1.36 (t, 3H, CH;-CH,).
FT-IR (neat): v (cm™) 2882 (C-H, PEG chain), 1736 (C=0), 1098 (C-O-C). SEC (5 mM NH,BF, in
DMF, A = 309 nm) My, sec ri = 12.4 kg mol ™', Py ri = 1.05.

Outer membrane protein F (OmpF) purification

Endogenous OmpF was isolated and purified from Escherichia coli BL21. Cells were grown at 37 °C in
Luria-Bertani medium until late exponential phase, then harvested by centrifugation for 30 min at 6,000
x g and resuspended in PBS. The cells were lysed by passing through a microfluidiser (Constant
Systems) and the membrane fraction was recovered by ultracentrifugation for 30 min at 100,000 x g.
The outer membrane was enriched by washing the pellet twice with 0.5% (w/v) SDS in 50 mM Tris (pH
= 7.4). The remaining pellet was resuspended in 50 mM Tris (pH = 7.4), 8M urea and 1% (w/v)
dodecylmaltoside (DDM), then dialyzed at room temperature overnight against 50 mM Tris (pH = 7.4).
Aggregated protein was removed by ultracentrifugation for 30 min at 100,000 x g, leaving OmpF in
solution. Remaining bound lipids and LPS were removed by ethanol precipitation. OmpF was diluted
1:10 into cold 95% (v/v) ethanol, incubated at -20 °C for 30 min and then centrifuged for 15 min at 4 °C

and 15,000 x g. The supernatant was discarded and the pellet air-dried before resuspending into 0.02%
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(w/v) (= 0.39 mM) DDM in 20 mM sodium phosphate (pH = 6.0). SDS-PAGE and native mass

spectrometry confirmed the purified OmpF was trimeric and SDS- and proteinase K-resistant.

OmpF SDS-PAGE and protease resistance assay test

Purified OmpF samples were loaded on to a 12% pre-cast SDS-PAGE gel (Serva), either with or without
heating to 95 °C for 10 min. Non-boiled OmpF was resistant to unfolding by SDS and ran with an
apparent molecular weight of 73 kDa. Boiled samples denatured to the monomer and ran at the expected
molecular weight of 37 kDa. OmpF was also tested for protease resistance by incubating 100 pL of
purified protein for 10 min with 10U of Proteinase K immobilized on Eupergit® C. The resin was
removed by centrifugation and the OmpF loaded on to the SDS-PAGE gel with or without heating. Non-

boiled OmpF was resistant to degradation by proteinase K.

Kinetic colorimetric analyses for determination of activity of HRP-loaded vesicles

Purified empty, HRP-loaded and OmpF-functionalized + HRP-loaded PEG3-b-PHPMA 4, vesicles at
20x% dilution (0.5 wt% solids content), 40 dilution (0.25 wt% solids content) or 100x dilution (0.1 wt%
solids content) in 100 mM PB (pH = 5.5) (120 uL) were diluted with 100 mM PB (pH = 5.5) (20 puL) in
a 96-well plate microwell. O-dianisidine (2 mM, 40 pL) was then added. Finally, a 35 wt% aqueous
solution of hydrogen peroxide (20 pL) was added and the change in absorbance at A = 492 nm was

recorded every two minutes using a plate reader. All measurements were performed in quadruplicate.
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Supplementary Data for PEG,;-b-PHPMA,, Vesicles Formed in DI Water
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Scheme S1. Synthesis of PEG3-b-PHPMA,( diblock copolymer nano-objects by aqueous RAFT-
mediated photo-PISA using PEG;3-CEPA mCTA and [HPMA] = 10 wt%.
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Figure S1. (a) Conversion '"H-NMR spectrum of crude PEG;3-b-PHPMA4yy diblock copolymer in
methanol-d,. (b) "H-NMR spectrum of PEG3-b-PHPMA4yy diblock copolymer in methanol-d, after
purification by centrifugation/resuspension cycles in DI water for monomer removal.

Table S1. Molecular characteristics of PEG|;3-CEPA mCTA and PEG;-6-PHPMA,y diblock
copolymers formed in DI water, as determined by SEC analysis.

My, secri’ ‘ My, sec uv" .
Sample Dyri Dmuv
(x10* g mol™) (x10° g mol™)
PEG13 mCTA 12.4 1.05 12.7 1.04
PEG13-PHPMA,( in DI water 80.1 1.25 79.0 1.23

“Calculated M, and Dy; values from PMMA standards using 5 mM NH,BF, in DMF as the eluent with UV
detection at 309 nm
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Figure S2. (A) Intensity-weighted size distributions of purified PEG3-b-PHPMA4y, vesicles in DI
water obtained by DLS, along with the average Dy and PD values (the error shows the standard
deviation from 5 repeat measurements) (inset: vial containing PEG)3-b-PHPMA,( vesicle solution
after photo-PISA in DI water at 11 wt% solids content) and (B) DLS autocorrelation function. (C)
Representative dry-state TEM images of purified PEG3-b-PHPM A4 vesicles in DI water, stained with

1 wt% UA.
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Figure S3. (A) Representative cryo-TEM image of purified PEG3-b-PHPMA 4y unilamellar vesicles in
deionized water. (B) Zoomed cryo-TEM image of an individual vesicle for the determination of bilayer
membrane thickness from statistical analysis (the scale bar represents 100 nm). (C) Distribution of
vesicles’ membrane thicknesses measured from statistical analysis, along with the calculated average
bilayer thickness (the error shows the standard deviation from ~100 particle membranes).
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Supplementary Data for PEG;;-b-PHPMA 4, Nano-Objects Formed in Surfactant
Solutions

100
e DIH,0

e 10% v/v HPMA in DI H,O

90
80
70
60
50-
40 4 CMC =0.15 mM
30 CMC=0.13 mM

Surface tension (mN/m)

20 T v T v T v T T T T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5

log[DDM]
Figure S4. Surface tension measurements for the determination of CMC of DDM in DI water (black
line) (ca. CMC = 0.15 mM) and 10% v/v HPMA in water (red line) (ca. CMC = 0.13 mM).
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Figure S5. "H-NMR spectra of (a) crude and (b) purified PEG3-b-PHPMA.q diblock copolymers in
methanol-d;, at (I) [CHAPS] = 10xCMC and (I) [OG] = 10xCMC for estimation of surfactant
incorporation (the peaks in red squares are solely attributed to surfactant molecules and were used in
determination of incorporation in each case).

S10



Table S2. Summary of final monomer conversions after photo-PISA in surfactant solutions as assessed
by "H-NMR spectroscopy in methanol-d,, after 2h of reaction.

Non-Ionic Surfactants

[Triton™ X- | Monomer [DDM] Monomer [OG] Monomer
100] (mM) | Conversion (mM) Conversion (mM) | Conversion
0.02 98% 0.015 >99% 1.8 99%
0.04 99% 0.15 > 99% 18.0 > 99%
(CMO) (CMO)
0.2 (CMC) >99% 0.3 99% 180.0 98%
0.4 98% 1.5 97% - -
2.0 98% - - - -
Ionic Surfactants
Monomer [CTAB] Monomer
D M
[SDS] (mM) Conversion (mM) Conversion
0.82 97% 0.08 > 99%
97% 0.8 >99%
8.2 (CMC) (CMC)
82.0 96% 8.0 99%
Zwitterionic Surfactants
Monomer | [CHAPS] Monomer
DPC] (mM
[ I (mM) Conversion (mM) Conversion
0.15 >99% 0.8 >99%
98% 8.0 > 99%
1.5 (CMCO) (CMC)
2.0 98% 80.0 97%
5.0 98% 160.0 70% - 2h
>99% - 18h
15.0 97% - -
30.0 96% - -
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Figure S6. Representative SEC RI traces for PEG3-b-PHPMA4 diblock copolymers synthesized in
presence of OG (A), SDS (B), CTAB (C) and CHAPS (D) at Cy,y = CMC and 10xCMC in each case,
along with the corresponding M, (g mol™) and Py values. M, and Py values were calculated from

Normalized dw/dlogM

O

Normalized dw/dlogM

— -
1.0 — DI water A —
| 8.2 mM SDS Mn = 81,000
0.8 ——82.0 mM SDS Pu=1.30
0.6 Mn = 80,100 Mn = 83,200
Dm=1.25 Pu=141
0.4
0.2 1
0.0
10000 100000 1000000
Mw (g/mol)
DI water K AN
10— water -
——8.0 mM CHAPS =500
.l ——80.0 mM CHAPS Pu=131
0.64 Mn = 80,100 Mn = 178,700
Dm=1.25 Pu=1.25
0.4 j -
0.2 1
0.0
10000 100000 1000000
Mw (g/mol)

PMMA standards using 5 mM NH4BF, in DMF as the eluent.

Supplementary dry-state TEM images:
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Non-Ionic Surfactants:

Figure S7. Representative dry-state TEM images of purified PEG;;3-b-PHPM A4 nano-objects formed
in [Triton™ X-100] = 0.2 mM (= CMC), stained with 1 wt% UA. Observed morphology: ULVs.

Figure S9. Representative dry-state TEM images of purified PEG3-b-PHPM A4, nano-objects formed
in [DDM] = 0.15 mM (= CMC), stained with 1 wt% UA. Observed morphology: ULVs.
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Figure S10. Representative dry-state TEM images of purified PEG3-b-PHPMA4 nano-objects
formed in [DDM] = 1.5 mM (= 10xCMC), stained with 1 wt% UA. Observed morphology: ULVs.

Figure S11. Representative dry-state TEM images of purified PEG;;3-b-PHPMA4y nano-objects
formed in [OG] = 18.0 mM (= CMC), stained with 1 wt% UA. Observed morphology: GULVs.

Figure S12. Representative dry-state TEM images of purified PEG3-b-PHPMA4 nano-objects
formed in [OG] = 180.0 mM (= 10xCMC), stained with 1 wt% UA. Observed morphology: Mixed
(GULVs + MLVs).
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Ionic Surfactants:

Figure S13. Representative dry-state TEM images of purified PEG;;3-b-PHPMA4y nano-objects
formed in [SDS] = 0.82 mM (= 0.1xCMC), stained with 1 wt% UA. Observed morphology: ULVs.

Figure S14. Representative dry-state TEM images of purified PEG3-b-PHPMA4 nano-objects
formed in [SDS] = 8.2 mM (= CMC), stained with 1 wt% UA. Observed morphology: Mixed (S + W +
ULVs).

Figure S15. Representative dry-state TEM images of purified PEG3-b-PHPMA4 nano-objects
formed in [SDS] = 82.0 mM (= 10xCMC), stained with 1 wt% UA. Observed morphology: Mixed (S +
W + ULVs).
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Figure S16. Representative dry-state TEM images of purified PEG;;3-b-PHPMA4y nano-objects
formed in [CTAB] = 0.08 mM (= 0.1xCMC), stained with 1 wt% UA. Observed morphology: ULVs.

AN {0)® ¢ A JIQ e A ) O Y
Figure S17. Representative dry-state TEM images of purified PEG3-b-PHPMA4 nano-objects
formed in [CTAB] = 0.8 mM (= CMC), stained with 1 wt% UA. Observed morphology: Mixed (S +

ULVs).

oD

Figure S18. Representative dry-state TEM images of purified PEG3-b-PHPMA4 nano-objects
formed in [CTAB] = 8.0 mM (= 10xCMC), stained with 1 wt% UA. Observed morphology: Mixed (S +

ULVs).

Zwitterionic Surfactants:
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Figure S19. Representative dry-state TEM images of PEG;;3-b-PHPMA4¢ nano-objects formed in
[CHAPS] = 8.0 mM (= CMC), stained with 1 wt% UA. Observed morphology: ULVs.

Figure S20. Representative dry-state TEM images of PEGj3-b-PHPMA4y nano-objects formed in
[CHAPS] = 80.0 mM (= 10xCMC), stained with 1 wt% UA. Observed morphology: W.

Figure S21. Representative dry-state TEM images of PEG)3-b-PHPMA4 nano-objects formed in
[CHAPS] = 160.0 mM (= 20xCMC) after 2h of reaction time, stained with 1 wt% UA. Observed

morphology: S.
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[CHAPS] = 160.0 mM (= 20xCMC) after 18h of reaction time, stained with 1 wt% UA. Observed
morphology: Mixed (S + short W).

% ; DA 785, -\ Q

Figure S23. Representative dry-state TEM images of purified PEG3-b-PHPMA4 nano-objects
formed in [DPC] = 1.5 mM (= CMC), stained with 1 wt% UA. Observed morphology: ULVs.

Figure S24. Representative dry-state TEM images of purified PEG3-b-PHPMA4 nano-objects
formed in [DPC] = 15.0 mM (= 10xCMC), stained with 1 wt% UA. Observed morphology: ULVs.

Figure S25. Representative dry-state TEM images of purified PEG3-b-PHPMA4 nano-objects
formed in [DPC] = 30.0 mM (= 20xCMC), stained with 1 wt% UA. Observed morphology: ULVs.
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Supplementary cryo-TEM images:

Figure S26. Representative zoomed cryo-TEM images of individual PEG3-b-PHPMA,, vesicles
developed in DI water (A), Triton™ X-100 (B), DDM (C), OG (D), SDS (E), CTAB (F), CHAPS (G)
and DPC (H) at Cy,. = CMC for the determination of bilayer membrane thickness from statistical
analysis (scale bars represent 100 nm in each case).
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Table S3. Summary of observed morphologies of PEG;;3-b-PHPMA4y nano-objects developed by
photo-PISA in different surfactant solutions, as judged by dry-state and cryogenic-transmission electron

microscopy.
Non-Ionic Surfactants
[Triton™ X- [DDM] [OG]
Morphol Morphol Morphol
100] (mM) orphology (mM) orphology (mM) orphology
0.02 ULVs 0.015 ULVs 1.8 ULVs
0.04 ULVs 0.15 ULVs 18.0 GULVs
(CMCO) (CMC)
GULVs +
0.2 (CMCO) ULVs 0.3 ULVs 180.0 MLVs
0.4 ULVs 1.5 ULVs - -
2.0 ULVs - - - -
Ionic Surfactants
CTAB
[SDS] (mM) | Morphology [ (mM)] Morphology
0.82 ULVs 0.08 ULVs
S+ W+ 0.8 S+ULVs
8.2 (CMC) ULVs (CMC)
82.0 S+ W+ 8.0 S+ ULVs
ULVs
Zwitterionic Surfactants
[CHAPS]
DP M) | Morphol Morphol
[DPC] (mM) | Morphology | " '\ ™ | Morphology
0.15 ULVs 0.8 ULVs
ULVs 8.0 ULVs
1.5 (CMC) (CMC)
2.0 ULVs 80.0 A\
5.0 ULVs 160.0 S - 2h
S+W-18h
15.0 ULVs - -
30.0 ULVs - -
Abbreviations - S: spherical micelles, W: worm-like micelles, ULVs: unilamellar
vesicles, GULVs: giant unilamellar vesicles, MLVs: multilamellar vesicles
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Supplementary Data for OmpF Porin Reconstitution into PEG;;-b-PHPMA,,

Vesicles
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25kDa —

NB B NB B

- PK + PK

Figure S27. SDS-PAGE gel and protease resistance assay of purified folded (non-boiled, NB) and
denatured (boiled, B) OmpF showing the trimer/monomer transition and OmpF trimer resistance to
degradation by proteinase K.
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Figure S28. Native mass spectra of purified OmpF porin confirming the successful isolation of the
trimeric structure (MW of trimer = 111.3 kDa).
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Figure S29. (A) Representative SEC RI traces for PEG3-b-PHPMA 4 diblock copolymers synthesized
in 20 mM NaPhos (pH = 6.0) and 0.39 mM DDM + 20 mM NaPhos (pH = 6.0), along with the
corresponding M, (g mol'l) and Dy values. M, and Dy values were calculated from PMMA standards
using 5 mM NH4BF, in DMF as the eluent. (B) Intensity-weighted size distributions of purified PEG3-
b-PHPMA 4y vesicles in 20 mM NaPhos (pH = 6.0) and 0.39 mM DDM + 20 mM NaPhos (pH = 6.0),
obtained by DLS. (C) Representative dry-state TEM images of purified PEG3-b-PHPMA4( vesicles
formed in 20 mM NaPhos (pH = 6.0), stained with 1 wt% UA. (D) Representative dry-state TEM
images of purified PEG;;3-b-PHPMA4( vesicles formed in 0.39 mM DDM + 20 mM NaPhos (pH =
6.0), stained with 1 wt% UA.
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Figure S30. Representative cryo-TEM images of purified PEG;3-b-PHPMA4 vesicles formed in 0.39
mM DDM + 20 mM NaPhos (pH = 6.0), and distribution of vesicles’ membrane thicknesses measured
from statistical analysis, along with the calculated average bilayer thickness (the error shows the
standard deviation from ~150 particle membranes).
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Figure S31. Circular dichroism (CD) spectra of OmpF porin stabilized in 0.39 mM DDM + 20 mM
NaPhos (pH = 6.0) before (black line) and after (red line) exposure to 405 nm irradiation for 2 h,
showing no light-induced change in secondary structure of OmpF.

Figure S32. Representative dry-state TEM images of HRP-loaded + OmpF-functionalized PEGj;3-b-
PHPMA 4o unilamellar vesicles formed in DDM + NaPhos aqueous solution, stained with 1 wt% UA.
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Overview: Initial reports of our group on the design of enzyme-loaded polymersome
nanoreactors via aqueous photo-PISA that could serve as rudimentary cell/organelle-
mimicking models have revealed that the membranes of such nanostructures commonly
presented inherent, unrestrained permeability toward small molecules (e.g., substrates
and catalysis products) owing to the relatively hydrated core-forming PHPMA block. In
this Chapter, a procedurally facile methodology is presented that allowed for precise
control over the permeability and other main membrane characteristics of polymersome
nanoreactors developed via aqueous RAFT-mediated photo-PISA, such as their chemical
composition, hydrophobicity and thickness, that addresses this emerging challenge and,
thus, extends the scope of such confined formulations in cell-mimicry, controlled drug

delivery and other therapeutic applications.

In particular, our thoroughly investigated PEG-b-PHPMA polymersome system was
further reformed upon introduction of water-immiscible glycidyl methacrylate (GlyMA)
as a second core-forming co-monomer during aqueous emulsion photo-PISA under
otherwise identical reaction conditions. Importantly, preparation of HRP-loaded PEG-b-
P(HPMA-co-GlyMA) polymersomes with similar membrane thickness, but also
increased core domain hydrophobicity compared to their PEG-b-PHPMA counterparts
was achieved, resulting in nano-objects with reduced membrane permeability. In
addition, the presence of pendant epoxide groups within the block copolymer

nanostructures could further facilitate post-PISA membrane functionalization based on
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simple epoxide ring-opening reactions using a series of primary amines of varying
hydrophobicity. The utilized procedure was found to be non-detrimental for both the
assemblies and the sensitive encapsulated cargo, whilst water-insoluble aromatic amines
could also be effectively used in aqueous nanoparticle dispersions due to their

sequestration within the hydrophobic polymersome membranes.

Careful selection of the amine modifiers used in this study has allowed for the
identification of important structure-property relationships, enabling the correlation
between the hydrophobicity of the nucleophile, the polymersome membrane thickness
and, ultimately, their permeability toward small molecules, as judged by enzymatic
activity determination assays. Notably, the most hydrophobic amines led to a marked
increase in membrane thickness and density and, as an extent, to near complete blockage
of the membrane diffusivity owing to the development of strong non-covalent interactions
between introduced aromatic units within the polymer chains. Therefore, the approach
discussed in Chapter 3 could be potentially applied for the design of size-selective
compartmentalized nanoplatforms that would be able to retain small molecules, such as
drugs, fluorophores, or ions, for prolonged periods of time for various biomedical
applications, whereby sustained release of the encapsulated cargo is deemed of paramount
importance. It should be also noted that attempts to introduce OmpF channels within the
impermeable polymersomes developed in this Chapter to re-enable the passive diffusion
of small molecules across their membranes, following the process described in Chapter
2, were not successful (data not shown) most possibly due to a significant mismatch
between the length of the protein and the thickness of the polymersome membranes,

preventing the proper function of reconstituted OmpF.
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Introduction

Tuning the membrane permeability of
polymersome nanoreactors developed by aqueous
emulsion polymerization-induced self-assembly+

b

2 Panagiotis G. Georgiou,
@ David S. Williams®< and

Spyridon Varlas, €22 Jeffrey C. Foster,
Robert Keogh,®® Jonathan T. Husband,

Rachel K. O'Reilly & *2

Polymeric vesicles (or polymersomes) are hollow bilayer structures consisting of an inner aqueous com-
partment enclosed by a hydrophobic membrane. Vesicular constructs are ubiquitous in nature and
perform a variety of functions by compartmentalizing molecules into disparate environments. For
polymer chemists, the synthesis of vesicles can be readily accomplished using polymerization-induced
self-assembly (PISA), whereby pure vesicle morphologies can be easily accessed by tuning initial reaction
parameters. Research into polymersomes is motivated primarily by the fact that hydrophilic cargo such as
drug molecules, DNA, or enzymes can be encapsulated and protected from the often harsh conditions of
the surrounding environment. A key factor governing the capability of vesicles to retain and protect their
cargo is the permeability of their hydrophobic membrane. Herein, we demonstrate that membrane per-
meability of enzyme-loaded epoxy-functionalized polymersomes synthesized by aqueous emulsion PISA
can be modulated via epoxide ring-opening with various diamine cross-linkers and hydrophobic primary
amines. In general, membrane cross-linking or amine conjugation resulted in increased polymersome
membrane thickness. Membrane modification was also found to decrease permeability in all cases, as
measured by enzymatically-catalysed oxidation of an externally administered substrate. Functionalization
with hydrophobic amines resulted in the largest reduction in enzyme activity, suggesting significant
blocking of substrate diffusion into the central aqueous compartment. This procedurally facile strategy
yields meaningful insight into how the chemical structure of the membrane influences permeability and
thus could be generally applied to the formulation of polymeric vesicles for therapeutic applications.

signaling molecules between such compartments is achieved
via metabolic pathways that in most cases involve diffusion

Structural organization is an essential feature of nature’s
toolbox for maintaining all forms of life. Evolution of compart-
mentalized environments on both cellular and subcellular
level (ie. organelles) allows for vital biological reactions to
occur selectively in confined spaces that simultaneously separ-
ate and protect them from external detrimental agents."?
Communication and transport of energy, nutrients and other
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images, and HRP control experiment activity results. See DOI: 10.1039/
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through semi-permeable or stimuli-responsive membranes.”*

Inspired by nature, researchers have developed method-
ologies to design minimal synthetic analogues that mimic
these complex systems.” Among them, self-assembled bilayer
nanostructures such as liposomes and amphiphilic block
copolymer vesicles (also referred to as polymersomes) have
been studied extensively for their application as functional
artificial organelles and catalytic nanoreactors due to their
ability to incorporate both hydrophilic and hydrophobic mole-
cules into their domains.®"* Additionally, polymersomes have
attracted significant research interest owing to their higher
chemical versatility, physical stability and more facile
functionalization in comparison to liposomes.">

Until recently, preparation of polymeric vesicles was
achieved by multi-step conventional block copolymer self-
assembly strategies in solution, such as solvent-switch or thin-
film rehydration, at low polymer concentrations (<1% w/w)
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that in the majority of cases require the use of organic
solvents.®° Over recent years, aqueous polymerization-
induced self-assembly (PISA) has been established as a power-
ful single-step approach for in situ fabrication of block copoly-
mer nano-objects at high solids concentrations (typically
10-30% w/w) that allows for access to higher-order mor-
phologies, such as worm-like micelles and polymersomes, in a
reproducible manner.*!"2¢

In particular, development of single-phase block copolymer
vesicles via PISA in dispersed aqueous media has been primar-
ily achieved using reversible addition-fragmentation chain-
transfer (RAFT) polymerization,”>*”*® as well as non-radical
methodologies such as ring-opening metathesis polymeriz-
ation (ROMP).>**° However, a limited number of reports cen-
tered upon polymersomes prepared under emulsion PISA con-
ditions have been introduced in the literature thus far,>'*
while the factors that allow for higher-order morphologies
other than kinetically trapped spheres to be accessed under
emulsion polymerization conditions remain currently unclear.

Importantly, different methodologies to conduct visible-
light initiated PISA (photo-PISA) for synthesis of nano-objects
at ambient reaction temperatures either by using special
photoinitiators and photoredox catalysts or via the “photo-
iniferter” mechanism of chain transfer agents (CTAs) have
been recently reported.>**' Aqueous photo-PISA has enabled
the direct non-disruptive encapsulation of inorganic
nanoparticles,*®** as well as other sensitive (bio)molecules,
such as fluorophores,*®*** and proteins/enzymes,”*™*® into
polymeric vesicles for the efficient construction of delivery
vehicles, therapeutics, and catalytic nanoreactors with biologi-
cally relevant applications.*’

To date, studies in the field of cell-mimicking enzyme-
loaded polymersome nanoreactors have been pioneered and
extensively investigated by the van Hest, Lecommandoux,
Meier, Battaglia, and Voit groups.’** The membranes of such
nanoconstructs were rendered permeable toward substrate
molecules and catalysis products upon incorporation of
channel-forming transmembrane proteins,”>>> DNA nano-
pores,”® or stimuli-responsive moieties®>* into their hydro-
phobic domains. Furthermore, a few reports were based upon
the inherent permeability of the polymersome membranes for
passive diffusion of small molecules between their outer and
inner aqueous compartments.””"*®

More recently, our group has demonstrated the preparation
of enzyme-loaded poly(ethylene glycol)-b-poly(2-hydroxypropyl
methacrylate) (PEG-b-PHPMA) nanoreactors via one-pot
aqueous photo-PISA that were able to communicate through
their inherently permeable and relatively hydrated membranes,
allowing for catalytic cascade reactions to occur inside separ-
ated compartments.”® Moreover, encapsulation of a therapeutic
enzyme into the same system resulted in nanoreactors
intended for leukemia treatment, whilst protection of the cargo
from antibody binding and proteolytic degradation owing to
the size-selective permeability of the PHPMA membrane was
also presented.*® In a different study by our group, incorpor-
ation of a channel-forming porin protein into the membrane of
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PEG-b-PHPMA vesicles led to a significant permeability
enhancement.”” Other attempts to enhance the membrane per-
meability of PISA polymersomes by incorporating pH-respon-
sive units into their core-forming blocks for drug release appli-
cations have also been reported recently.>*°

Herein, enzyme-loaded epoxy-functionalized polymersome
nanoreactors of well-defined characteristics and inherent per-
meability were developed via aqueous RAFT-mediated emul-
sion photo-PISA at mild temperature using a mixture of
2-hydroxypropyl methacrylate (HPMA) and glycidyl methacry-
late (GlyMA) as the core-forming monomers. The pendant
epoxide groups of PGlyMA units provided a reactive handle for
straightforward post-PISA functionalization of the membrane
through nucleophilic ring-opening reactions induced by a
series of primary amines and cross-linking diamines.®*"** In
all cases, modification of the chemical composition of the
core-forming block resulted in a distinct increase of vesicular
membrane thickness and as a consequence in less-hydrated
nanoreactors with tunable permeability toward small molecule
substrates, as determined by enzymatic assays. Enhanced
blocking efficiency was evident upon increasing the hydropho-
bicity of the nucleophile employed, allowing for identification
of valuable structure-property relationships. Overall, our find-
ings expand the current knowledge on membrane character-
istics of semi-permeable nanocompartments and could facili-
tate the design of biomembrane-mimicking nanostructures
and artificial “nanofactories” with programmed size-selective
permeability via one-pot PISA.

Experimental section
Materials and methods

Materials and characterization techniques used are included
in the ESL.{

Synthetic procedures

Synthesis of poly(ethylene glycol),,3;-based macromolecular
chain transfer agent (PEG,;; macro-CTA). The synthesis of
PEG;;3 macro-CTA by N,N'-dicyclohexylcarbodiimide (DCC)
coupling between poly(ethylene glycol) monomethyl ether
(PEG;13-OH) and 4-cyano-4-[(ethylsulfanylthiocarbonyl)sulfa-
nyl] pentanoic acid (CEPA) was performed according to pre-
viously reported experimental protocols by our group and
others.*®*

Synthesis of PEGy;;-b-P(HPMA;,y-co-GlyMAg,) diblock copo-
lymer vesicles by aqueous RAFT-mediated emulsion photoini-
tiated polymerization-induced self-assembly (photo-PISA).
Photo-PISA reactions were performed in a custom-built photo-
reactor setup. This ensured the polymerization solutions were
only exposed to the light from the 400-410 nm LED source
placed underneath the vials. The detailed description of the
photoreactor setup specifications is given in the ESL{

A typical synthetic procedure to achieve epoxy-functiona-
lized PEG;43-b-P(HPMA;;4-co-GlyMAg,) diblock copolymer vesi-
cles at [solids] = 10% w/w via aqueous RAFT-mediated emul-

This journal is © The Royal Society of Chemistry 2019
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(A) Schematic illustration of the synthetic route employed for the preparation of PEG1;3-b-P(HPMA3,0-co-GlyMAg,) diblock copolymer vesi-

cles at [solids] = 10% w/w via aqueous RAFT-mediated emulsion photo-PISA (405 nm irradiation), using a PEG3;3 macro-CTA. Insets show images of
the polymerization solution vial before (left) and after (right) photo-PISA. (B) Conversion *H-NMR spectrum of crude PEGy;z-b-P(HPMAz,0-co-
GlyMAg,) diblock copolymer in methanol-d,4, showing near quantitative monomer consumption (>98%). (C) Normalized SEC RI (solid lines) and SEC
UV (dashed lines) molecular weight distributions for PEG;13 macro-CTA (black traces) and PEG;13-b-P(HPMA3,0-co-GlyMAg,) diblock copolymer (red
traces), along with their corresponding M,, and By values calculated based on PMMA standards using DMF + 5 mM NH,4BF, as the eluent.

sion photo-PISA is described (Fig. 1A).*>*” PEG;; macro-CTA
(9.1 mg, 1.7 x 107° mol, 1 eq.), HPMA (79 mg, 5.5 x 10~* mol,
320 eq.) (80 mol%) and GlyMA (19.9 mg, 1.4 x 10~* mol, 80
eq.) (20 mol%) were dispersed in deionized (DI) water (0.9 mL)
with vigorous agitation using a vortex mixer for 2 min in a
sealed 15 mL scintillation vial bearing a magnetic stirrer bar.
The resulting monomer-in-water emulsion solution was
degassed by sparging with N,(g) for 15 min. The sealed vial
was incubated at 37 °C with magnetic stirring under 405 nm
light irradiation for 2 hours to ensure full monomer conver-
sion. After this period, the reaction mixture was exposed to air
and allowed to cool to room temperature. FT-IR, "H-NMR in
methanol-d, and SEC analyses in DMF + 5 mM NH,BF, of the
pure diblock copolymers were performed after lyophilization
of an aliquot of particles. DLS analysis and dry-state and cryo-
TEM imaging were performed on samples after dilution to an
appropriate analysis concentration. "H-NMR (400 MHz, metha-
nol-d,): 5 (ppm) 4.78 (br s, OH), 4.40 (br s, CH, of PGlyMA side
chain), 4.03 and 3.87 (br s, CH and CH, of PHPMA side chain),
3.66 (br s, CH,CH,O of PEG), 3.33 (br s, CH of PGlyMA epoxide
ring), 2.91 and 2.73 (br s, CH, of PGIlyMA epoxide ring)
2.30-1.80 (br m, CH, of PHPMA and PGIyMA backbone),
1.45-0.81 (br m, CH; of PHPMA and PGlyMA backbone and
CHj; of PHPMA side chain).

Encapsulation of horseradish peroxidase (HRP) into PEG;3-
b-P(HPMA;,-co-GlyMAg,) vesicles by one-pot aqueous RAFT-
mediated emulsion photo-PISA. For the preparation of HRP-
loaded PEG;;3-b-P(HPMAg,(-co-GlyMAg,) nanoreactors by

This journal is © The Royal Society of Chemistry 2019

aqueous emulsion photo-PISA at 10% w/w solids content, a
typical synthetic protocol was followed.*”> PEG,;; macro-CTA
(9.1 mg, 1.7 x 107° mol, 1 eq.), HPMA (79 mg, 5.5 x 10~ mol,
320 eq.) (80 mol%) and GlyMA (19.9 mg, 1.4 x 10~* mol,
80 eq.) (20 mol%) were dispersed in DI water (0.8 mL) with vig-
orous agitation using a vortex mixer for 2 min in a sealed
15 mL scintillation vial bearing a magnetic stirrer bar. Then,
0.1 mL of a 200 U mL ™" HRP solution in DI water was added.
The resulting emulsion solution was degassed by sparging
with N,(g) for 15 min. The sealed vial was incubated at 37 °C
with magnetic stirring under 405 nm light irradiation for
2 hours to ensure full monomer conversion. After this period,
the reaction mixture was exposed to air and allowed to cool to
room temperature. The resulting solution of HRP-loaded
PEG;13-b-P(HPMA3,-c0-GlyMAg,) vesicles was then diluted
10-fold in DI water or 100 mM PB (pH = 5.5, PB 5.5) and puri-
fied, respectively, by three centrifugation/resuspension cycles
in DI water or 100 mM PB 5.5 at 14 000 rpm for the removal of
unreacted monomer and free HRP enzyme.

Post-PISA membrane functionalization of HRP-loaded
PEG;13-b-P(HPMA;,(-co-GlyMAg,) vesicles via ring-opening of
pendant epoxide groups using primary amines. Ring-opening
of PGlyMA epoxide groups using a series of primary amines as
nucleophiles for membrane functionalization of HRP-loaded
PEG;13-b-P(HPMA3,-c0-GlyMAg,) vesicles was performed fol-
lowing a reported synthetic procedure.’’ In a typical experi-
ment, benzylamine (6 mg, 5.6 x 10~> mol) (BA) was added to a
purified dispersion solution of HRP-loaded PEG;;3-b-P
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(HPMA;,-co-GlyMAg,) vesicles at 10x dilution (1% w/w solids
content) in DI water (2 mL) ([amine]/[epoxide] molar ratio =
2.0). The mixture was then stirred at room temperature for
18 hours to allow for ring-opening of the epoxide groups and
vesicle membrane functionalization. The resulting modified
vesicles were then purified by one centrifugation/resuspension
cycle in 100 mM PB 5.5 at 14 000 rpm prior to kinetic colori-
metric analysis. Successful ring-opening of PGlyMA units was
confirmed by FT-IR spectroscopy of a lyophilized sample. The
above protocol was also followed for 1-naphthylmethylamine
(NMA) and 1-adamantanemethylamine (AMA). In the case of
cross-linking diamines poly(ethylene glycol),, diamine (n = 23,
46) (PEG,DA), ethylenediamine (C,DA), 1,3-diaminopropane
(C3DA), 1,4-diaminobutane (C,DA), hexamethylenediamine
(CeDA), and p-xylylenediamine (PXDA), a [diamine]/[epoxide]
molar ratio = 1.0 was maintained.

Kinetic colorimetric analyses for determination of the
activity of HRP-loaded PEG;;3-b-P(HPMA;,,-co-GlyMAg,) vesi-
cles before and after post-PISA membrane functionalization.
Purified HRP-loaded PEG,;3-b-P(HPMA;,,-co-GlyMAg,) vesicles
before and after post-PISA membrane functionalization at 20x
dilution (0.5% w/w solids content) in 100 mM PB 5.5 (120 pL)
were diluted with 100 mM PB 5.5 (20 pL) in a 96-well plate
microwell. A fixed concentration of 3,3-dimethoxybenzidine
(DMB) (2 mM, 40 pL) was then added. Finally, a 35% w/v
aqueous solution of hydrogen peroxide (20 pL) was added, and
the change in absorbance at 2 = 492 nm was recorded every
minute for a period of 30 min using a plate reader.
Absorbance values were corrected against particle absorbance
at ¢t = 0 min and reported as AADbS,95 nm-

For Michaelis-Menten kinetics determination, activity of
purified HRP-loaded PEG;;3-b-P(HPMA;,,-co-GlyMAg,) vesicles
before and after post-PISA membrane functionalization using
BA, NMA, and PXDA was evaluated at different [DMB]
(0-6 mM) with H,0, under saturating conditions. Vesicles at
20x dilution (0.5% w/w solids content) in 100 mM PB 5.5
(120 pL) were diluted with 100 mM PB 5.5 (20 pL) in a 96-well
plate microwell. DMB of appropriate concentration (0-30 mM,
40 pL) was then added. Finally, a 35% w/v aqueous solution
of hydrogen peroxide (20 pL) was added, and the change
in absorbance was monitored in an identical manner.
Absorbance values were corrected against particle absorbance
at t = 0 min and reported as AAbs,, nm. In each case, the
average initial slope of three repeat measurements (V,) for the
first 10 min of the assay was used for construction of
Michaelis-Menten kinetic plots and was normalized against
Vimax (Table $371). Calculated K, values are presented as mean
+ standard error.

A similar process was followed for activity testing of the free
enzyme after a series of control experiments at appropriate
[HRP]. The free HRP solutions at final [HRP] = 1 U mL™" in
100 mM PB 5.5 (20 pL) were diluted with 100 mM PB 5.5
(120 pL) in a 96-well plate microwell. DMB (2 mM, 40 pL) was
then added. Finally, a 35% w/v aqueous solution of hydrogen
peroxide (20 pL) was added, and the change in absorbance was
monitored in an identical manner. In all cases, measurements
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were performed in at least triplicate and results are reported as
their average values.

Results and discussion

Synthesis of epoxy-functionalized PEG;3-b-P(HPMA;,,-co-
GlyMAg,) polymersomes via aqueous RAFT-mediated emulsion
photo-PISA

Following related PISA studies previously reported by our
group and others,***® a water-soluble poly(ethylene glycol)
macromolecular chain transfer agent (PEG;;3 macro-CTA) was
first synthesized through an esterification reaction between
poly(ethylene glycol) monomethyl ether (PEG;;3-OH) and an
acid-functionalized CTA (esterification efficiency = 93%,
M, sec = 12.4 kg mol™", By = 1.05). Aqueous RAFT-mediated
photoinitiated PISA (photo-PISA) of a mixture of commercially
available water-miscible 2-hydroxypropyl methacrylate (HPMA)
and water-immiscible glycidyl methacrylate (GlyMA) as the
core-forming monomers was achieved under emulsion
polymerization conditions, using PEG;;3 macro-CTA as both
the steric stabilizer block and the surfactant for stabilization
of the heterogeneous monomer-in-water solution.®* Dispersed
monomer droplets of varying size (5-30 pm) were observed
upon optical microscopy imaging of the formed emulsion
solution prior to polymerization (Fig. S27).

Single-phase epoxy-functionalized PEG;,;-b-P(HPMA-co-
GlyMA) diblock copolymer vesicles were developed upon
irradiation of the polymerization solution under 405 nm
visible light in the absence of an externally added photo-
initiator or catalyst (“photoiniferter” mechanism of
trithiocarbonates)®>®>%® at 37 °C, targeting DPpypya = 320
(80 mol%) and DPpgiyma = 80 (20 mol%) at 10% w/w solids
content (Fig. 1A). Emulsion photo-PISA was carried out at mild
temperature to ensure quantitative retention of epoxy func-
tional groups, as epoxides can undergo partial hydrolysis in
aqueous solution at elevated temperatures (60-100 °C).**
Importantly, 99% of PGlyMA pendant epoxy groups remained
intact after photo-PISA, as calculated from 'H-NMR spec-
troscopy by comparing the integral ratio of the peaks corres-
ponding to epoxy proton signals at 2.73 and 2.91 ppm
(I2.73/2.01 ppm = 1.98) to the peak of the methacrylic backbone
-CH,- protons at 1.50-2.30 ppm (I150230 ppm 10.00)
(Fig. S31). A kinetic study revealed that near complete
monomer conversion (>98%) was achieved after 2 hours of
irradiation time, as calculated by 'H-NMR spectroscopy, whilst
the onset of particle micellization accompanied by an increase
in polymerization rate was observed after ~20 min of
irradiation time (ca. 17% monomer conversion) (Fig. 1B and
S4At). The distribution of PGlyMA units along the growing
polymer chain was also investigated during kinetics monitor-
ing and the calculated HPMA/GlyMA molar ratio varied
between 3 and 4 throughout the whole duration of photo-PISA,
suggesting the formation of random copolymers (Fig. S4B¥).
The prepared PEG;3-b-P(HPMA;,-co-GlyMAg,) diblock copoly-
mer possessed monomodal molecular weight distribution with
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relatively low dispersity value, as determined by SEC analysis
(M, sec = 87.9 kg mol ™', Py, = 1.43) (Fig. 1C).

Dynamic light scattering (DLS) analysis revealed the for-
mation of nano-objects with a monomodal size distribution
and mean hydrodynamic diameter (Dy,) of 188.3 + 5.6 nm, low
polydispersity (PD = 0.18 + 0.02) and a smooth, single expo-
nential decay autocorrelation function with optimal signal-to-
noise ratio (Y-intercept >0.9) (Fig. 2A and B). The absence of
charges on the outer surface of the developed particles was
confirmed by microelectrophoretic analysis at neutral pH
(measured zeta-potential = —1.87 + 0.10 mV). Dry-state trans-
mission electron microscopy (TEM) imaging confirmed the
successful development of well-defined PEGy;3-b-P(HPMA;,-
co-GlyMAg,) unilamellar vesicles of spherical shape and
uniform size (Dgry-state = 170.3 = 23.0 nm) (Fig. 2C and S5Af).
Additionally, the characteristics of PEGy;;3-b-P(HPMA;;4-co-
GlyMAg,) vesicles in solution were studied by cryogenic TEM
(cryo-TEM) imaging. Average vesicle size measured from par-
ticle counting analysis based on cryo-TEM was in good agree-
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Fig. 2 (A) Intensity-weighted size distributions along with average Dy

and PD values (the error shows the standard deviation from 5 repeat
measurements), and (B) autocorrelation function obtained by DLS for
empty PEGy3-b-P(HPMAz,0-co-GlyMAg) vesicles. (C) Representative
dry-state TEM image, stained with 1 wt% uranyl acetate (UA) solution,
and (D) representative cryo-TEM image of empty PEG;3-b-P(HPMAz0-
co-GlyMAg,) vesicles. (E) Histogram of size distribution, and (F) histo-
gram of membrane thickness distribution along with calculated average
diameter and membrane thickness values, respectively, measured from
particle analysis based on cryo-TEM images for empty PEGii3-b-P
(HPMAz,0-co-GlyMAgo) vesicles. In each case, at least 100 particles were
analyzed.
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ment with values determined by DLS and dry-state TEM ana-
lyses (Deryo = 175.5 + 24.1 nm), while calculated average mem-
brane thickness was M, = 28.0 + 3.0 nm (Fig. 2D-F and
S5BY).

Preparation of catalytic enzyme-loaded PEG,;-b-P(HPMA;,,-
c0-GlyMAg,) polymersome nanoreactors via one-pot aqueous
emulsion photo-PISA

Next, PEG;q3-b-P(HPMA3,0-c0-GlyMAg,) polymersomes were
used as a nanocarrier platform for loading of a model hydro-
philic enzyme to prepare catalytically active epoxy-functiona-
lized nanoreactors.*>*” Enzyme horseradish peroxidase (HRP)
was encapsulated into the inner aqueous compartment of the
vesicles by performing a one-pot emulsion photo-PISA process
under the same mild reaction conditions described herein in
the presence of an aqueous HRP solution for the development
of enzyme-loaded PEG,;3-b-P(HPMA;3,y-c0-GlyMAg,) polymer-
some nanoreactors. Purification of the vesicle sample for com-
plete removal of free HRP was achieved by consecutive cen-
trifugation/resuspension cycles in either deionized (DI) water
or 100 mM phosphate buffer (pH = 5.5, PB 5.5).

Importantly, the encapsulation process of HRP into PEG43-
b-P(HPMA3,4-co-GlyMAg,) polymersomes did not alter their
overall characteristics as judged by DLS analysis and TEM
imaging (Fig. S6f). Comparable D;, and PD values were
measured for HRP-loaded vesicles with respect to non-HRP-
loaded vesicles (D, = 182.6 + 2.5 nm, and PD = 0.14 + 0.04),
whilst average vesicle size and average membrane thickness
measured from cryo-TEM images were Dery, = 172.5 + 25.5 nm
and M, = 27.9 + 2.6 nm, respectively.

HRP is known to catalyze the oxidation reaction of colour-
less substrate 3,3-dimethoxybenzidine (DMB) to a coloured
dimer product (red-brown), which can be monitored by
measuring the change in absorbance at 4 = 492 nm over time
via kinetic colorimetric analysis. This assay provides a read-out
of enzyme activity and consequently of polymersome mem-
brane permeability. Notably, PEG,3-b-P(HPMA3,y-co-GlyMAg)
vesicles were found to be inherently permeable toward small
molecule DMB, although they presented reduced enzyme
activity compared to their reported PEG;q3-b-PHPMA,(,
counterparts presumably due to increased membrane hydro-
phobicity in the former case.”® Although nanoreactors with
near identical membrane thickness values were developed in
both cases, the presence of an additional hydrophobic core-
block component in the case of PEG;;3-b-P(HPMA3y,4-co-
GlyMAy,) vesicles resulted in particles with less hydrated mem-
branes and reduced permeability, making the exchange of sub-
strates between their outer and inner compartment a more
difficult process.*” Control experiments to assess the activity of
free HRP after incubation at 37 °C for 2 hours in 10% w/w
HPMA or HPMA/GIyMA (80:20 molar ratio) monomer solu-
tions in DI water under 405 nm irradiation (photo-PISA con-
ditions) revealed quantitative retention of activity in both cases
compared to untreated enzyme, showing that the enzyme func-
tion was not affected by either monomer (Fig. S7t). In
addition, high-performance liquid chromatography (HPLC)
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and matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-ToF MS) were employed to deter-
mine potential modification of HRP by ring-opening of the
epoxide groups via its lysine residues. Notably, incubation of
free HRP with a water-soluble small molecule epoxide (glyci-
dol) for 2 hours in DI water showed no evident modification
upon comparison with the untreated enzyme (Fig. S87).

Membrane functionalization of enzyme-loaded PEG,3-b-P
(HPMA;,,-co-GlyMAg,) vesicles via ring-opening of epoxide
groups using primary amines

Incorporation of PGIlyMA units and thus the presence of
pendant epoxy groups within the hydrophobic membrane of
prepared HRP-loaded nanoreactors provides a reactive handle
that allows for post-PISA functionalization of the polymer-
somes with nucleophilic compounds. A commonly utilized
procedure involves the ring-opening of epoxide groups by
primary amines under mild reaction conditions.®*"*® To this
extent, we envisioned that introducing hydrophobic or cross-
linking moieties into the polymersome membrane would
result in permeability reduction or nanoreactors completely
impermeable toward small molecules.

A series of commercially available primary amines and dia-
mines (cross-linking agents) of varying hydrophobicity were
chosen as nucleophiles for ring-opening of PGIyMA epoxy
groups and subsequent vesicle membrane modification
(Scheme 1). Post-polymerization functionalization was
achieved by mixing purified HRP-loaded PEGy;3-b-P(HPMA;,-
co-GlyMAg,) vesicle solutions in DI water at [solids] = 1% w/w
with different amines at room temperature for 18 hours. In all
cases, the [amine]/[epoxide] molar ratio was constantly main-
tained at 2.0 (i.e. [diamine]/[epoxide] = 1.0).°"®* Following this
period, membrane-functionalized polymersomes were trans-

HRP-loaded
PEG443-b-P(HPMA320-c0-GlyMAg,) vesicles

*o/\%ﬁM*i&o i :“
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(O
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ferred into PB 5.5 (optimum pH value of HRP) by one centrifu-
gation/resuspension cycle prior to kinetic colorimetric analysis
for enzyme activity and nanoreactor permeability determi-
nation. FT-IR spectroscopy was used for the confirmation of
successful ring-opening of PGlyMA units in each case by moni-
toring the characteristic asymmetric vibration peaks of epoxide
groups at 849 and 909 cm™' before and after ring-opening
reactions (Fig. S11, S14 and S167). It should also be noted that
incubation of free HRP in DI water at room temperature for
18 hours as a control experiment resulted in no loss of enzyme
activity (>99% retention of activity), compared to incubation of
the enzyme in PB 5.5 for the same period of time (Fig. S9T).
Additionally, a control experiment for comparison of the
activity of non-epoxy-functionalized and purified HRP-loaded
PEG,5-b-PHPMA,, vesicles before and after incubation with
the utilized primary amine and diamine molecules at room
temperature for 18 hours in DI water, highlighted that the pro-
longed presence of amines in the particle dispersion solutions
did not affect the catalytic activity of HRP (>95% retention of
activity in all cases - control vesicle solutions after incubation
with C,DA cross-linkers could not be resuspended in PB 5.5
and hence their activity was not assessed) (Fig. S107).
Ring-opening of PGlyMA units using linear poly(ethylene
glycol) diamines (PEG,DA) as cross-linkers. First, two water-
soluble poly(ethylene glycol)-based diamine polymers of
differing molecular weight (PEG,DA, n = 23 or 46) were
selected as cross-linking agents for post-PISA membrane
functionalization of HRP-loaded PEG;;3-b-P(HPMA;;4-co-
GlyMAg,) nanoreactors following the above described process
(Scheme 1). In both cases, efficient ring-opening of epoxy
groups of PGlyMA using polymeric PEG,3/46DA as cross-linkers
was confirmed by FT-IR spectroscopy (Fig. S111) that resulted
in a noticeable increase of nanostructure size. Dy, values of

Amines used for membrane functionalization

PEG,DA (5 = 23, 46)

= ‘,(/\/09;/\' or

* *
o
n

Polymer

*

PXDA

CnDA (n=24,6)

Scheme 1 Schematic illustration of the membrane functionalization procedure of HRP-loaded PEG;;3-b-P(HPMA3,0-co-GlyMAgo) polymersome
nanoreactors via ring-opening of pendant PGlyMA epoxide groups using a series of primary amines as nucleophiles to yield polymersomes with con-

trolled permeability.
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PEG,DA-modified particles were approximately 240 nm (PD =
0.11-0.14), as measured by DLS analysis (Fig. 3A-I and B-I),
whereas the hydrodynamic diameter of the original PEG;3-b-P
(HPMA3,0-co-GlyMAg,) polymersome platform was ~180 nm.
No evident macroscopic precipitation of the particle solutions
was observed that could imply inter-vesicular cross-linking. In
particular, dry-state and cryo-TEM imaging revealed the reten-
tion of vesicular morphology in both cases with no apparent
particle agglomeration, whilst average vesicle sizes determined
from particle counting analysis based on cryo-TEM images
were in excellent agreement with DLS results (Deryo, pEG,,pA =
224.0 + 21.0 nm, and Deryo, pEG,,pa = 2185 £ 22.3 nm)
(Fig. 3A-II, B-II and S12f). The observed size increase can be
explained by the hydrophilic nature of the PEG,DA cross-
linkers that could potentially lead to hydration of the vesicle
membranes and as a result to partial swelling of the assem-
blies. Moreover, a measurable increase in average membrane
thickness to ~32 nm was noticed in both cases compared to
the non-functionalized vesicles (Fig. 3A-III and B-III).

Surprisingly, activity comparison between encapsulated
HRP into inherently permeable PEG;;;-b-P(HPMA;;4-co-
GlyMAg,) vesicles and PEG,DA cross-linked PEG;;3-b-P
(HPMA3,-co-GlyMAg,) vesicles showed a significant enzyme
activity decrease for the latter ones. More specifically, an absor-
bance decrease of 45 + 5% was measured from kinetic colori-
metric analysis after 30 min in the case of cross-linked PEG;3-
b-P(HPMA3,0-c0-GlyMAg,) + PEG,3DA vesicles compared to
their non-functionalized epoxide-containing counterparts,
while a further absorbance decrease of 69 + 4% was identified
upon increasing the molecular weight of the PEG,DA cross-
linker (n = 46) (Fig. 3C and S137). The observed decrease in
HRP activity demonstrates the permeability reduction of
PEG, DA-functionalized nanoreactors toward DMB and hydro-
gen peroxide. Contrary to the observed particle swelling that
would suggest a potential permeability enhancement, this can
be understood in terms of the considerably thicker and more
densely packed vesicular membranes after cross-linking that
create an additional diffusive barrier which in turn hinders the
passage of small molecule substrates to reach the active
enzyme site.”’

Ring-opening of PGlyMA units using linear aliphatic dia-
mines (C,DA) as cross-linkers. Next, a series of linear aliphatic
diamine small molecules with increasing chain length (C,DA,
n =2, 3, 4, 6) were selected as cross-linkers for ring-opening of
epoxy groups located in the hydrophobic domain of HRP-
loaded PEGy3-b-P(HPMA;,-c0-GlyMAg,) vesicles (Scheme 1).
We hypothesized that increasing the hydrophobicity of the
cross-linking moiety compared to PEG,DA would result in a
more pronounced enzyme activity reduction similar to the
background activity (~0%) of empty vesicles. This would allow
for fabrication of nanoreactors that are effectively imperme-
able toward substrate molecules, whereby their encapsulated
cargo is isolated from the outer aqueous surrounding environ-
ment of the particles.

FT-IR spectroscopy was used to confirm the successful
modification of the polymersome membrane (ie. dis-

This journal is © The Royal Society of Chemistry 2019
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Fig.3 (A) For HRP-loaded PEGii3-b-P(HPMAz,0-co-GlyMAgy) +

PEG,3DA vesicles, and (B) for HRP-loaded PEG;ii3-b-P(HPMAz,4-co-
GlyMAgo) + PEG46DA vesicles: (I) Intensity-weighted size distributions
along with average D;, and PD values obtained by DLS (the error shows
the standard deviation from 5 repeat measurements), (ll) representative
cryo-TEM images, and (lll) histograms of membrane thickness distri-
bution along with calculated average membrane thickness values
measured from particle analysis based on cryo-TEM images. In each
case, at least 100 particles were analyzed. (C) Schematic illustration of
HRP-catalyzed oxidation reaction of DMB to a red-brown dimer
product, detected by kinetic colorimetric assay, taking place inside
inherently permeable HRP-loaded PEGj;3-b-P(HPMA3,0-co-GlyMAgo)
vesicles versus cross-linked HRP-loaded PEG;i3-b-P(HPMAz,-co-
GlyMAgo) + PEG,DA vesicles (), and enzymatic activity of the purified
empty (grey line), HRP-loaded (red line), and HRP-loaded PEG, DA-func-
tionalized (purple lines) PEG;13-b-P(HPMAz,0-co-GlyMAg,) vesicles (end
point = 30 min, 1 = 492 nm) (the insets show the end-point microwells
in each case) (I).
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appearance of the characteristic bands of epoxide groups at
849 and 909 cm™") (Fig. S147). Interestingly, DLS analysis of
the C,DA-functionalized HRP-loaded polymersomes revealed a
size decrease to 125-130 nm (PD = 0.12-0.13) for the shorter
C,DA and C;DA cross-linkers compared to the original PEG; ;-
b-P(HPMA;,0-co-GlyMAg,) vesicles which was attributed to
shrinkage of the particles upon cross-linking with hydrophobic
compounds that results in exclusion of water molecules from
the membrane. In the case of longer C,DA and C¢DA cross-
linkers, a vast Dy, increase was measured to 1497 + 266 nm and
1389 + 149 nm, respectively, accompanied by a noticeable poly-
dispersity increase (PD = 0.23-0.24) (Fig. 4A). These findings
suggest the occurrence of particle agglomeration in the latter
cases due to the development of inter-vesicular interactions
resulting in the apparent population of particles with
increased size. This was also evident by visual inspection of
the PISA solutions upon functionalization after one week,
where macroscopic precipitation was visible to some extent for
PEG,3-b-P(HPMA;,0-c0-GlyMAg,) + C,sDA assemblies, imply-
ing the occurrence of time-dependent coagulation in aqueous
media. The morphology retention of HRP-loaded PEG;,3-b-P
(HPMA;,-co-GlyMAg,) + C,DA polymersomes was also verified
by dry-state and cryo-TEM imaging after post-PISA functionali-
zation (Dery, = 116-120 nm), for which near identical vesicle
formulations were observed in all cases. A negligible popu-
lation of aggregated particles could only be observed in the
case of C,DA and C¢DA-functionalized polymersomes that sup-
ports the DLS findings described above. The average mem-
brane thickness of the prepared nanoreactors was also calcu-
lated from particle counting analysis in each case. Increased
membrane thickness values of Mg, = 30-32 nm were measured
in all cases, comparable to PEG,DA-functionalized vesicles
(Fig. 4B and S157).

Similar to PEG, DA cross-linked vesicles, assessment of the
enzyme activity of HRP-loaded PEG;;3-b-P(HPMAg,(-co-
GlyMAg,) + C,DA nanoreactors through kinetic colorimetric
analysis revealed an absorbance decrease ranging from 50% to
61% depending on the cross-linker molecule used as com-
pared to their PEG;q3-b-P(HPMA3,0-c0-GlyMAg,) counterparts
(Fig. 4C). The absorbance decrease measured was approxi-
mately the same in all cases, whilst there was no apparent
trend based on the length of the cross-linker used for ring-
opening of PGIyMA units (ie. increasing the C,DA length
didn’t result in an analogous HRP activity decrease). Overall,
membrane cross-linking of the vesicles using C,DA molecules
and subsequent introduction of additional hydrophobicity
yielded particles with thicker and possibly less hydrated mem-
branes with markedly reduced permeability.

Ring-opening of PGlyMA units using other hydrophobic
primary amines as nucleophiles. As a next step, a more hydro-
phobic cross-linking xylylene-based diamine (PXDA) was
selected for ring-opening of PGlyMA epoxy groups along with
three other hydrophobic compounds bearing a single amino
group in their structure (i.e. BA, NMA, and AMA) to prevent for-
mation of linkages and agglomeration of the vesicles, as
observed for longer C,DA cross-linkers, and to achieve com-
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Fig. 4 (A) Intensity-weighted size distributions along with average Dy
and PD values obtained by DLS (the error shows the standard deviation
from 5 repeat measurements) for HRP-loaded PEGy;3-b-P(HPMA3,0-co-
GlyMAgo) + C,.DA (n = 2, 3, 4, 6) vesicles. (B) Representative cryo-TEM
images of HRP-loaded PEG;13-b-P(HPMA3,0-co-GlyMAgo) + C,DA vesi-
cles, and corresponding histograms of membrane thickness distribution
along with calculated average membrane thickness values measured
from particle analysis based on cryo-TEM images. In each case, at least
100 particles were analyzed. (C) Enzymatic activity of the purified empty
(grey line), HRP-loaded (red line), and HRP-loaded C,DA-functionalized
(purple/pink lines) PEGi13-b-P(HPMAz,0-co-GlyMAgp) vesicles, and
HRP-loaded PEG;33-b-P(HPMA),00 vesicles (black line) (end point =
30 min, 2 = 492 nm) (the insets show the end-point microwells in each
case).
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plete reduction of membrane permeability for enzyme-loaded
PEG;13-b-P(HPMA3,-c0-GlyMAg,) polymersome nanoreactors
(Scheme 1). Notably, the majority of selected amines resulted
in fabrication of stable nanoparticle dispersions, except for
AMA, where prominent macroscopic precipitation and for-
mation of a film at the bottom of the vial was observed after
epoxide ring-opening reaction, implying instability of the
nano-objects in this case due to significantly increased hydro-
phobicity. In all cases, FT-IR spectroscopic analysis confirmed
the successful ring-opening of PGIyMA epoxide groups
(Fig. S16%).

In the case of BA-functionalized vesicles, D, and PD values
comparable with those of the original HRP-loaded vesicles
were measured from DLS analysis (D, = 203.4 + 2.8 nm and
PD = 0.08) (Fig. 5A-I and II). Dry-state TEM imaging was first
used to confirm that post-PISA functionalization did not alter
their morphology and uniform size (Fig. 5A-III and S17A-1}),
while size and membrane thickness measurements were
carried out from particle counting analysis based on cryo-TEM
images (Fig. 5A-IV to VI and S17A-11}). Importantly, the average
diameter of BA membrane-modified vesicles was in good
agreement with DLS results (Deyo, sa = 175.4 + 27.7 nm),
whereas a significant increase in average membrane thickness
was also observed (Mg, sa = 33.2 £ 2.9 nm) compared to
PEG3-b-P(HPMA;,(-c0-GlyMAg,) vesicles.

Near identical well-defined vesicle formulations of low PD
and similar Dy, values were identified by DLS analysis and dry-
state TEM imaging in the case of NMA and PXDA amines
(Fig. 5B-1 to II, C-I to III and S17%). Similar to HRP-loaded
PEG;,3-b-P(HPMA;,0-c0-GlyMAg,) + BA nanoreactors, average

View Article Online
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Deryo values were in good agreement with light scattering
results, whilst an increased average membrane thickness was
calculated for PXDA-functionalized vesicles (Maye, pxpa = 31.1 £
2.7 nm). Additionally, a further membrane thickness increase
to Myye, nma = 37.6 = 2.8 nm was calculated upon PGIyMA ring-
opening using a more hydrophobic amine (i.e. NMA), showing
an evident relationship between the structure/hydrophobicity
of the nucleophile and the membrane thickness of the result-
ing vesicles (Fig. 5B-IV to VI, C-IV to VI and S177).

The activity of HRP-loaded PEG;;;-b-P(HPMA;;,-co-
GlyMAg,) + BA/NMA/PXDA polymersomes was assessed by
kinetic colorimetric analysis, monitoring the enzyme-catalyzed
peroxidation of DMB in line with above described assays
(Fig. 6A). The rate of DMB peroxidation was clearly affected by
the physicochemical nature of the polymersome (particularly
M,y.), with reductions in substrate processing correlating to
increasing thickness of the diffusional barriers provided by the
functionalized membrane. At a fixed substrate concentration
(0.4 mM DMB and 1.1 M H,0,), there was a small reduction in
product formation for the PXDA cross-linked polymersomes of
31 + 4% upon comparison with the original HRP-loaded
PEG3-b-P(HPMA,-co-GlyMAg,) vesicles that dropped to
>80% in the case of BA and NMA-functionalized nanoreactors
(Fig. 6B). Although these values correlate well with measured
M. values (i.e. NMA > BA > PXDA > PGlyMA) and showcase
how post-PISA chemical modification affects the membrane
character altering its relative permeability, it was important to
expand this data to explore the effect of substrate concen-
tration; measuring the observable permeability. No change to
the actual K,, of the intact enzyme was taken into consider-
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and (C) for HRP-loaded PEGy;3-b-P(HPMAz,0-co-GlyMAg,) + PXDA vesicles: (1) Intensity-weighted size distributions along with average D), and PD
values (the error shows the standard deviation from 5 repeat measurements), and (ll) autocorrelation functions obtained by DLS, (Ill) representative
dry-state TEM images, stained with 1 wt% UA solution, and (IV) representative cryo-TEM images, (V) histograms of size distribution, and (VI) histo-
grams of membrane thickness distribution along with calculated average diameter and membrane thickness values, respectively, measured from
particle analysis based on cryo-TEM images. In each case, at least 100 particles were analyzed.
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Fig. 6 (A) Schematic illustration of HRP-catalyzed oxidation reaction of

DMB to a red-brown dimer product, detected by kinetic colorimetric
assay, taking place inside inherently permeable HRP-loaded PEG;;3-b-P
(HPMA3,0-co-GlyMAgo) vesicles versus impermeable HRP-loaded
PEGj113-b-P(HPMA3,0-co-GlyMAgo) + BA/NMA vesicles, and (B) enzy-
matic activity of the purified empty (grey line), HRP-loaded (red line),
HRP-loaded PXDA-functionalized (purple line), and HRP-loaded BA/
NMA-functionalized (green lines) PEGy3-b-P(HPMAz,0-co-GlyMAgo)
vesicles, and HRP-loaded PEG;3-b-P(HPMA),4q vesicles (black line) (end
point = 30 min, 4 = 492 nm) (the insets show the end-point microwells
in each case). (C) Normalized Michaelis—Menten kinetic plots of free
HRP and HRP-loaded PEG;;3-b-P(HPMA3,0-co-GlyMAgg) + BA/NMA/
PXDA vesicles (1), and calculated K}, values (mean + standard error) for
each sample as a function of average nanoreactor membrane thickness
(Maye) (I1).

ation as such fundamental changes to activity are not generally
associated with encapsulation.®” Normalized kinetic data was
presented in terms of Vj,/Vax due to the focus on comparisons
between equilibrium substrate dissociation constant (K,,) of
the nanoreactor-loaded enzyme rather than absolute activity;
an [enzyme]-dependent parameter.

Systematically varying [DMB] (with [H,0,] under saturating
conditions) gave a more detailed insight into the effect of
membrane modification on the performance of nanoreactors,
where the trend identified previously was confirmed and could
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be elucidated with greater detail (Fig. 6C-I and S18%). As com-
pared to the K, value of the free enzyme at 0.79 = 0.06 mM,
the K, of HRP-loaded PEGj,3-b-P(HPMA;,-c0-GlyMAg,) nanor-
eactors increased by ca. 30% (up to 1.14 + 0.18 mM) as a result
of enzyme compartmentalization within the semi-permeable
P(HPMAg;,0-c0-GlyMAg,) membrane. This effect could be tuned
by introducing cross-linking or chemical modification. PXDA
cross-linking of polymersomes further increased K, by ca.
30% (up to 1.84 + 0.18 mM), in accordance with earlier data
under fixed substrate concentration conditions. Interestingly,
using such kinetic assays, we were able to resolve the effect of
BA and NMA modification on the permeability of the polymer-
some membrane. Indeed, post-PISA membrane modification
and insertion of benzylic (BA) groups gave rise to a 70%
increase in K, which increased by a further 230% when using
bulkier naphthyl (NMA) groups (up to 3.14 + 0.32 & 10.27 +
4.34 mM, respectively). Overall, the observed rate of substrate
turnover of the unmodified polymersomes was ca. 90% higher
than that of the NMA-functionalized nanoreactors. Relating
these values for K, to the measured values of average mem-
brane thickness (M), it is apparent that their relationship is
non-linear, which means that the physicochemical origin of
this tunability cannot be fully explicated by the influence of
chemical modifier upon the membrane dimensions but is also
related to the nature of the new membrane (Fig. 6C-II). In this
instance, we can understand the increasing K. value (and
decreasing permeability) between BA and NMA membranes
arising due to the increasing non-covalent aromatic inter-
actions between polymer chains (i.e. increasing the density
and reducing the porosity of the bilayer).

Overall, our findings provide a more in depth understand-
ing of how relatively simple chemistries, used for the
functionalization of polymersome membranes with increas-
ingly more hydrophobic moieties, can tune the passive
diffusion of small molecules into their aqueous inner lumen.
This strategy has been utilized to achieve greater control over
substrate processing by enzymes encapsulated within a poly-
mersome nanoreactor.

Conclusions

In summary, we report a facile strategy to modulate the mem-
brane permeability of polymeric vesicles. Epoxy-containing,
enzyme-loaded vesicle nanoreactors obtained via aqueous
emulsion PISA were functionalized with a series of diamine
cross-linkers or hydrophobic primary amines using a simple
procedure. Membrane modification resulted in increased
thickness and reduced permeability relative to the non-functio-
nalized particles. Of the compounds tested, the hydrophobic
amines exhibited the most dramatic blocking effect on the
vesicle membranes, reducing permeability by over 80% as
determined by a colorimetric assay involving substrate oxi-
dation by the encapsulated enzymes. This fundamental study
reveals important insight into the relationship between mem-
brane thickness, cross-linking density, or hydrophobicity and
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permeability. Such fine control over the diffusion of substrates
across inherently permeable vesicular membranes has rarely
been demonstrated and should inform particle design in
future studies.
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Experimental Section

Materials and Methods

Materials

Poly(ethylene glycol) methyl ether (average M, = 5,000 g mol-!, PEG-OH), carbon disulfide (anhydrous,
>99%), sodium ethanethiolate, N, N'-dicyclohexylcarbodiimide (99%, DCC), 4-(dimethylamino)pyridine
(>98%, DMAP), benzylamine (99%, BA), 1-naphthylmethylamine (97%, NMA), ethylenediamine
(>99%, C,DA), 1,3-diaminopropane (>99%, C;DA), 1,4-diaminobutane (99%, C4DA),
hexamethylenediamine (98%, C¢DA), poly(ethylene glycol) diamine (average M, = 2,000 g mol'),
glycidol (96%) and 3,3'-dimethoxybenzidine (DMB) were purchased from Sigma Aldrich and were used
without further purification. Glycidyl methacrylate (97%, GlyMA) was also purchased from Sigma-
Aldrich and was passed through a column of basic alumina to remove inhibitor prior to use. lodine, diethyl
ether and dichloromethane (DCM) were purchased from Fisher Scientific. 4,4'-Azobis(4-cyanovaleric
acid) (98%, ACVA) and poly(ethylene glycol) diamine (average M, = 1,000 g mol-') were obtained from
Alfa Aesar. 2-Hydroxypropyl methacrylate (mixture of isomers, 98%, HPMA) was also purchased from
Alfa Aesar and was passed through a column of basic alumina to remove inhibitor prior to use. 1-
Adamantanemethylamine (98%, AMA) was purchased from Acros Organics. p-Xylylenediamine
(>99.0%, PXDA) was obtained from Tokyo Chemical Industry UK. Hydrogen peroxide (35%) was
purchased from Lancaster Synthesis. The enzyme peroxidase from Amoracia rusticana (type VI,
essentially salt free) (HRP) was purchased from Sigma Aldrich, divided into aliquots at 200 U mL"! in
deionized water and stored at -20 °C. Nunc™ 96-well microplates were purchased from ThermoFisher

Scientific. Formvar and lacey-carbon coated copper grids were purchased from EM Resolutions.

Characterization Techniques

NMR Spectroscopy. 'TH-NMR and '*C-NMR spectra were recorded at a 400 MHz on a Bruker DPX-400
spectrometer, with chloroform-d (CDCl;) or methanol-d, (CD;0D) as the solvent. Chemical shifts of
protons are reported as J in parts per million (ppm) and are relative to tetramethylsilane (TMS) at 6 = 0

ppm when using CDClI; or solvent residual peak (CH;0H, 6 = 3.31 ppm).
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FT-IR Spectroscopy. Fourier Transform-Infrared (FT-IR) spectroscopy measurements were carried out
using an Agilent Cary 630 FT-IR spectrometer, in the range of 650 to 4000 cm!, after lyophilization of

an aliquot of sample.

Size Exclusion Chromatography. Size exclusion chromatography (SEC) analysis was performed on a
system composed of a Varian 390-LC-Multi detector suite equipped with a Varian Polymer Laboratories
guard column (PLGel 5 uM, 50 x 7.5 mm), two Mixed-C Varian Polymer Laboratories columns (PLGel
5 uM, 300 x 7.5 mm) and a PLAST RT auto-sampler. Detection was conducted using a differential
refractive index (RI) and an ultraviolet (UV) detector set to A =309 nm. The mobile phase used was DMF
(HPLC grade) containing 5 mM NH4BF, at 50 °C at flow rate of 1.0 mL min'!. Poly(methyl methacrylate)
(PMMA) standards were used for calibration. Number average molecular weights (M,), weight average

molecular weights (M,,) and dispersities (Py = M,,/M,) were determined using Cirrus v3.3 SEC software.

High-Performance Liquid Chromatography. Reverse phase high-pressure liquid chromatography (RP-
HPLC) was carried out using a Shim-pack GISS 5 pm C18 (4.6 x 125 mm) column on a Shimadzu
instrument using the following modules: LC-20AD solvent delivery module, SIL-20AC HT autosampler,
CTO-20AC column oven and SPD-M20A photodiode array UV-Vis detector. The 222 nm peptide bond
absorbance was extracted from the PDA detector. The mobile phases used were H,O (18.2 MQ-cm +
0.04% v/v formic acid)/MeCN (HPLC grade + 0.04% v/v formic acid). A range of mobile phase gradients

was investigated. The optimized gradient was ran at 0.8 mL min-! at 30 °C and is shown in Table S1.

Table S1. Mobile phase composition used for HPLC analysis.

Time (min) % H,0 % MeCN
0 95 5
3 80 20
16 25 75
20 5 95
21 95 5
25 95 5
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Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry. MALDI-ToF MS was
conducted on a Bruker Ultraflex MALDI TOF/TOF mass spectrometer. A solution of HRP (0.2 mg ml")
was spotted onto a 96-spot steel plate followed by an equal volume of sinapic acid matrix (15 mg in 0.5
mL of water, 0.5 mL of acetonitrile and 1 pL of trifluoroacetic acid (TFA)). The solvent was evaporated

before the recording of spectra and analysis using flexControl software.

Dynamic Light Scattering. Hydrodynamic diameters (Dy) and size distributions of particles were
determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS with a 4 mW He-Ne
633 nm laser module operating at 25 °C. Measurements were carried out at an angle of 173° (back
scattering), and results were analyzed using Malvern DTS 7.03 software. All determinations were repeated
5 times with at least 10 measurements recorded for each run. Dy, values were calculated using the Stokes-

Einstein equation where particles are assumed to be spherical.

Zeta Potential Analysis. Zeta potential was measured by the technique of microelectrophoresis, using a
Malvern Zetasizer Nano ZS instrument, at room temperature at 633 nm. All reported measurements were
the average of at least five runs. Zeta potential was calculated from the corresponding electrophoretic

mobilities (ug) by using the Henry’s correction of the Smoluchowski equation (ug = 4w g €. { (1+xr)/67

1.

Optical Microscopy. Images of the monomer-in-water emulsion solution prior to polymerization were
captured using a Leica DM IL LED optical microscope equipped with a Leica MC170 HD colour camera
at 10x magnification. 10 pL of the freshly prepared sample was added on a glass slide and imaged within

5 min after emulsion formation.

Transmission Electron Microscopy. Dry-state stained TEM imaging was performed on either a JEOL
JEM-2000 FX or a JEOL JEM-2100Plus microscope operating at an acceleration voltage of 200 kV and
a JEOL JEM-1400 microscope operating at an acceleration voltage of 80 kV. All dry-state samples were
diluted with deionized water and then deposited onto formvar-coated copper grids. After roughly 1 min,
excess sample was blotted from the grid and the grid was stained with an aqueous 1 wt% uranyl acetate
(UA) solution for 1 min prior to blotting, drying and microscopic analysis.

Cryogenic transmission electron microscopy (cryo-TEM) imaging was performed on a JEOL JEM-
2100Plus microscope operating at an acceleration voltage of 200 kV. Samples for cryo-TEM imaging

were prepared at 0.5% w/w solids content in deionized water by depositing 8 uL sample onto plasma-
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treated lacey-carbon coated grids followed by blotting for approximately 5 s and plunging into a pool of
liquid ethane, cooled using liquid nitrogen, to vitrify the samples. Transfer into a pre-cooled cryo-TEM
holder was performed under liquid nitrogen temperatures prior to microscopic analysis. For the
determination of average size and membrane thickness of the vesicles at least 100 particles were analyzed

in each case.

Kinetic Colorimetric Analysis. Kinetic colorimetric analysis was performed in 96-well Nunclon™ plates
and measured on a BMG Labtech FLUOstar OPTIMA plate reader running in absorbance mode with a
filter of 4 =492 nm. Absorbance values at this wavelength were measured every minute for a period of 30

min. All measurements were performed in at least triplicate.
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Photoreactor Setup Specifications

The LED source for the visible-light initiated PISA reactions (TruOpto OSV5X3CACIE, 4.5 W) was
purchased from Rapid Electronics and had a radiant flux of 800 mW @400 mA at 12V DC operating at a
wavelength of 400410 nm. This was fitted to a custom-built setup equipped with a dimmer switch for
controlling the output light intensity. The vial base is located 19 mm above the light source to limit heating
which creates a 40° cone of light from the center of the LED giving 76% intensity at the perimeter of the

sample. In the present study, all photo-PISA reactions were carried out at full output light intensity.

Figure S1. Digital photographs of photoreactor system used in the present study to carry out photo-PISA

reactions under 405 nm irradiation.
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Supplementary Characterization Data

RAZLD

Figure S2. Representative optical microscopy images of initial monomer-in-water emulsion stabilized by

PEG ;3 macro-CTA prior to photo-PISA. Scale bars represent 200 pum.
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Figure S3. 'H-NMR spectrum of crude PEG3-b-P(HPMA3;p-co-GlyMAgy) diblock copolymer in
methanol-d, for calculation of epoxide group retention efficiency after aqueous RAFT-mediated emulsion

photo-PISA.
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Figure S4. (A) Polymerization kinetics for aqueous RAFT-mediated emulsion photo-PISA of
HPMA/GlyMA (80:20 molar ratio) using a PEG;3 macro-CTA at [solids] = 10% w/w (target DPpppma =

320 and DPPGlyMA =

80) (inset: In([M]y/[M

]) versus irradiation time kinetic plot). (B) Relative

HPMA/GlyMA monomer molar ratio as a function of photo-PISA irradiation time, as calculated by

conversion 'H-NMR analysis in methanol-d,.

Figure SS. (A) Representative dry-state TEM image, stained with 1 wt% uranyl acetate (UA) solution,

and (B) representative cryo-TEM image of empty PEG3-b-P(HPMA350-co-GlyMAg,) vesicles.

S8



A. 30|— Intensity B. 0

25 — Volume 0.8-
E 9]— Number Dh=182.6 £ 2.5 nm
S 20 PD = 0.14 £ 0.04 0.6-
2 =
g >
o 154 g 4l
> -
£ 101 = .
¢ 5l '

0 0.0

10 100 1000 10000 10° 10" 10° 10° 10° 10° 10° 107

Lag time (ps)

C. D.

E. F. 40
40- Daye =172.5%25.5 nm Maye =279 £2.6 nm

—_— — 30-
= 30+ 2
> >
0 o 20-
g 20 o
=] =
e 8
& 10 e 9

0+ 0-

80 120 160 200 240 280 16 20 24 28 32 36 40

Diameter (nm) Membrane thickness (nm)

Figure S6. Characterization of purified HRP-loaded PEG3-b-P(HPMA 3,p-co-GlyMAg) vesicles. (A)
Intensity-weighted size distributions along with average Dy, and PD values (the error shows the standard
deviation from 5 repeat measurements), and (B) autocorrelation function obtained by DLS. (C)
Representative dry-state TEM image, stained with 1 wt% UA solution, and (D) representative cryo-TEM
image. (E) Histogram of size distribution, and (F) histogram of membrane thickness distribution along
with calculated average diameter and membrane thickness values, respectively, measured from particle

analysis based on cryo-TEM images. In each case, at least 100 particles were analyzed.
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Figure S7. Control experiments comparing the activity of free HRP after incubation at 37 °C for 2 hours
under 405 nm irradiation in either 10% w/w HPMA solution in DI water or 10% w/w HPMA/GlyMA
(80:20 molar ratio) solution in DI water against untreated enzyme ([HRP].action = 20 U mL-"), as
determined at the end point of the colorimetric assay (end point = 30 min, 4 = 492 nm), showing no loss

of HRP activity under aqueous emulsion photo-PISA conditions.
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Figure S8. (A) HPLC traces and (B) MALDI-ToF mass spectra of untreated HRP (black traces) and HRP
after reaction with water-soluble glycidol (0.14 mmol mL-") for 2 hours in DI water (red traces)
([HRP]eaction = 20 U mL-"), showing no apparent modification of HRP by ring-opening of the epoxide

groups via its lysine residues.
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Figure S9. Control experiment comparing the activity of free HRP after incubation at room temperature
for 18 hours in either PB 5.5 (optimum pH value of the enzyme) or DI water ((HRP];eaction = 2 U mL), as
determined at the end point of the colorimetric assay (end point = 30 min, 4 = 492 nm), showing no loss

of HRP activity under the epoxide ring-opening reaction conditions.
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Figure S10. Control experiment comparing the activity of purified HRP-loaded PEG;3-b-PHPMA 4
vesicles before and after incubation with a series of primary amine and diamine molecules at room
temperature for 18 hours in DI water, as determined at the end point of the colorimetric assay (end point

= 30 min, 4 =492 nm), showing no negative effect of utilized amines on the HRP catalytic activity.
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Figure S11. FT-IR spectra recorded for PEG3-b-P(HPMA3,5-co-GlyMAg) vesicles prior to membrane
functionalization, and cross-linked PEG3-b-P(HPMA3,0-co-GlyMAg,)+PEG,DA vesicles showing the
disappearance of the characteristic asymmetric vibration peaks of PGlyMA epoxy groups at 849 and 909
cm! after ring-opening reactions using PEG,DA (n = 23, 46).
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Figure S12. (A) For cross-linked HRP-loaded PEG3-b-P(HPMA 3,5-co-GlyMAgy)+PEG»;DA vesicles,
and (B) for cross-linked HRP-loaded PEG3-b-P(HPMAj,-co-GlyMAg))+PEG4DA vesicles: (I)
Representative dry-state TEM images, stained with 1 wt% UA solution, (II) representative cryo-TEM
images, and (III) histograms of size distribution along with calculated average diameter values measured

from particle analysis based on cryo-TEM images. In each case, at least 100 particles were analysed.

- B P(HPMA-co-GlyMA)
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Figure S13. Normalized activities of PEG,DA (n = 23, 46) cross-linked HRP-loaded PEGy;3-b-

P(HPMA,0-co-GlyMAy,) vesicles compared to non-functionalized HRP-loaded PEG3-b6-P(HPMA 3,¢-

co-GlyMAy,) vesicles at the end point of the enzymatic assay (end point = 30 min, 4 = 492 nm), showing

activity decrease upon increasing length of PEG,DA (error bars show the standard deviation from four

repeat measurements).
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Figure S14. FT-IR spectra recorded for PEG3-b-P(HPMA3;0-co-GlyMAg) vesicles prior to membrane
functionalization, and cross-linked PEGy3-b-P(HPMA3;0-co-GlyMAgy)+C,DA vesicles showing the

disappearance of the characteristic asymmetric vibration peaks of PGlyMA epoxy groups at 849 and 909

cm! after ring-opening reactions using C,DA (n = 2-4, 6).
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Figure S15. (A) For cross-linked HRP-loaded PEG3-b-P(HPMA 3,p-co-GlyMAg()+C,DA vesicles, (B)
for cross-linked HRP-loaded PEGy3-b-P(HPMA3,0-co-GlyMAg,)+C3DA vesicles, (C) for cross-linked
HRP-loaded PEG3-b-P(HPMA350-co-GlyMAg)+C4DA vesicles and (D) for cross-linked HRP-loaded
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PEG3-b-P(HPMA 3,p-co-GlyMAg))+C¢DA vesicles: (I) Representative dry-state TEM images, stained
with 1 wt% UA solution, (II) representative cryo-TEM images, and (III) histograms of size distribution
along with calculated average diameter values measured from particle analysis based on cryo-TEM

images. In each case, at least 100 particles were analysed.
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Figure S16. FT-IR spectra recorded for PEG3-b-P(HPMA3,5-co-GlyMAg) vesicles prior to membrane
functionalization, BA/NMA-functionalized PEG3-b-P(HPMA;,-co-GlyMAg) vesicles, and PXDA
cross-linked PEG13-b-P(HPMA 3,0-co-GlyMAg) vesicles showing the disappearance of the characteristic
asymmetric vibration peaks of PGlyMA epoxy groups at 849 and 909 cm! after ring-opening reactions

using BA, NMA or PXDA.

S16



Figure S17. (A) For HRP-loaded PEG3-b-P(HPMA 3,o-co-GlyMAgo)+BA vesicles, (B) for HRP-loaded
PEG 3-b-P(HPMA350-co-GlyMAgo)+NMA vesicles, and (C) for cross-linked HRP-loaded PEG;-b-
P(HPMA350-co-GlyMAg)+PXDA vesicles: (I) Representative dry-state TEM images, stained with 1 wt%
UA solution, and (II) representative cryo-TEM images.
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Table S2. Summary of size, PD, and membrane thickness values for empty PEG3-b-P(HPMA3,0-co-
GlyMAg) vesicles (*), and HRP-loaded PEG3-b-P(HPMA3,0-co-GlyMAg) vesicles before and after

membrane functionalization using a series of primary amines, as determined by DLS analysis and TEM

imaging, respectively.

Amine Dy* (nm) PD* Dyystare” (nm) D,y,¢ (nm) M,y (nm)
-(%) 188.3+5.6 0.18 £ 0.02 170.3 £23.0 175.5+£24.1 28.0 £3.0
- 182.6 £2.5 0.14 £ 0.04 1719+17.8 172.5+£25.5 27.9+2.6
PEG,;DA 239.6 +6.4 0.11+0.01 229.5+33.2 224.0+21.0 31.7+24
PEG4DA 2384+64 0.14 +0.04 233.3+323 2185+223 31.8+2.5
C,DA 128.4+3.8 0.13+0.01 122.7+8.3 117.7+£8.5 30.5+2.1
C;DA 123.8+0.6 0.12 £ 0.02 1222+9.9 119.9+10.7 30.1+2.2
C,DA 1497 + 266 0.24 £ 0.04 122.3+£8.9 115.8+9.7 31.6 £2.3
CsDA 1389 + 149 0.23 +0.06 123.1 £10.1 116.7+11.0 30.7+2.0
PXDA 2034+1.9 0.06 +0.01 181.3+22.9 172.7+16.4 31.1+2.7
BA 203.4+2.8 0.08 +0.02 164.6 £26.8 175.4 £27.7 332+29
NMA 204.0 4.7 0.02+0.01 190.7 £ 16.2 182.5+18.9 37.6+2.8
AMA Macroscopic precipitation — unstable particles

2Dy, and PD values measured from DLS analysis. ?Average diameter values measured from particle
analysis based on dry-state TEM images. ‘Average diameter and membrane thickness values measured
from particle analysis based on cryo-TEM images. In each case, at least 100 particles were analyzed.
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Figure S18. Enzymatic activity of (A) HRP-loaded PEG3-b-P(HPMA3,0-co-GlyMAg) vesicles, (B)
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at different [DMB] (with [H,O,] under saturating conditions) (end point = 30 min, 1 = 492 nm). In each

case, the average initial slope of three repeat measurements () for the first 10 min of the assay was used
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Table S3. Summary of enzyme activity curve fitting analysis for HRP-loaded PEGy3-b-P(HPMA3,¢-co-
GlyMAgy) and HRP-loaded PEG3-b-P(HPMA 3;0-co-GlyMAg,)+BA/NMA/PXDA vesicles utilized for

construction of Michaelis-Menten kinetic plots.

Sample [DMB] Slope Slope Slope | Average | Standard
(mM) Run 1 Run 2 Run 3 Slope Deviation
6 0.0938 | 0.0760 | 0.0481 | 0.0726 0.0188
4 0.1031 | 0.0817 | 0.0511 | 0.0786 0.0214
2 0.0774 | 0.1046 | 0.0378 | 0.0733 0.0274
PEG 13-b-P(HPMA 359-co- 1 0.0435 | 0.0448 | 0.0284 | 0.0389 0.0074
GlyMAyg) 0.8 0.0392 | 0.0438 | 0.0263 | 0.0364 0.0074
0.4 0.0227 | 0.0360 | 0.0176 | 0.0254 0.0077
0.2 0.0138 | 0.0103 | 0.0109 | 0.0116 0.0015
6 0.0398 | 0.0450 | 0.0354 | 0.0401 0.0039
4 0.0453 | 0.0365 | 0.0279 | 0.0366 0.0071
2 0.0212 | 0.0186 | 0.0237 | 0.0212 0.0020
PEG13-b-P(HPMA 3-co- 1 0.0161 | 0.0143 | 0.0147 | 0.0150 0.0008
GlyMAg)+BA 0.8 0.0124 | 0.0133 | 0.0137 | 0.0132 0.0005
0.4 0.0091 | 0.0086 | 0.0082 | 0.0086 0.0004
0.2 0.0049 | 0.0045 | 0.0045 | 0.0046 0.0002
6 0.0568 | 0.0344 | 0.0229 | 0.0380 0.0141
4 0.0183 | 0.0252 | 0.0186 | 0.0207 0.0031
2 0.0197 | 0.0149 | 0.0165 | 0.0170 0.0020
PEG 13-b-P(HPMA 32-co- 1 0.0102 | 0.0106 | 0.0125 | 0.0111 0.0010
GlyMAg))+NMA 0.8 0.0082 | 0.0072 | 0.0080 | 0.0078 | 0.0004
0.4 0.0057 | 0.0034 | 0.0050 | 0.0047 0.0009
0.2 0.0020 | 0.0009 | 0.0017 | 0.0015 0.0005
6 0.0676 | 0.0333 | 0.0266 | 0.0425 0.0180
4 0.0413 | 0.0583 | 0.0282 | 0.0426 0.0124
2 0.0335 | 0.0346 | 0.0282 | 0.0321 0.0028
PEG 13-b-P(HPMA 359-co- 1 0.0229 | 0.0181 | 0.0173 | 0.0195 0.0024
GlyMAg)+PXDA 0.8 0.0243 | 0.0175 | 0.0158 | 0.0192 0.0037
0.4 0.0107 | 0.0102 | 0.0010 | 0.0073 0.0045
0.2 0.0057 | 0.0051 | 0.0054 | 0.0054 0.0002
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Chapter 4. Predicting Monomers for Use in Aqueous Ring-

Opening Metathesis Polymerization-Induced Self-Assembly
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Chapter 4

Overview: In this Chapter, agueous ROMP-mediated PISA is employed as a powerful
and robust methodology for the in situ fabrication of polynorbornene-based block
copolymer nano-objects with tunable morphology and core-forming block chemistry, but
also distinctly different characteristics as compared to their (meth)acrylate/acrylamide-
based counterparts, typically prepared via RAFT-mediated PISA, in an effort to unravel

the potential of this underexplored field in catalysis, drug delivery and biomimicry.

In our initial report on controlled ROMP in acidic aqueous media using a macroinitiator
approach and the realization of ROMPISA upon selection of suitable core-forming
monomers that produce water-immiscible polymers under the same polymerization
conditions, it was intriguing to observe that access to uniquely small higher-order
nanostructures (i.e., worm-like micelles and vesicles) could be readily achieved via this
strategy. We hypothesized this behavior emerges due to the high rigidity and T4 of PNBs
that, in turn, induce high degrees of chain stretching, low unimer mobility and decreased
interfacial curvature between the corona- and core-forming domains, giving rise to
higher-order morphologies during the early stages of the ROMPISA process. The primary
focus of Chapter 4 was to expand the pool of available corona- and core-forming
ROMPISA monomers in order to evaluate the universality of this self-assembly behavior
and, additionally, enable control over the core-block hydrophobicity and functionality of

the developed nano-objects for future biotechnological applications.

First, theoretical identification of new ROMPISA monomers was achieved via an in silico
methodology, previously utilized in agueous RAFT-mediated PISA by our group, that
involved LogPo/SA calculations for a series of NB-based monomers and their
corresponding oligomeric models. Positive LogPoct/SA values correspond to hydrophobic

oligomers that preferably partition into the octanol phase and, as such, can comprise the
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core-forming block in an amphiphilic block copolymer formulation, whereas the opposite
behavior indicates candidates for use in corona-forming blocks. Next, experimental
validation was successfully carried out for the whole series of predicted monomers upon
synthesis of diblock copolymer nano-objects using our established two-step
macroinitiator approach for conducting ROMPISA in aqueous media, followed by
thorough characterization of the prepared nanoassemblies. Importantly, a set of nano-
objects with similar physical characteristics were obtained, whilst useful structure-
property relationships could be also identified with higher-order nanostructures being

accessed upon increasing oligomer hydrophobicity for a certain core-block DP.

In this contribution, we were particularly interested in monitoring the evolution of
vesicular nanostructures, as well as investigating their properties. Their uniquely small
size, along with their distinctly thin membranes (3-10 nm) and the wide range of
functionalities introduced within their core-forming domains, that enable a range of
potential post-PISA transformations, could significantly expand the application breadth
of such assemblies. The preliminary findings highlighted herein were used as a
groundwork for the project discussed in Chapter 5, while they also constitute the main

area of focus in studies currently ongoing within our group.
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ABSTRACT: Aqueous polymerization-induced self-assembly Predicting Monomers for Aqueous ROMPISA
(PISA) is a well-established methodology enabling in situ Oligomer Hydrophobicity KRS
synthesis of polymeric nanoparticles of controllable morphol- A o084 Evaluation 8

ogy. Notably, PISA via ring-opening metathesis polymer- Prediction of  _ R el

ization (ROMPISA) is an emerging technology for block ROMP Monomers < o003RE °

copolymer self-assembly, mainly due to its high versatility and I S —

robustness. However, a limited number of monomers suitable 8 000a{RETT e e g

for core-forming blocks in aqueous ROMPISA have been B —

reported to date. In this work, we identified seven monomers nmer Water-soluble
for use as either corona- or core-forming blocks during Hydrophobicity \ Polymers
aqueous ROMPISA by in silico calculation of relative -R1>-Rz>>-Rs Aqueous ROMPISA
hydrophobicity for corresponding oligomeric models. The

predicted monomers were validated experimentally by conducting ROMPISA using our previously reported two-step approach.
In addition to predictive data, our computational model was exploited to identify trends between polymer hydrophobicity and
the morphology of the self-assembled nano-objects they formed. We expect that this methodology will greatly expand the scope
of aqueous ROMPISA, as monomers can be easily identified based on the structure—property relationships observed herein.

C onventional preparative methodologies for solution self- robust nature of commercially available Ru-based catalysts, fast
assembly of block copolymers have been extensively polymerization kinetics, and the ability to conduct polymer-
applied in modern polymer science.' ™" These involve the izations under air at ambient temperature in either organic or
synthesis of a block copolymer in organic solvent and multiple aqueous milieu.'*™*°

steps for its transition into a selective solvent for one or more Since ROMPISA is a newly established concept, a very
blocks to allow for the formation of nanostructures. In general, limited number of monomers that are able to undergo the
such strategies are often limited by low polymer concentration described solubility transition upon polymerization to achieve
(<1% w/w) and precise morphology control issues.” in situ self-assembly are known, especially in dispersed aqueous

Recently, polymerization-induced self-assembly (PISA) has
been introduced as an alternative one-pot procedure for in situ
development of nano-objects with tunable morphologies at
high solid concentrations (typically 10~30% w/w).”~'° During
block copolymer PISA, direct nanoparticle fabrication is
achieved as a solvent-soluble corona-forming block is chain
extended using specific solvent-miscible (dispersion PISA) or
solvent-immiscible (emulsion PISA) monomers that form a
second, insoluble core block."'

To date, the majority of literature reports on PISA has been
dominated by reversible-deactivation radical polymerization
(RDRP) techniques, mainly involving atom transfer radical
polymerization (ATRP)'>'* and reversible addition—fragmen-
tation chain-transfer (RAFT) polymerization,"*”"” in both
aqueous and organic media. However, PISA mediated by ring-

media. In particular, a few monomers that undergo ROMPISA
in organic solvent or under aqueous emulsion conditions have

been reported thus far,”'~>

while Gianneschi’s group
introduced a quaternary amine-based phenyl norbornene
dicarboximide monomer as the core-forming block in aqueous
dispersion ROMPISA.”**” In addition, exo-5-norbornenecar-
boxylic acid and a di(oligo(ethylene glycol))-based norbor-
nene monomer have been reported by our group for use in
aqueous dispersion ROMPISA via a water-soluble macro-
initiator approach.”® Hence, opportunities exist for identi-
fication of new core-forming ROMPISA monomers.

Recently, our group reported an in silico method that allows
for prediction of monomers that could be used either as

opening metathesis polymerization (ROMPISA) has recently Received: February 16, 2019
emerged as a nonradical technology for block copolymer self- Accepted: March 19, 2019
assembly. This growing research interest is facilitated by the Published: April 3, 2019
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corona- or core-forming blocks in aqueous RAFT-mediated
PISA through oligomer hydrophobicity evaluation, as well as
for prediction of morphologies for PISA systems implemented
with different monomer chemistries.”” Herein, this process is
applied to predict a set of norbornene monomers with various
functionalities for use in aqueous ROMPISA. Diblock
copolymer nano-objects were successfully developed via one-
pot ROMPISA using the predicted monomers as core-forming
blocks and the same hydrophilic stabilizer block as the
macroinitiator, following our recently reported procedure for
controlled ROMP in aqueous media.”® The order of resulting
morphologies increased upon respective degree of polymer-
ization (DP) and relative hydrophobicity increase, while
structure—property relationships were also identified based
on our monomer design.

The predictive methodology followed for identifying
whether a monomer will be able to undergo aqueous
ROMPISA is based on in silico determination of hydro-
phobicity for corresponding oligomeric models by calculating
octanol—water partition coefficients (LogP,.). This analysis
has been well-established for small molecules, while transition-
ing to larger polymer molecules benefits from normalization of
LogP,. values by solvent-accessible surface area (SA) to
minimize molecular weight and end-group discrepancies.”’™*
Olefin end-groups were chosen for the oligomer models in all
calculations for simplicity. While end-group hydrophobicity
contributes to the LogP,./SA value for short oligomers (i.e.,
DP < 10), the influence of end-groups becomes negligible as
DP increases.’’ Positive LogP,./SA values correspond to
hydrophobic polymers that primarily partition into the octanol
phase and as such can be used in core-forming blocks during
ROMPISA in aqueous media. On the contrary, water-soluble
polymers possess negative LogP,./SA values, indicating their
ability to be used in corona-forming blocks. The importance of
the sign of LogP,./SA can be understood by comparing
homopolymer solubility; for example, homopolymers synthe-
sized using M8 or M9 were completely insoluble in water,
whereas P(M10) could be readily dissolved.

Using the described predictive methodology (see Supporting
Information for detailed description), LogP,./SA values of
ROMP oligomers ranging from 3-mers to 12-mers were
calculated for a series of norbornene-based monomers bearing
a wide range of functional groups. A correlation between
oligomer LogP,../SA and monomer LogP, . was also identified,
giving insight into the water solubility of their respective
homopolymers (Figure S1). Monomers used in our study were
mainly selected based on their relatively facile one- or two-step
syntheses from commercially available precursor compounds.
We also hypothesized that hydrophobicity trends for this wide
range of monomers with different anchor or terminal
functional groups would elicit important structure—property
relationships. For comparison, LogP,./SA analysis of
previously reported monomers used in aqueous ROMPISA
(MX = M1, M4, M7, and M11) was also carried out.**?® The
hydrophobicity evaluation results for P(MX), (MX = M1—
M11) ROMP oligomers as a function of increasing chain
length along with their corresponding monomer structures are
shown in Figure 1.

A plethora of studied monomers (M1—M9) were predicted
to be suitable for core-forming blocks in aqueous ROMPISA as
their respective oligomers possess positive LogP,/SA values
across all chain lengths. In general, the imide-based oligomers
(M4—M6 and M9) were less hydrophobic than the ester-/
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Figure 1. (A) Evolution of P(MX), (MX = M1-M11) ROMP
oligomer hydrophobicity as a function of the length of the oligomer.
LogP, values (ALogP98 method) were calculated using an atom-
based approach and normalized by solvent-accessible surface area
(SA) using Materials Studio 2018. The LogP,./SA > 0 region
corresponds to core-forming blocks, while the LogP,./SA < 0 region
corresponds to corona-forming blocks. (B) Core- and corona-forming
norbornene-based monomer structures for aqueous ROMPISA.
Monomers marked with an asterisk (*) have been reported in the
literature.

amide-based ones (M1—M3 and MS8), while multiple polar
functional groups or charges were required to achieve negative
oligomer LogP,./SA values suitable for hydrophilic corona-
forming blocks (M10 and M11).

To correlate computational hydrophobicity trends with
experimental results, two criteria were envisioned for monomer
design. First, the ease of monomer synthesis was considered.
Monomers M2, M3, MS, M6, and M8—M11 were synthesized
following simple imide formation or esterification/amidation
procedures (see Supporting Information for experimental
details). Second, the solubility of prepared monomers in
aqueous media was of major significance. Importantly, the
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Figure 2. (A) Schematic representation of the synthetic route followed for the development of P(M11),,-b-P(MS5),, (n = 18, 20, 30, 60, 120, and
180) diblock copolymer nano-objects via aqueous ROMPISA using a water-soluble P(M11),, macroinitiator. (B) Normalized SEC RI molecular
weight distributions, and evolution of M, (filled circles) and Dy, (empty circles) values calculated from SEC analysis with increasing targeted
DPpys) for P(M11),,-b-P(MS),, diblock copolymers. The solid line represents expected M, values calculated using the monomer feed ratio,
assuming full monomer conversion. M, and D), values were calculated from PS standards using THF + 2% v/v NEt; as the eluent. (C) Intensity
weighted size distributions obtained by DLS for P(M11),,-b-P(MS),, diblock copolymer nano-objects. (D) Fitted model to SAXS data recorded
for P(M11),,-b-P(MS) ;5. (E) Representative dry-state TEM images of P(M11),-b-P(MS5), diblock copolymer nano-objects, stained with 1 wt%

uranyl acetate (UA) solution.

majority of monomers in Figure 1B were found to be water-
miscible at [MX] = 1 wt%, underlying their ability to be used
in aqueous dispersion ROMPISA. Based on these findings, we
chose to evaluate diblock copolymer ROMPISA using
monomers M2, M3, M5, M6, M8, and M9 as core-forming
blocks and M11 as the corona-forming block following our
reported methodology to conduct well-controlled, open-to-air
ROMP in aqueous media using a macroinitiator approach.28
A P(M11) macroinitiator was first synthesized via ROMP,
under air, in a water-miscible organic solvent (i.e,, THF) using
the commercially available third-generation Grubbs catalyst
(G3) (DPpayuyy = 12, Mypoa = 2.8 kDa, M, g = 2.6 kDa, Dy
= 1.17, Table S1). An aliquot of the resulting macroinitiator in
THF was then added to a solution of a second core-forming
monomer (MX = M2, M3, M5, M6, M8, or M9) in acidic
phosphate buffer (pH = 2, PB 2) (PB/THF = 9:1, [MX] = 1
wt%), where ionization of the pendant tertiary amine groups of
P(M11) occurred yielding the charged hydrophilic stabilizer
block (see Figure S2 for pH-dependent solubility of P(M11)
oligomers). The presence of acid also promoted pyridine
ligand dissociation to generate the active form of the G3
catalyst. Chain extensions for the development of P(M11),-b-
P(MX), diblock copolymer nano-objects via ROMPISA
targeting increasing DP of P(MX) were fast and typically
completed within a 2—30 min time scale, depending on the
monomer. As a representative example, the obtained character-
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ization results from aqueous ROMPISA of MS are given in
detail in Figure 2.

Based on the described synthetic route, a series of aqueous
ROMPISA reactions using M5 were conducted over a range of
DPs of P(MS) core-forming blocks by varying the initial
[MS]/[G3] feed ratio, using a water-soluble P(M11),,
macroinitiator (Figure 2A). A gradual turbidity increase was
noticed for polymerization solutions with increasing DPp(ys),
indicating the onset of particle micellization. Quantitative
monomer conversions (>99%) were achieved in all cases after
approximately 30 min, as determined by 'H NMR spectro-
scopic analysis in methanol-d, of the crude samples. SEC
analysis of P(M11),-b-P(MS), diblock copolymers, using
THF + 2% v/v triethylamine (NEt;) as the eluent, revealed the
well-controlled character of the aqueous ROMPISA process
using MS. Specifically, symmetrical, monomodal molecular
weight distributions were observed, shifting linearly toward
higher molecular weight (M, ) values upon increasing the DP
of P(MS). Calculated M, values agreed well with theoretically
expected values, while dispersity (D)) values remained low
(Py < 1.30) throughout (Figure 2B and Table S4).

DLS analysis of P(M11),-b-P(MS), ROMPISA solutions
revealed the formation of particles with multiple populations
and high polydispersity (PD) values for the lower DPs of
P(MS), suggesting the development of worm-like micelles or
nano-objects with mixed morphologies, while single particle
populations with low PD were observed for DPpgys) > 60
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Figure 3. Detailed phase diagram for P(M11),-b-P(MX), (MX = M2, M3, MS, M6, M8, and M9) diblock copolymer nano-objects prepared via
aqueous ROMPISA by varying the DP of the P(MX) core block as a function of corresponding 12-mer LogP,./SA values, along with
representative dry-state TEM images of different formulations stained with 1 wt% uranyl acetate (UA) solution (Key: S, spherical micelles; W,

worm-like micelles; V, vesicles).

indicating the formation of uniform assemblies (Figure 2C and
Table S12). Dry-state and cryo-TEM imaging further
supported the DLS findings and showed an evolution in
morphology from spheres and short worms (DPp(ys) < 30) to
mixed morphologies of worms and vesicles (60 < DPpys) <
120) and finally to single-phase vesicles of uniform size
(DPp(ys) = 180) as the DP of the core-forming block increased
(Figures 2E, $28, and $32). The observed pure worm (DPp(ys)
= 30) and vesicle (DPp(ys) = 180) morphologies were further
investigated by small-angle X-ray scattering (SAXS) analysis
(Figures 2D and $33). For DPpys) = 180, the scattering data
were consistent with a parsimonious model for scattering by
spherical particles, and fitted values to describe the particle size
distribution were consistent with TEM imaging observations.
However, the existence of an inner aqueous compartment
could not be verified from SAXS data, as parameters within the
parsimonious model could potentially mask its existence,
especially if the size of this compartment is on the order of
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variability in particle size (i.e., a few nanometers). Notably, our
theoretical model correctly predicted that the rest of the
monomers with positive oligomer LogP,./SA values (MX =
M2, M3, M6, M8, and M9) could also be used as hydrophobic
core blocks during ROMPISA in aqueous media. Similar
analysis with comparable results was performed for P(M11);,-
b-P(MX), diblock copolymer nano-objects prepared via
aqueous ROMPISA using the other predicted core-forming
monomers (see Supporting Information for characterization
results). In contrast, predicted monomer M10 with negative
oligomer LogP,./SA values could be successfully utilized as
the corona-forming block since it only formed water-soluble
polymers, while its ability to be chain-extended in a controlled
manner under the same aqueous ROMP conditions was
further confirmed (Figure S24 and Tables S8—S9).
According to our previous report on predicting new
monomers for use in aqueous RAFT-mediated PISA, we
applied the LogP,./SA analysis to reliably predict ROMPISA
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diblock copolymer nano-objects at DPpyy) = 120 showing higher-order morphologies upon increasing polymer hydrophobicity.

morphologies.”” Herein, contrary to traditional phase diagrams
for PISA formulations that show morphology progression as a
function of increasing DP and solid content, a phase diagram
for P(M11),,-b-P(MX),, diblock copolymer nano-objects was
constructed based on the relative hydrophobicity of P(MX),
homopolymers. To assist comparisons across the phase
diagram, all ROMPISA reactions were carried out at the
same solid concentration (Figure 3).

We hypothesized that nano-object morphology would
evolve toward higher-order structures with increasing DP of
the core block and LogP,./SA value for the same oligomer
length (ie, up and to the right of the phase diagram).
Confirming this hypothesis, small spherical micelles were
generally observed for low hydrophobicity values and low DPs
of P(MX), while worm-like micelles or mixed morphologies
mostly occupied the middle region of the phase diagram.
Finally, TEM imaging revealed the formation of vesicular
structures for high DPs and high 12-mer LogP,./SA values
(Figures S26—S32). The vesicle morphologies were confirmed
to contain inner compartments by cryo-TEM. It is worth
mentioning that some polymers did not conform perfectly to
this trend. This discrepancy did not arise from differences in
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polymer T, values, as confirmed by microDSC (Figure $23).
Instead, morphological exceptions could originate from
differences in polymerization kinetics of the various monomers.
For instance, imide norbornene monomers are known to
polymerize more slowly compared to their ester or amide
counterparts, as could be the case with MS.>*7% As such, the
morphologies obtained using M2 and M3 could be kinetically
trapped and may not represent equilibrium structures. Despite
that, there is still an overall trend of higher-order structures
obtained as LogP,../SA increases for a certain DP of P(MX)
that agrees well with our predictive methodology.

Based on our sophisticated monomer design, the inves-
tigation of potential hydrophobicity trends for ROMPISA
monomers which differ solely in terms of anchor or terminal
group functionality has yielded meaningful insight into
structure—property relationships. First, the variation in
functionality of the anchor group for monomers with the
same terminal alcohol group was considered (Figure 4A).
LogP,./SA analysis for ROMP oligomers showed that the
ester anchor group of M2 was more hydrophobic than the
amide linkage of M8, which in turn was more hydrophobic
than the respective imide group of M9. Aqueous ROMPISA
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reactions for the synthesis of P(M11),,-b-P(MX), diblock
copolymer nano-objects using MX = M2, M8, and M9 were
conducted targeting the same DP of the core-froming block
(DPpyx) = 120) to confirm this trend. Prepared diblock
copolymers had similar length, although the morphologies of
obtained PISA formulations differed significantly and trended
based on polymer hydrophobicity. For the most hydrophobic
monomer, M2, spherical vesicles were formed at DP = 120,
while networks of worm-like micelles were developed for less
hydrophobic M8 and small spherical micelles for M9 at the
same DP.

Next, hydrophobicity trends for monomers with the same
imide anchor group and different terminal functional groups
were studied (Figure 4B). In particular, our model suggested
that the ether terminal group of MS was more hydrophobic
than the methyl ester group of M6 and the respective alcohol
group of M9, while the protonated tertiary amine group of
M11 was the most hydrophilic, forming water-soluble
polymers regardless of block length. Indeed, for P(M11),-b-
P(MX), nano-objects using MX = MS, M6, and M9 with
comparable block lengths, higher-order morphologies were
obtained with increasing magnitude of 12-mer LogP,./SA
values at the same DP of P(MX).

To conclude, we report an in silico predictive methodology
based on oligomer hydrophobicity calculations for successful
identification of new monomers with a wide range of
functionalities for use in aqueous ROMPISA as corona- or
core-forming blocks. Upon ROMPISA using the predicted
monomers, common nano-object morphologies were accessed
that were found to evolve toward higher-order structures with
increasing DP and oligomer hydrophobicity values. Impor-
tantly, valuable oligomer hydrophobicity trends were identified
based on different monomer structures that allow for reliable
morphology prediction. Overall, our study could further
expand the field of PISA beyond RDRP techniques and pave
the way for discovering new monomers that undergo
ROMPISA.
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Experimental Section

Materials and Methods

Materials

Grubbs Catalyst™ 3™ Generation (G3) ((Hz1Mes)(pyr)2(Cl)2Ru=CHPh), exo-5-norbornenecarboxylic
acid (97%), cis-5-norbornene-exo-2,3-dicarboxylic anhydride (95%), ethylene glycol (anhydrous, 99.8%),
N, N'-dicyclohexylcarbodiimide (99%, DCC), 4-(dimethylamino)pyridine (>98%, DMAP), acetyl chloride
(98%), 2-methoxyethylamine (99%), ethanolamine (>99.5%), poly(ethylene glycol) methyl ether (Mn ~
350 g mol?, mPEGs-OH), N-hydroxysuccinimide (98%), urea (98%), sodium phosphate monobasic
(>99.0%) and N,N-dimethylethylenediamine (95%) were purchased from Sigma-Aldrich and were used
without further purification. Acetonitrile, triethylamine (for HPLC, NEtz) and dichloromethane (DCM)
were purchased from Fisher Scientific. DCM was dried over calcium hydride overnight and then distilled
before use. Tetrahydrofuran (THF) (HPLC grade) was purchased from VWR Chemicals and was purified
via passage through a column of basic alumina prior to use. N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (crystalline, EDC.HCI) was purchased from Carbosynth. Diisopropyl
azodicarboxylate (94%, DIAD) was purchased from Alfa Aesar. Triphenylphosphine (99%, PPh3s) was
obtained from Acros Organics. Formvar-carbon coated (300 mesh), graphene oxide (GO) coated (300

mesh) and lacey-carbon coated (400 mesh) copper grids were purchased from EM Resolutions.

Characterization Techniques

NMR Spectroscopy. *H-NMR and 3C-NMR spectra were recorded at 300 MHz or 400 MHz on a Bruker
DPX-300 or a Bruker DPX-400 spectrometer, using chloroform-d (CDCl3z), DMSO-de or methanol-ds
(CD30D) as the solvent. Chemical shifts of protons are reported as ¢ in parts per million (ppm) and are
relative to tetramethylsilane (TMS) at 6 = 0 ppm when using CDCl3 or solvent residual peaks (DMSO, J
= 2.50 ppm, CH30H, ¢ = 3.31 ppm).

High-Resolution Mass Spectrometry. HRMS spectra were recorded by the MS Analytical Facility Service
at the University of Birmingham on a Waters Xevo G2-XS QTof Quadrupole Time-of-Flight mass

spectrometer.
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Size Exclusion Chromatography. Size exclusion chromatography (SEC) analysis was performed on a
system composed of an Agilent 1260 Infinity Il LC system equipped with an Agilent guard column (PLGel
5 uM, 50 x 7.5 mm) and two Agilent Mixed-C columns (PLGel 5 uM, 300 x 7.5 mm). The mobile phase
used was either DMF (HPLC grade) containing 5 mM NH4BF4 at 50 °C at flow rate of 1.0 mL min*
(poly(methyl methacrylate) (PMMA) standards used for calibration), or THF (HPLC grade) containing
2% v/v NEt; at 40 °C at flow rate of 1.0 mL min (polystyrene (PS) standards used for calibration).
Number average molecular weights (Mn), weight average molecular weights (Mw) and dispersities (Pm =
Mw/Mn) were determined using either Wyatt ASTRA v7.1.3 or Agilent GPC/SEC software.

Micro-Differential Scanning Calorimetry. Determination of Glass Transition Temperature (Tg) for
P(M11)12-b-P(M5)120 and P(M11)12-b-P(M6)120 diblock copolymer samples was performed using a TA
Instruments NANO-DSC differential scanning calorimeter by heating the samples in solution from 0 °C
to 100 °C at a rate of 1.5 °C/min. Samples were degassed for 10 min prior to injection of 600 uL into the
instrument and corrected against a background of DI water. Collected data were processed using

NanoAnaylze Software.

Dynamic Light Scattering. Hydrodynamic diameters (Dn) and size distributions (PD) of nano-objects were
determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS with a 4 mW He-Ne
633 nm laser module operating at 25 °C. Measurements were carried out at an angle of 173° (back
scattering), and results were analyzed using Malvern DTS v7.03 software. All determinations were
repeated 5 times with at least 10 measurements recorded for each run. Dy values were calculated using the
Stokes-Einstein equation where particles are assumed to be spherical, while for worm-like particles DLS

was used to detect multiple populations and obtain dispersity information.

Small-Angle X-Ray Scattering. SAXS measurements were made using a Xenocs Xeuss 2.0 equipped with
a micro-focus Cu K, source collimated with Scatterless slits. The scattering was measured using a Pilatus
300k detector with a pixel size of 0.172 mm x 0.172 mm. The distance between the detector and the
sample was calibrated using silver behenate (AgC22H4302), giving a value 2.481(5) m. Samples at 10
mg/mL were mounted in 1mm borosilicate glass capillaries. The magnitude of the scattering vector was
calculated from q = (4x/2) - sin(8/2), where 0 is the angle between the incident and scattered X-rays and
/ is the wavelength of the incident X-rays. The accessible range was therefore 4 x 10’<q<1.6 x 10°m"
! A radial integration as a function of q was performed on the 2-dimensional scattering profile and the

resulting data corrected for the absorption and background from the sample holder. Modelling of the
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scattering form factor was achieved by parameterization and fitting of several different models drawn

from Pedersen,! using R statistical software? and the library ‘FME”.3

Transmission Electron Microscopy. Dry-state stained transmission electron microscopy (TEM) imaging
was performed on a JEOL JEM-1400 microscope operating at an acceleration voltage of 80 kV. All dry-
state samples were diluted with deionized water to appropriate analysis concentration and then deposited
onto formvar-coated or GO-coated copper grids. After roughly 1 min, excess sample was blotted from the
grid and the grid was stained with an aqueous 1 wt% uranyl acetate (UA) solution for 1 min prior to
blotting, drying and microscopic analysis.

Cryogenic transmission electron microscopy (cryo-TEM) imaging was performed on a JEOL JEM-
2100Plus microscope operating at an acceleration voltage of 200 kV. Vesicle samples for cryo-TEM
analysis were prepared, after dilution with deionized water, by depositing 8 puL of sample onto a lacey-
carbon grid followed by blotting for approximately 5 s and plunging into a pool of liquid ethane, cooled
using liquid nitrogen, to vitrify the sample. Transfer into a pre-cooled cryo-TEM holder was performed

under liquid nitrogen temperatures prior to microscopic analysis.
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Evaluation of Oligomer Hydrophobicity

LogPoct Analysis. Octanol-water partition coefficients (LogPoct) were calculated for monomers and
oligomeric models in Materials Studio 2018,* using an atom-based approach (ALogP98 method)® for all

molecular models containing C, H, N, and O atoms.

Surface Area Analysis. Octanol-water partition coefficients (LogPoct) were normalized by solvent
accessible surface area (SA) using Materials Studio 2018. First, single oligomers were subjected to a
Geometry Optimization procedure using the Forcite Molecular Dynamics (MD) module with a
COMPASS |1 force field. The force field contains information on important parameters, like preferred
bond lengths, bond angles, torsion angles, partial charges, and van der Waals radii that influence the
conformation.®® To minimize energy and determine a preferred conformation, these simulations ran until
the energy of the oligomer decreased below predetermined convergence criteria (1 x 10 kcal mol™ energy
convergence, 0.005 kcal mol*/A force convergence, and 5 x 105 A displacement convergence). Second,
these SA values represent solvent accessible surface area created by an algorithm that rolls a ball over the
surface of the oligomer. To ensure the SA values are meaningful in the context of octanol-water partition
coefficients (LogPoct), the probe had a 1.4 A radius to match the size of a water molecule. Third, to monitor
variations in surface area calculations as the n-mer size increased, oligomers were annealed for 25 cycles
using a sinusoidal temperature ramp (300 — 500 K) to maximize variability in SA values. After averaging

SA values for cycles 21-25, the standard deviation ranged from 0.3-2.9% with an average of 1.2%.

Models. Scheme S1 depicts a representative sample of imide-based oligomers ranging from 3-mers to 12-
mers. The size of the largest models approached molecular weight values for polymers that allow aqueous
ROMPISA. Although the functional groups varied depending on the monomer, a consistent cis/trans ratio

(~1:1) and vinyl end-groups mimicked experimental conditions.

S5



Scheme S1. Representative sample of imide-based oligomers ranging from 3-mers to 12-mers for

hydrophobicity analysis of aqueous ROMPISA.
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Figure S1. 12-mer LogPoc/SA values as a function of LogPqt values of their respective monomers. Data
points located in the upper right quadrant correspond to monomers that can be used to form hydrophobic
polymers, while those in the lower left quadrant correspond to monomers that produce water-soluble
polymers.
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LogPoct Adjustment for Monomers with lonizable and Charged Groups. Although calculating LogPoct
values for neutral monomers (M1-M3, M5-M10) is relatively straightforward, the hydrophobicity of
monomers with functional groups that can ionize depends with pH. In the medicinal chemistry field,
adjusting LogPoct values of ionizable groups at a particular pH has been accomplished with a modified
version of the Henderson-Hasselbalch (HH) equation. As shown in equation 1, this correction for

dissociation (Cp) quantifies how protonation of amines lowers LogPoct values.®
Cp = Log[1/(1 + 10PKa-PH)] (1)

For tertiary amines (M11), the ALogP98 values were corrected for pH with a dissociation constant (Cp)
according to equations 1 and 2. Carboxylic acid groups (M1) were assumed to be fully protonated at pH
= 2 and no correction for dissociation was required. The hydrophobicity of ammonium-based monomers
(M4) was adjusted by comparing experimental LogPoct values of a series of model compounds with
ALogP98 values.

In equation 2, we hypothesized that incorporating Cp values into the LogPoc/SA values will provide a
first approximation of the influence of certain pH ranges for known values of pKa. Experimental validation
of models based on HH equations indicate a broad range of pH values for phenols (pH = 3-9)!° and amines
(pH > 2)'%. However the extreme pH ranges, such as pH < 2 or > 10, typically produce deviations due to
common-ion effects or aggregation.

(LogPoct + NnCp)/SA (2)

In order to improve the predictive capability of equation 2, precise knowledge of solution pH and pK, of
functional groups is required. For small molecules, typical pKa values for aliphatic (~10-11), benzyl (~9),
and aromatic (~4-5) amines are well known.'? Interestingly, pKa values for aliphatic amines on polymers
are lower since neighboring groups influence each other. For example, the dimethylamino groups in
poly(dimethylaminoethyl methylmethacrylate) (PDMAEMA) have pKa values ~7.0-7.5.2*1° Using a pKa
value of 7.0 for the dimethylamino group of monomer M11, a substantial decrease in hydrophobicity is

noted in Figure S2 as pH decreases.
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Figure S2. Effect of pH variation on hydrophobicity of ROMP oligomers for M11 bearing dimethylamino

pendant groups.
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Synthetic Methods

Synthesis of exo-5-Norbornene carboxylic ester alcohol — M2

o oH DCC o
+ AN —_—
M OH Ho DMAP  / 0~\_-OH

CH,Cl,
A round bottom flask was charged with exo-5-norbornenecarboxylic acid (0.50 g, 3.6 mmol, 1 eq),
ethylene glycol (0.60 mL, 11 mmol, 3 eq), DMAP (44 mg, 0.36 mmol, 0.1 eq), and 20 mL of CH.Cl>.
Then, DCC (0.75 g, 3.6 mmol, 1 eq) was added to the flask in one portion. The reaction mixture was
stirred overnight at room temperature. The following day, the precipitated dicyclohexyl urea was removed
by filtration and the crude product was concentrated under reduced pressure and purified by column
chromatography using silica gel as the stationary phase and a gradient from 0-50% EtOAc in hexane as
the eluent to afford the pure product as a colorless oil (0.18 g, 37%).:H-NMR (400 MHz, CDCls): J (ppm)
6.13 (m, 2H), 4.23 (m, 2H), 3.84 (q, 2H), 3.06 (s, 1H), 2.93 (s, 1H), 2.28 (m, 1H), 1.94 (m, 2H), 1.54 (d,
1H), 1.38 (m, 2H). *C-NMR (400 MHz, CDCls): 6 (ppm) 176.8, 138.1, 135.7, 66.1, 61.2, 46.7, 46.3, 43.0,

41.6, 30.4. The characterization agreed with a previous literature report.®
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Figure S3. *H-NMR spectrum of exo-5-norbornene carboxylic ester alcohol (M2) in CDCls.
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Figure S4. BC-NMR spectrum of exo-5-norbornene carboxylic ester alcohol (M2) in CDCls.

Synthesis of exo-5-Norbornene NHS-ester

N ° EDC P °
(o] o]

exo-5-Norbornenecarboxylic acid (2.00 g, 14.5 mmol, 1 eq), EDC.HCI (3.47 g, 18.1 mmol, 1.25 eq) and
1-hydroxypyrrolidine-2,5-dione (2.08 g, 18.1 mmol, 1.25 eq) were stirred in CH2Cl. (50 mL) overnight at
room temperature. The mixture was diluted with water (50 mL) and then the aqueous mixture was
extracted with CH2Cl. (2 x 25 mL). Afterwards, the combined organic phases were washed twice with
saturated ag. NaHCOz3 (2 x 50 mL), followed by saturated ag. NH4ClI (2 x 50 mL) and brine (50 mL). The
organic phase was dried over MgSO4 and the solvent was removed in vacuo to yield an off-white solid.
The solid was recrystallized from ethanol to afford the pure product as white crystals (1.62 g, 47%).1H-
NMR (400 MHz, CDCl3): 6 (ppm) 6.17 (m, 2H), 3.28 (s, 1H), 3.00 (s, 1H), 2.83 (d, 4H), 2.51 (m, 1H),
2.05 (m, 1H), 1.55-1.45 (m, 3H). 3C-NMR (400 MHz, CDCl3): 6 (ppm) 171.7, 169.3, 138.6, 135.3, 47.2,
46.4, 41.8, 40.3, 31.0, 25.6. The characterization agreed with a previous literature report.t’
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Figure S6. *C-NMR spectrum of exo-5-norbornene NHS-ester in CDCls.

Synthesis of exo-5-Norbornenecarboxamide — M3

0 NH,OH 0
(o]
exo-5-Norbornene NHS-ester (1.0 g, 4.3 mmol, 1 eq) was dissolved in 50 mL of MeCN in a round bottom
flask. Then, 40 mL of NH4OH solution (28% in H.O) were added to the flask. The reaction mixture was
stirred for 30 min at room temperature. The reaction mixture was then diluted with 100 mL of DI H20.
The flask was placed in an ice bath, and the solution was acidified to pH ~ 7 using concentrated HCI
solution. The aqueous solution was then extracted with CH2Cl, (2 x 50 mL), and the combined organic
layers were dried over MgSO4 and concentrated under reduced pressure to afford the pure product as a
white powder (0.57 g, 97%). *H-NMR (400 MHz, CDCls): 6 (ppm) 6.09 (m, 2H), 2.94 (s, 1H), 2.89 (s,
1H), 2.06 (m, 1H), 1.87 (m, 1H), 1.60 (d, 1H), 1.32 (m, 2H). 3C-NMR (400 MHz, CDCls): 6 (ppm) 178.2,
138.4, 135.9, 47.0, 46.4, 44.1, 41.6, 30.6. The characterization agreed with a previous literature report.*®

S12



6.09
~294
~289
—206
—187
1.60

LN MeCN
a b
y/a € NH,
a ed d’
CDCl,
a
b,
e
NH,
£ da
7.'5 7.’0 6.r5 6:0 5;5 5.’0 4j5 4:0 3[5 3.‘0
f1 (ppm)
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Synthesis of exo-Norbornene imide methyl ether — M5

O
7 0
o + HN/\/ ~ —
Toluene \/\o
O

(reflux)

cis-5-Norbornene-exo-2,3-dicarboxylic anhydride (1.0 g, 6.1 mmol, 1 eq) was dissolved in 15 mL of
toluene in a round bottom flask. 2-Methoxyethylamine (0.59 mL, 6.7 mmol, 1.1 eq) was then added to the
flask. The flask was fitted with an air-cooled condenser and the reaction mixture was heated at reflux for
4 h. The reaction mixture was then cooled to room temperature and concentrated under reduced pressure.
The resulting residue was redissolved in 30 mL of EtOAc, and the EtOAc solution was washed with 1M
HCI solution (30 mL) and brine, dried over MgSOs4, and concentrated under reduced pressure to afford
the pure product as a colorless oil (1.3 g, 99%). *H-NMR (400 MHz, CDCls): 6 (ppm) 6.29 (s, 2H), 3.70
(t, 2H), 3.56 (t, 2H), 3.31 (s, 3H), 3.28 (s, 2H), 2.69 (s, 2H), 1.48 (d, 1H), 1.35 (d, 1H).23C-NMR (400
MHz, CDCls): 6 (ppm) 178.1, 137.8, 68.5, 58.5, 47.8, 45.3, 42.6, 37.9. HRMS: m/z [C12H15sNO3+H]" calc.
222.1130 g mol?, exp. 222.1132 g mol ™,

3.70
328

69
1.48
1.35

&
]
o

35
~331

e f
dd
cocl,
n H,0

7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 20 15 1.0
f1 (ppm)

199

0
1 1079
1.05-]

Figure S9. 'H-NMR spectrum of exo-norbornene imide methyl ether (M5) in CDCls.
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Figure S10. 3 C-NMR spectrum of exo-norbornene imide methyl ether (M5) in CDCla.

Synthesis of exo-Norbornene imide alcohol methyl ester — M6

0
o o]
7 )I\Cl 5 0
R L
No~oy  TEA Ne~o J
4 CH,Cl 2

A round bottom flask was charged with exo-norbornene imide alcohol (M9) (0.20 g, 0.97 mmol, 1 eq),
triethylamine (160 pL, 1.2 mmol, 1.2 eq), and 5 mL of CH.Cl.. The flask was placed in an ice bath. Acetyl
chloride (90 pL, 1.0 mmol, 1.1 eq) was added dropwise via a glass syringe. The reaction mixture was
allowed to warm to room temperature and was stirred overnight. The reaction mixture was then
concentrated under reduced pressure and the resulting residue was redissolved in 20 mL of CH2Cl. The
CHCI, solution was washed with 1M HCI solution (20 mL) and brine, dried over MgSOs, and
concentrated under reduced pressure to give the product as a colorless oil (0.22 g, 93%). *H-NMR (400
MHz, CDCls): o (ppm) 6.27 (t, 2H), 4.21 (t, 2H), 3.73 (t, 2H), 3.26 (s, 2H), 2.69 (s, 2H), 1.98 (s, 3H), 1.50
(d, 1H), 1.30 (d, 1H). 3C-NMR (400 MHz, CDCls): 6 (ppm) 176.86, 169.67, 136.80, 59.65, 46.82, 44.24,
41.62, 36.51, 19.71. HRMS: m/z [C13H1sNO4+Na]* calc. 272.0899 g mol, exp. 272.0903 g mol™.
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Figure S11. *H-NMR spectrum of exo-norbornene imide alcohol methyl ester (M6) in CDCls.
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Figure S12. C-NMR spectrum of exo-norbornene imide alcohol methyl ester (M6) in CDCls.
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Synthesis of exo-5-Norbornene carboxylic amide alcohol — M8

o)

0 (0]
+ A~AOH
MO'N FN THF / NH™N-OH
(@]

exo-5-Norbornene NHS-ester (0.30 g, 1.3 mmol, 1 eq) was dissolved in THF in a round bottom flask.
Ethanolamine (160 uL, 2.6 mmol, 2 eq) was then added to the flask. A white precipitate immediately
formed following this addition. The reaction mixture was stirred for an additional period of 2 h at room
temperature. The precipitated solids were removed by filtration and the filtrate was further dried under
vacuum. The crude product was further purified by successive azeotropic distillations using toluene to
remove the excess ethanolamine, giving the pure product as a colorless oil (0.23 g, 98%). *H-NMR (400
MHz, CDCls): 6 (ppm) 6.27 (br s, 1H), 6.06 (m, 2H), 3.64 (t, 2H), 3.42 (s, 1H), 3.36 (m, 2H), 2.86 (s, 2H),
1.98 (m, 1H), 1.83 (m, 1H), 1.63 (d, 1H), 1.28 (m, 2H). 3C-NMR (400 MHz, CDCls): 6 (ppm) 176.2,
137.2,135.0, 61.3, 46.2, 45.3, 43.6, 41.5, 40.6, 29.6. HRMS: m/z [C10H1sNO2+H]" calc. 182.1181 g mol
! exp. 182.1184 g mol™.
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Figure S13. *H-NMR spectrum of exo-5-norbornene carboxylic amide alcohol (M8) in CDCls.
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Figure S14. C-NMR spectrum of exo-5-norbornene carboxylic amide alcohol (M8) in CDCls.

Synthesis of exo-Norbornene imide alcohol — M9

o] o]
/4 OH /4
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0]

4 (refiux)
The synthesis of exo-norbornene imide alcohol (M9) was carried out according to a previously described
process.*® cis-5-Norbornene-exo-2,3-dicarboxylic anhydride (5.00 g, 30.5 mmol, 1 eq) was dissolved in
40 mL of toluene in a round bottom flask. Ethanolamine (2.20 mL, 36.6 mmol, 1.2 eq) was then added to
the flask. The flask was fitted with an air-cooled condenser and the reaction mixture was heated at reflux
for 4 h. The reaction mixture was then cooled to room temperature and concentrated under reduced
pressure. The resulting residue was redissolved in 30 mL of EtOAc, and the EtOAc solution was washed
with 1M HCI solution (30 mL) and brine, dried over MgSQas, and concentrated under reduced pressure to
afford the pure product as colorless crystals (5.62 g, 89%).'H-NMR (400 MHz, CDCls): 6 (ppm) 6.23 (s,
2H), 3.70 (t, 2H), 3.62 (t, 2H), 3.21 (s, 2H), 2.66 (s, 2H), 1.43 (d, 1H), 1.28 (d, 1H). *C-NMR (400 MHz,
CDClz): 6 (ppm) 178.8, 137.8, 60.1, 47.9, 45.3, 42.8, 41.3.
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Figure S15. *H-NMR spectrum of exo-norbornene imide alcohol (M9) in CDCls.
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Figure S16. *C-NMR spectrum of exo-norbornene imide alcohol (M9) in CDCls.
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Synthesis of exo-Norbornene imide mPEGs — M10

O LNy Ho{’\/°9~
° " DIAD, PP, N0k
o o

THF

An Erlenmeyer flask was charged with cis-5-norbornene-exo-2,3-dicarboxylic anhydride (3.0 g, 18 mmol,
1 eq) and urea (1.2 g, 19 mmol, 1.1 eq). The flask was placed in an oil bath that had been pre-heated to
160 °C. The solids melted, and gas evolution was observed that continued until the completion of the
reaction. The reaction mixture was heated at 160 °C for 20 min. Boiling hot H.O (75 mL) was added to
the flask, and the suspension was stirred at reflux until all of the solids dissolved. The flask was then
removed from the oil bath and was allowed to cool to room temperature. The product crystallized upon
cooling, and was isolated via vacuum filtration to yield exo-5-norbornene imide, which was dried under
vacuum and used in the next step without further purification.

A 2-necked round bottom flask was charged with exo-5-norbornene imide (2.25 g, 13.8 mmol, 1.2 eq),
poly(ethylene glycol) methyl ether (Mn ~ 350 Da, 4.00 g, 11.5 mmol, 1 eq), PPhs (3.62 g, 13.8 mmol, 1.2
eq) and 80 mL of THF. The flask was sealed with a rubber septum and placed under N> atmosphere. Once
all solids had dissolved, DIAD (2.7 mL, 13.8 mmol, 1.2 eq) was added dropwise via a glass syringe. The
reaction mixture was stirred at room temperature overnight. MeOH (10 mL) was added to quench the
reaction. The reaction mixture was concentrated under reduced pressure. H20 (50 mL) and hexane (50
mL) were then added to the flask and the precipitated solids, which were assumed to be PPh3=0, were
removed by vacuum filtration. The biphasic mixture was transferred to a separatory funnel, and the H.O
layer was extracted with CH2Cl, (2 x 50 mL). The organic layers were combined, washed with brine,
dried over MgSQOg, and concentrated under reduced pressure. The crude product was further purified by
column chromatography using silica gel as the stationary phase and a gradient from 0-5% MeOH in EtOAc
as the eluent to afford the pure product as a colorless viscous oil (4.21 g, 74%).H-NMR (300 MHz,
CDCls): 6 (ppm) 6.27 (s, 2H), 3.63 (br m, 33H), 3.37 (s, 3H), 3.26 (s, 2H), 2.67 (s, 2H), 1.49 (d, 1H), 1.34
(d, 1H).
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Figure S17. *H-NMR spectrum of exo-norbornene imide mPEGg (M10) in CDCls.

Synthesis of exo-Norbornene imide tertiary amine — M11
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The synthesis of exo-norbornene imide tertiary amine (M11) was carried out according to a previously
described process from our group.® *H-NMR (400 MHz, CDCls): 6 (ppm) 6.29 (s, 2H), 3.59 (t, 2H), 3.26
(s, 2H), 2.67 (s, 2H), 2.47 (t, 2H), 2.22 (s, 6H), 1.45 (s, 2H). *C-NMR (400 MHz, CDCls): 6 (ppm) 178.1,
137.8,56.1, 47.8, 45.4, 45.3, 42.6, 36.6.
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Synthesis of P(M11)12-b-P(MX)n Diblock Copolymer Nano-Objects by Aqueous Ring-Opening
Metathesis Polymerization-Induced Self-Assembly (ROMPISA)

A typical procedure for the synthesis of P(M11)12-b-P(M5)n (n = 15, 20, 30, 60, 120, and 180) diblock
copolymer nano-objects via aqueous ROMPISA is described.*® Three stock solutions were first prepared:
(1) a solution of 35.3 mg of M11 in 300 puL of filtered THF; (2) a solution of 11 mg of G3 in 200 pL of
filtered THF; and (3) a 11.1 mg/mL solution of M5 in phosphate buffer (pH = 2). Then, solution (1) was
added to a vial equipped with a stir bar. Solution (2) was then added to the vial of solution (1) with rapid
stirring for the synthesis of P(M11) macroinitiator (final [M11] = 70.6 mg/mL, final [G3] = 21.9 mg/mL,
[M11])/[G3] = 10). *H-NMR (300 MHz, DMSO-ds) Mn, nmr = 2,800 g mol™t, DPpev11) = 12. SEC (THF +
2% v/Iv NEt3) Mn, secri = 2,600 g mol™, Pu. secri = 1.17. SEC (DMF + 5 mM NH4BFs) Mn, sec ri = 5,100
g mol™, Pm, secri = 1.19.

After ~2 min, aliquots of 100, 75, 50, 25, 12.5, and 8.3 uL of the P(M11)12 macroinitiator solution were
transferred to six new vials equipped with stir bars. The aliquots were then diluted to 100 pL total volume
using filtered THF. 900 pL of solution (3) were then added via pipette to each of the six vials. Each
polymerization solution was thoroughly mixed following this addition by drawing up the entire volume
into the pipette tip and ejecting the liquid back into the vial (4x) and stirred for ~30 min prior to *H-NMR
and SEC analyses. In the case of ROMPISA polymerizations, the reaction mixtures were dialyzed against
DI water (MWCO = 3.5-5 kDa) for 48 h to remove residual catalyst and the THF co-solvent prior to DLS
or SAXS analyses, and TEM imaging. A similar approach for aqueous ROMPISA of P(M11)12-b-P(MX)n
nano-objects was followed in the case of core-forming monomers MX = M2, M3, M6, M8, and M9

(monomer M2 required heating and sonication for dispersion in aqueous media).

Synthesis of Water-Soluble P(M10)11-b-P(M10)» Diblock Copolymers by Aqueous Ring-Opening
Metathesis Polymerization (ROMP)

For corona-forming monomer MX = M10, a typical procedure for the synthesis of water-soluble
P(M10)11-b-P(M10)n (n = 15, 20, 30, 60, and 120) diblock copolymers via aqueous ROMP chain-
extensions was followed using a P(M10)11 macroinitiator.® Three stock solutions were first prepared: (1)
a solution of 33.3 mg of M10 in 300 pL of filtered THF; (2) a solution of 9 mg of G3 in 200 pL of filtered
THF; and (3) a 11.1 mg/mL solution of M10 in phosphate buffer (pH = 2). Then, solution (1) was added

to a vial equipped with a stir bar. Solution (2) was then added to the vial of solution (1) with rapid stirring
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for the synthesis of P(M10) macroinitiator (final [M10] = 66.7 mg/mL, final [G3] = 18.1 mg/mL,
[M10]/[G3] = 10). *H-NMR (300 MHz, methanol-ds) M, nmr = 5,500 g mol™, DPpgvi10) = 11. SEC (THF
+ 2% v/v NEts) Mn sec ri = 5,600 g mol™, Du, sec ri = 1.13. SEC (DMF + 5 mM NH4BF4) M, sec ri =
8,200 g mol ™, Pm, sec ri = 1.18.

After ~2 min, aliquots of 100, 75, 50, 25, and 12.5 uL of the P(M10)11 macroinitiator solution were
transferred to five new vials equipped with stir bars. The aliquots were then diluted to 100 pL total volume
using filtered THF. 900 pL of solution (3) were then added via pipette to each of the five vials. Each
polymerization solution was thoroughly mixed following this addition by drawing up the entire volume
into the pipette tip and ejecting the liquid back into the vial (4x) and stirred for ~5 min prior to *H-NMR
and SEC analyses.
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Supplementary Characterization Data for P(M11)12-b-P(MX)n Diblock Copolymers

Table S1. Molecular characteristics of P(M11)i2 macroinitiator prepared via ROMP in THF, as
determined by *H-NMR spectroscopy and SEC analysis.

[M11]}/[G3] | % Conv.2 | Mn, theo. Mn,NMR | Mn,secri | Pm,secri® | Mn secri | Pm, secRI®
(kDa)P (kDa)® (kDa)¢ (kDa)®
10 >99 2.3 2.8 2.6 1.17 5.1 1.19

aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds. Calculated from conversion.
°Calculated using end group analysis from *H-NMR spectroscopy. “Mn and Pw values calculated from PS
standards using THF + 2% v/v NEt;z as the eluent. ®Mn and Pwm values calculated from PMMA standards
using DMF + 5 mM NH4BF as the eluent.

Table S2. Molecular characteristics of P(M11)12-b-P(M2)n diblock copolymers prepared via aqueous

ROMPISA, as determined by *H-NMR spectroscopy and SEC analysis.

[M2)/[G3] | % Conv.2 | M, theo. (KDA)? | Mn, secri (KDaA)® | Pwm, secrIC
15 >99 5.1 5.5 1.39
20 >99 6.0 5.9 1.44
30 >99 7.8 7.8 1.46
60 >99 13.3 12.3 1.60
120 >99 24.2 20.6 141

aMonomer conversion calculated from 'H-NMR spectroscopy in methanol-ds. Calculated from

conversion. °“Mn and Pwm values calculated from PS standards using THF + 2% v/v NEts as the eluent.
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Figure S18. (A) Normalized SEC RI molecular weight distributions for P(M11)12-b-P(M2)n diblock
copolymers (n = 15, 20, 30, 60, and 120). (B) Evolution of M, (filled circles) and Pm (empty circles)
values calculated from SEC RI analysis with increasing targeted DPpv2) for P(M11)12-b-P(M2)n diblock
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copolymers prepared via aqueous ROMPISA. The solid line represents expected My values calculated

using the monomer feed ratio. M, and Dwm values were calculated from PS standards using THF + 2% v/v
NEts as the eluent.

Table S3. Molecular characteristics of P(M11)12-b-P(M3)n diblock copolymers prepared via aqueous
ROMPISA, as determined by *H-NMR spectroscopy and SEC analysis.

[M3])/[G3] | % Conv.2 | Mn, theo. (kDa)? | Mn, secri (KDa)¢ | Pwm, secRI°
20 >99 5.1 9.2 1.36
30 >99 6.5 10.1 1.36
60 >99 10.6 12.5 1.57
120 >99 18.8 154 1.87
180 >99 27.0 19.7 2.17

aMonomer conversion calculated from 'H-NMR spectroscopy in methanol-ds. Calculated from
conversion. “Mn and Dwv values calculated from PMMA standards using DMF + 5 mM NH4BF; as the
eluent.

30 3.0

A. 1 0_—Macroin]itiator ' ' M3 B

“l—obP=20 25
- —DP =30
> 08{—DP=60 20 25
2 —DP =120 3 Y1
3 ogl—DP=180 E
el 2 151 2.0
° = &
@ 5}
N g4 w
2 0 @ 104
E I 1.5
2 021 5

0.0 T T T L 0 T T T T T T T T T 10

100 1000 10000 100000 0 20 40 60 80 100 120 140 160 180

M,, (g/mol) [M3)/[G3]

Figure S19. (A) Normalized SEC RI molecular weight distributions for P(M11)12-b-P(M3)n diblock
copolymers (n = 20, 30, 60, 120, and 180). (B) Evolution of My (filled circles) and HPm (empty circles)
values calculated from SEC RI analysis with increasing targeted DPpm3) for P(M11)12-b-P(M3)n diblock
copolymers prepared via aqueous ROMPISA. The solid line represents expected My values calculated
using the monomer feed ratio. M, and Pwm values were calculated from PMMA standards using DMF + 5
mM NH4BF as the eluent. The deviation from expected My values is attributed to increased interactions
between the amide groups of the polymers and the stationary phase of the columns affecting their elution

time.%°
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Table S4. Molecular characteristics of P(M11)12-b-P(M5)n diblock copolymers prepared via aqueous
ROMPISA, as determined by *H-NMR spectroscopy and SEC analysis.

[M5]/[G3] | % Conv.2 | Mn, theo. (KDa)® | Mn, secri (KDa)® | Pwm, secri°
15 >99 5.7 6.7 1.26
20 >99 6.8 7.3 1.25
30 >99 9.0 9.0 1.26
60 >99 15.6 13.9 1.29
120 >99 28.9 24.7 1.23
180 >99 42.1 --d --d

aMonomer conversion calculated from 'H-NMR spectroscopy in methanol-ds. °Calculated from
conversion. “Mn and Pw values calculated from PS standards using THF + 2% v/v NEtz as the eluent.
dpolymer was insoluble in SEC mobile phase.

Table S5. Molecular characteristics of P(M11)12-b-P(M6)n diblock copolymers prepared via aqueous
ROMPISA, as determined by *H-NMR spectroscopy and SEC analysis.

[M6])/[G3] | % Conv.2 | Mn, theo. (kDa)? | Mn, secri (KDa)¢ | Pwm, sec RI°
15 >99 6.1 1.7 1.32
20 >99 7.3 8.3 1.35
30 >99 9.8 10.9 1.38
60 >99 17.3 18.3 1.48
120 >99 32.2 32.2 1.20

aMonomer conversion calculated from 'H-NMR spectroscopy in methanol-ds. Calculated from
conversion. °“Mn and Dwm values calculated from PS standards using THF + 2% v/v NEtz as the eluent.
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Figure S20. (A) Normalized SEC RI molecular weight distributions for P(M11)12-b-P(M6)n diblock
copolymers (n = 15, 20, 30, 60, and 120). (B) Evolution of My (filled circles) and Dm (empty circles)
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values calculated from SEC RI analysis with increasing targeted DPpqve) for P(M11)12-b-P(M6)n diblock
copolymers prepared via aqueous ROMPISA. The solid line represents expected My values calculated
using the monomer feed ratio. M and Pw values were calculated from PS standards using THF + 2% v/v

NEts as the eluent.

Table S6. Molecular characteristics of P(M11)12-b-P(M8)n diblock copolymers prepared via aqueous
ROMPISA, as determined by *H-NMR spectroscopy and SEC analysis.

[M8)/[G3] | % Conv.2 | M, theo. (kDa)? | Mn, secri (KDa)¢ | Pwm, secRI°
15 >99 5.1 10.2 1.25
20 >99 6.0 10.8 1.27
30 >99 7.8 11.9 1.32
60 >99 13.2 13.1 1.42
120 >99 24.1 17.2 1.48

aMonomer conversion calculated from 'H-NMR spectroscopy in methanol-ds. "Calculated from
conversion. “Mn and Dwv values calculated from PMMA standards using DMF + 5 mM NH4BF; as the
eluent.
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Figure S21. (A) Normalized SEC RI molecular weight distributions for P(M11)12-b-P(M8)n diblock
copolymers (n = 15, 20, 30, 60, and 120). (B) Evolution of M, (filled circles) and Dm (empty circles)
values calculated from SEC RI analysis with increasing targeted DPpqvs) for P(M11)12-b-P(M8)n diblock
copolymers prepared via aqueous ROMPISA. The solid line represents expected My values calculated
using the monomer feed ratio. M and Pwm values were calculated from PMMA standards using DMF + 5
mM NH4BF; as the eluent. The deviation from expected My values is attributed to increased interactions
between the amide groups of the polymers and the stationary phase of the columns affecting their elution

time.2
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Table S7. Molecular characteristics of P(M11)12-b-P(M9)n diblock copolymers prepared via aqueous
ROMPISA, as determined by *H-NMR spectroscopy and SEC analysis.

[MO]J/[G3] | % Conv.2 | Mn, theo. (KDa)® | Mn, secri (KDa)® | Pwm, secri°
15 >99 55 9.3 1.34
20 >99 6.5 10.0 1.34
30 >99 8.6 11.6 141
60 >99 14.8 155 1.50
120 >99 27.2 25.3 1.55

aMonomer conversion calculated from 'H-NMR spectroscopy in methanol-ds. Calculated from

conversion. “Mn and Dwv values calculated from PMMA standards using DMF + 5 mM NH4BF; as the
eluent.
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Figure S22. (A) Normalized SEC RI molecular weight distributions for P(M11)12-b-P(M9)n diblock
copolymers (n = 15, 20, 30, 60, and 120). (B) Evolution of M, (filled circles) and Pm (empty circles)
values calculated from SEC RI analysis with increasing targeted DPp(v11) for P(M11)12-b-P(M9)n diblock
copolymers prepared via aqueous ROMPISA. The solid line represents expected My values calculated
using the monomer feed ratio. My and Pwm values were calculated from PMMA standards using DMF + 5
mM NH4BF; as the eluent.
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Figure S23. DSC thermograms of (A) P(M11)12-b-P(M5)120 and (B) P(M11)12-b-P(M6)120 diblock
copolymers in solution (heating rate 1.5 °C/min). The endothermic peak at ca. 5 °C is attributed to
absorption of heat by the solvent. For both samples, there were no observable thermodynamic events

within the tested temperature range, implying that T4 values for both polymers likely reside above 100 °C.
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Supplementary Characterization Data for Water-Soluble P(M10)1:-b-P(M10)s
Diblock Copolymers

Table S8. Molecular characteristics of P(M10)11 macroinitiator prepared via ROMP in THF, as
determined by *H-NMR spectroscopy and SEC analysis.

[M10]/[G3] | % Conv.2 | Mn, theo. Mn,NMR | Mn, secri | Pm,secri® | Mn, secri | Pm, secri®
(kDa)P (kDa)® (kDa)¢ (kDa)®
10 >99 5.0 5.5 5.6 1.13 8.2 1.18
aMonomer conversion calculated from 'H-NMR spectroscopy in methanol-ds. Calculated from
conversion. °Calculated using end group analysis from *H-NMR spectroscopy. Mn and Pwm values
calculated from PS standards using THF + 2% v/v NEtz as the eluent. *Mn and Pwm values calculated from
PMMA standards using DMF + 5 mM NH4BF; as the eluent.

Table S9. Molecular characteristics of P(M10)11-b-P(M10)n diblock copolymers prepared via aqueous
ROMP, as determined by *H-NMR spectroscopy and SEC analysis.

[M10]J/[G3] | % Conv.2 | Mn, theo. (KD@)? | Mn, secri (kDa)® | Pwm, secri®
15 >99 12.4 11.9 1.12
20 >99 14.9 13.0 111
30 >99 19.8 16.8 1.09
60 >99 34.7 25.5 1.10
120 >99 64.4 39.2 1.08

aMonomer conversion calculated from 'H-NMR spectroscopy in methanol-ds. Calculated from
conversion. °“Mn and Pwm values calculated from PS standards using THF + 2% v/v NEtz as the eluent.
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Figure S24. (A) Normalized SEC RI molecular weight distributions for P(M10)11-b-P(M10)~ diblock
copolymers (n = 15, 20, 30, 60, and 120). (B) Evolution of M, (filled circles) and Pm (empty circles)
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values calculated from SEC RI analysis with increasing targeted DPpm10) for P(M10)11-b-P(M10)n
diblock copolymers prepared via aqueous ROMP. The solid line represents expected My, values calculated
using the monomer feed ratio. Mn and Pwm values were calculated from PS standards using THF + 2% v/v
NEts as the eluent. The deviation from expected M, values is attributed to formation of highly branched

polymers which appear to have smaller hydrodynamic volume compared to linear polymers.
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Supplementary Characterization Data for P(M11)12-b-P(MX), Diblock Copolymer
Nano-Objects Developed by Aqueous ROMPISA
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Figure S25. Intensity-weighted size distributions obtained by DLS for P(M11)12-b-P(MX)n (MX = M2,
M3, M5, M6, M8, and M9) diblock copolymer nano-objects developed via aqueous ROMPISA. The

dashed lines indicate worm-like micelles or morphologies with high PD.

Table S10. Summary of Dh, and PD values and observed morphologies for P(M11)12-b-P(M2)n diblock
copolymer nano-objects prepared via aqueous ROMPISA reactions, as determined by DLS analysis and

dry-state TEM imaging, respectively.

[M2]/[G3] Dn (nm)? PD?2 Morphology®
15 627.7 + 130.9 0.72+£0.19 S
20 34.1+53 0.36 +.011 S+W
30 49.2 +18.3 0.28 +0.12 W+V
60 29.4+5.2 0.26 + 0.05 ill-defined V
120 29.0+0.5 0.16 + 0.02 V

%Dy and PD values measured from DLS analysis (the error shows the standard deviation from 5 repeat
measurements). "Morphologies observed from dry-state TEM imaging, using 1 wt% uranyl acetate (UA)
solution for staining (Key: S — spherical micelles, W — worm-like micelles, V — vesicles).
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Figure S26. Representative dry-state TEM images of P(M11)12-b-P(M2)n (n = 15, 20, 30, 60, and 120)
diblock copolymer nano-objects developed via aqueous ROMPISA, stained with 1 wt% UA solution.

Table S11. Summary of Dh, and PD values and observed morphologies for P(M11)12-b-P(M3)n diblock
copolymer nano-objects prepared via aqueous ROMPISA reactions, as determined by DLS analysis and
dry-state TEM imaging, respectively.

[M3]/[G3] Dn (nm)?2 PD?2 Morphology®
20 16.7 £ 0.8 0.33+0.01 S+W
30 18.6 £ 0.3 0.20 £ 0.01 W+V
60 21.3+04 0.15 £+ 0.02 V
120 27.4+0.8 0.08 + 0.02 V
180 63.2+1.0 0.16 £ 0.01 \Y

4Dn and PD values measured from DLS analysis (the error shows the standard deviation from 5 repeat
measurements). "Morphologies observed from dry-state TEM imaging, using 1 wt% UA solution for
staining (Key: S — spherical micelles, W — worm-like micelles, V — vesicles).
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Figure S27. Representative dry-state TEM images of P(M11)12-b-P(M3)n (n = 20, 30, 60, 120, and 180)
diblock copolymer nano-objects developed via aqueous ROMPISA, stained with 1 wt% UA solution.

Table S12. Summary of Dh, and PD values and observed morphologies for P(M11)12-b-P(M5)n diblock
copolymer nano-objects prepared via aqueous ROMPISA reactions, as determined by DLS analysis and

dry-state TEM imaging, respectively.

[M5]/[G3] Dh (nm)?2 PD? Morphology®
15 169.7 £ 54.2 0.35+0.16 S+W
20 140.5 + 86.1 0.57 £0.27 S+W
30 118.8 £ 83.9 0.45+0.17 W
60 248+ 0.5 0.15+0.03 W+V
120 31.1+£0.5 0.08 + 0.01 W+V
180 53.4+0.7 0.08 £ 0.01 V

4Dy and PD values measured from DLS analysis (the error shows the standard deviation from 5 repeat
measurements). "Morphologies observed from dry-state TEM imaging, using 1 wt% UA solution for
staining (Key: S — spherical micelles, W — worm-like micelles, V — vesicles).
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Figure S28. Representative dry-state TEM images of P(M11)12-b-P(M5)n (n = 15, 20, 30, 60, 120, and
180) diblock copolymer nano-objects developed via aqueous ROMPISA, stained with 1 wt% UA solution.

Table S13. Summary of Dh, and PD values and observed morphologies for P(M11)12-b-P(M6)n diblock
copolymer nano-objects prepared via aqueous ROMPISA reactions, as determined by DLS analysis and

dry-state TEM imaging, respectively.

[M6]/[G3] Dh (nm)?2 PD? Morphology®
15 329.1 + 30.1 0.50 £ 0.03 S+W
20 175.6 £ 46.5 0.36 £ 0.03 S+W
30 38.6 0.9 0.47 £ 0.02 W
60 33.5+0.8 0.14 +0.01 \Y
120 37.1+1.8 0.12 £ 0.02 \Y

4Dn and PD values measured from DLS analysis (the error shows the standard deviation from 5 repeat
measurements). "Morphologies observed from dry-state TEM imaging, using 1 wt% UA solution for
staining (Key: S — spherical micelles, W — worm-like micelles, V — vesicles).
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Figure S29. Representative dry-state TEM images of P(M11)12-b-P(M6)n (n = 15, 20, 30, 60, and 120)
diblock copolymer nano-objects developed via aqueous ROMPISA, stained with 1 wt% UA solution.

Table S14. Summary of Dh, and PD values and observed morphologies for P(M11)12-b-P(M8)n diblock
copolymer nano-objects prepared via aqueous ROMPISA reactions, as determined by DLS analysis and

dry-state TEM imaging, respectively.

[M8]/[G3] Dnh (nm)2 PD?2 Morphology®
15 1146 + 227.4 0.83+0.10 W
20 577.9 £93.7 0.60 £ 0.03 W
30 468 + 57.9 0.58 £ 0.05 W
60 686.3 + 140.1 0.73+0.14 W
120 324.1+£91.8 0.46 + 0.08 W

4Dn and PD values measured from DLS analysis (the error shows the standard deviation from 5 repeat
measurements). "Morphologies observed from dry-state TEM imaging, using 1 wt% UA solution for
staining (Key: S — spherical micelles, W — worm-like micelles, V — vesicles).
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Figure S30. Representative dry-state TEM images of P(M11)12-b-P(M8)n (n = 15, 20, 30, 60, and 120)
diblock copolymer nano-objects developed via aqueous ROMPISA, stained with 1 wt% UA solution.

Table S15. Summary of Dh, and PD values and observed morphologies for P(M11)12-b-P(M9)n diblock
copolymer nano-objects prepared via aqueous ROMPISA reactions, as determined by DLS analysis and

dry-state TEM imaging, respectively.

[M9]/[G3] Dn (nm)?2 PD?2 Morphology®
15 95.8+494 0.36 £ 0.18 S
20 58.3+8.5 0.73+0.18 S
30 160.1 £ 63.5 0.46 £ 0.13 S
60 13.5+0.8 0.34 £0.04 S
120 229+0.5 0.17 £ 0.01 S

4Dn and PD values measured from DLS analysis (the error shows the standard deviation from 5 repeat
measurements). "Morphologies observed from dry-state TEM imaging, using 1 wt% UA solution for
staining (Key: S — spherical micelles, W — worm-like micelles, V — vesicles).
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Figure S31. Representative dry-state TEM images of P(M11)12-b-P(M9)n (n = 15, 20, 30, 60, and 120)
diblock copolymer nano-objects developed via aqueous ROMPISA, stained with 1 wt% UA solution.
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Figure S32. Representative cryo-TEM images of selected vesicular morphologies for P(M11)12-b-
P(MX)n (MX = M2, M3, M5, and M6) diblock copolymer nano-objects developed via aqueous
ROMPISA.

S39



P(M11)4,-b —P(M5),

SAXS
1 Fitted data n=30
prg
S -
o
o
8 -
o
- ' Fitted data n=180
[L .
= -
S =
o
o
8 -
o
|  SAXS data (only error bars shown)

— Model, R;<0.1-R,

— Vesicle, R, =0.3-R;

- -« Vesicle,R,=05-R,

| I I
5e+07 1e+08 2e+08

-1
gq,m

Figure S33. (A) SAXS data recorded for P(M11)12-b-P(M5)30 particles appeared to be consistent with a
model for homogeneous spheres (R2 =~ 0) where there is a distribution of particle sizes, ¢R1, such that
In(ei) ~ N (u =0, 0 =0.11). (B) SAXS data recorded for P(M11)12-b-P(M5)1s0 particles appeared to be
consistent with a model for homogeneous spheres. For comparison, example form factors, P(q; R1, Rz, o),
are shown to indicate how the data might otherwise be expected to appear in the case of these particles

being vesicular structures that incorporate a non-trivial central void, R> = 0.3R1 or R2 = 0.5R1.

To test our assessments made by inspection of dry-state and cryo-TEM images, two examples of the

ROMPISA solutions were selected for further investigation by SAXS analysis from the bulk sample. We
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found that in each case, P(M11)12-b-P(M5)30 and P(M11)12-b-P(M5)1s0, the data recorded was not
consistent with any of several differently parameterized models for scattering by long worm or vesicular
structures. Indeed, the best fits were obtained via the parsimonious model: spherical particles of
homogeneous density of non-uniform size, i.e. incorporating a parameter to measure the particle size
distribution. According to the fitted model, the intensity weighted average particle size (external radius,
Rz) for P(M11)12-b-P(M5)30 was Rz = 8.4 + 0.0 nm, while for P(M11)12-b-P(M5)180 was Rz = 16.8 + 0.1

nm. These sizes were judged to be consistent with the imaging data.
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Chapter 4

Additional Discussion on Characterization Data

As shown in Figures S18-S21 of Chapter 4, SEC analysis of P(M11)12-b-P(MX)n diblock
copolymers developed via ROMPISA in acidic aqueous media (pH = 2) revealed that the
corresponding molecular weight distributions were rather broad (Bm > 1.25) with traces
that were either bimodal or possessed tails/shoulders at high or low molecular weight
values depending on the core-forming monomer utilized in each case. This behavior could
be attributed to numerous factors primarily involving the nature of developed polymers,

as well as the inherent limitations of Ru-catalyzed ROMP in aqueous media.

In particular, polyamides such as the PNB-based diblock copolymers developed using
M3 and M8 as the core-forming monomers are known to possess very limited solubility
in a wide range of common organic solvents (including DMF + 5 mM NH4BF4 that was
used as the mobile phase during SEC analysis in this case). This phenomenon is attributed
to the strong intermolecular H-bonding developed between the amide groups, conferring
increased solvent resistance to the polymers and rendering their solution characterization
a rather strenuous process. Thus, it is evident that the limited solubility of this series of
diblock copolymers and the occurrence of potential aggregation phenomena in the SEC
mobile phase are primarily responsible for their poor separation upon increasing the core-
block DP, the evident low molecular weight tailing and the deviation of calculated M,
values from the theoretically expected ones. It should be noted that P(M11)12-b-P(M3)n
and P(M11)12-b-P(M8)n diblock copolymers were insoluble in the alternative mobile

phase of THF + 2% NEts that was available in our lab.

Additionally, a recently published study by our group (J. Am. Chem. Soc. 2020, DOI:

10.1021/jacs.0c05499) provided valuable insight into the performance of common Ru-
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based catalysts during ROMP in aqueous media containing varying concentrations of H*
and CI ions, as well as catalyst deactivation pathways arising from chloride ligand
displacement by OH™ and HO species. Importantly, it was demonstrated that the extent
of polymerization control and final monomer conversion achieved were directly
dependent on [H*] and [CI7] with higher concentrations of H* (i.e., lower pH values)
promoting pyridine/phosphine ligand dissociation toward the formation of the metathesis-
active catalytic species, while increased concentrations of ClI™ limiting the exchange of
labile CI ligands on the Ru center with OH™ and the formation of ROMP-inactive Ru-
(OH)n complexes. However, it should be noted that in all cases polymers prepared via
aqueous ROMP possessed higher Bwm values than those synthesized by living ROMP in
organic solvent. To a certain extent, nucleophilic addition to the Ru center by bases or
electron donor molecules (e.g., OH", H.O, monomer functional groups such as alcohols
and amines) was speculated to occur during aqueous ROMPISA reactions carried out in
Chapter 4, leading to reduced catalyst turnover and poorer chain-extensions as compared
to polymerizations conducted in organic media. Finally, the potential coexistence of
multiple catalytic species with distinctly different metathetical activities could result in
polymerizations with various propagation rates and synthesis of copolymers with bimodal
molecular weight distributions (i.e., presence of low- or high-MW shoulders on the SEC
traces). The deviation of agueous ROMPISA reactions using the set of core-forming
monomers predicted in Chapter 4 from the living character of ROMP is evidently
demonstrated in the SEC traces for P(M11)12-b-P(MX)n diblock copolymers given in

Figures S18-S21.
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Chapter 5. Polymerization-Induced Polymersome Fusion

92



Chapter 5

5.1. Publication Details and Overview

Title: Polymerization-Induced Polymersome Fusion

Authors: Spyridon Varlas,” Robert Keogh,” Yujie Xie,™* Sarah L. Horswell," Jeffrey C.

Foster,*" and Rachel K. O’Reilly*'

Affiliations: TSchool of Chemistry, University of Birmingham, Edgbaston, Birmingham
B15 2TT, United Kingdom
‘Department of Chemistry, University of Warwick, Gibbet Hill Road, Coventry CV4

7AL, United Kingdom

Journal: Journal of the American Chemical Society
Year: 2019

Volume: 141

Page Numbers: 20234-20248

DOI: 10.1021/jacs.9b10152

Submitted: 19" September 2019, Published: 29" November 2019

Copyright Statement: “This is an open access article published under a Creative
Commons Attribution (CC-BY) License, which permits unrestricted use, distribution and
reproduction in any medium, provided the author and source are cited.” Copyright 2019

American Chemical Society.

93



Chapter 5

Permissions: This article and its supporting information are available on the ACS

Publications website at https://pubs.acs.org/doi/abs/10.1021/jacs.9b10152. Further

permissions related to the material excerpted should be directed to the ACS Publications

Support.

Coauthor Contributions: ROMPISA kinetic experiments, in situ turbidimetric analysis
and characterization of obtained kinetic samples by DLS was carried out with assistance
from Dr. Robert Keogh at the University of Birmingham. Dry-state TEM image analysis
was performed with assistance from Dr. Jeffrey C. Foster at the University of
Birmingham. Cryo-TEM imaging of spherical and tubular polymersomes was performed
with assistance from Dr. Robert Keogh and Dr. Saskia Bakker at the University of
Warwick. Synthesis of ACM- and RhB-functionalized norbornene monomers was carried
out with assistance from Ms. Yujie Xie and synthesis of ACM- and RhB-containing
triblock copolymer nano-objects was performed with assistance from Dr. Robert Keogh
at the University of Birmingham. Steady-state fluorescence spectroscopy and
fluorescence lifetime measurements were performed by Ms. Yujie Xie at the University
of Birmingham. Confocal microscopy imaging of dye-loaded samples was carried out
with assistance from Ms. Yujie Xie at the University of Birmingham. SLS analysis was
carried out by Dr. Robert Keogh at the University of Birmingham. SAXS measurements
were performed by Dr. Steven Huband at the University of Warwick, while SAXS data
analysis was performed by Dr. Sarah L. Horswell at the University of Birmingham. DSC
analysis was performed with assistance from Ms. Irem Akar at the University of

Birmingham. Dr. Jeffrey C. Foster (University of Birmingham) and Prof. Rachel K.

94


https://pubs.acs.org/doi/abs/10.1021/jacs.9b10152

Chapter 5

O’Reilly (University of Birmingham) supervised the research project, provided guidance

and editing of this manuscript.

Overview: In this Chapter, the preliminary findings and observations that were identified
during the study discussed in Chapter 4 are further explored, providing valuable insight
into the morphological evolution of polynorbornene-based polymersomes developed via
aqueous ROMPISA upon simultaneously varying the chemistry of the hydrophilic steric
stabilizer block and the core-forming block length, as well as revealing an unprecedented

self-assembly behavior of such amphiphilic formulations based on intervesicular fusion.

In particular, it was previously observed that small polymersomes of spherical shape and
near identical size could be obtained via ROMPISA over a broad range of core block DPs
and chemistries, and LogPoct/SA values. As a result, a considerable amount of energy was
speculated to be getting accumulated within the hydrophobic membranes of the particles
upon increasing the DP of their constituent rigid rod-like chains. In stark contrast to
membrane rearrangement pathways followed in polymersome formulations developed
via RDRP-mediated PISA, whereby formation of higher-order multilamellar or large
compound nano-objects is typically favored, initial evidence suggested the occurrence of
polymersome fusion events during ROMPISA as potential rearrangement mechanism for
the system to release the high membrane tension developed and minimize its overall
energy. However, it was hypothesized that the presence of protonated tertiary amine
groups and, as an extent, positive charges on the corona layer of the assemblies prepared
in Chapter 4 were drastically limiting interparticle adhesion and further morphological

evolution via fusion.
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Therefore, in this Chapter, two distinct approaches for controlling the structure of
hydrophilic corona of the polymersomes were followed (i.e., by either conducting
ROMPISA in the presence of NaCl or by using a PEG-based corona-forming monomer)
in order to screen/eliminate their surface charge and facilitate the occurrence of
“productive” inelastic collisions between particles. In both cases, anisotropic
polymersomes of tubular shape — tubesomes — were developed in situ during ROMPISA,
as an outcome of spontaneous 1D fusion events between their spherical counterparts.
Importantly, mechanistic investigations provided valuable insight into the distinct

polymerization, principal amphiphile self-assembly and interparticle fusion phenomena.

In particular, it was demonstrated that tubesome development could be solely achieved
during ROMPISA, whereby the main driving force for their formation was the
continuously increasing tension generated within the polymersome membranes upon
polymerization with increasing core block length above a critical DP. Occurrence of
polymersome fusion was confirmed to be the most energetically favorable pathway for
the release of such significant membrane tension build-up. Moreover, kinetic monitoring
revealed that morphological transition toward tubesomes was lagging behind the rapid
polymerization process (second-order kinetics vs first-order Kinetics, respectively),
suggesting the formation of kinetically-trapped, yet stable, morphologies consisted of
rod-like polymer chains with high Tg and limited mobility. Interestingly, the purity and
length distribution of the tubesomes were found to precisely follow a “step-growth-like”
relationship, whereby “monomeric” spherical polymersomes fused in a step-wise manner
to generate “polymeric” products of tubular shape. Finally, model methodologies were

established that allowed for successful monitoring of basic fusion-derived processes, such
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as the blending of the vesicular membranes and the mixing of their interior aqueous

compartments.

Overall, the findings discussed in Chapter 5 highlight ROMPISA as an ideal platform for
facile access to tubular polymersomes and the potential application of such formulations
in small molecule trafficking, selective catalysis and drug delivery, owing to the superior
characteristics of highly anisotropic nanostructures compared to their spherical
counterparts (e.g., improved biodistribution, increased cellular uptake, and prolonged

circulation times in vivo).
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ABSTRACT: The dynamic interactions of membranes, Low o
particularly their fusion and fission, are critical for the
transmission of chemical information between cells. Fusion
is primarily driven by membrane tension built up through
membrane deformation. For artificial polymersomes, fusion is
commonly induced via the external application of a force field. _.
Herein, fusion-promoted development of anisotropic tubular

Continued
Membrane tension ~\ Polymerization

released
Low o
Polymerization-Induced
Polymersome Fusion

Continued Step-Growth Evolution

polymersomes (tubesomes) was achieved in the absence of an Polymerization of Tubesomes
external force by exploiting the unique features of aqueous Continued High o Ll
ring-opening metathesis polymerization-induced self-assembly Fusion c

(ROMPISA). The out-of-equilibrium tubesome morphology
was found to arise spontaneously during polymerization, and
the composition of each tubesome sample (purity and length distribution) could be manipulated simply by targeting different
core-block degrees of polymerization (DPs). The evolution of tubesomes was shown to occur via fusion of “monomeric”
spherical polymersomes, evidenced most notably by a step-growth-like relationship between the fraction of tubular to spherical
nano-objects and the average number of fused particles per tubesome (analogous to monomer conversion and DP,
respectively). Fusion was also confirmed by Forster resonance energy transfer (FRET) studies to show membrane blending and
confocal microscopy imaging to show mixing of the polymersome lumens. We term this unique phenomenon polymerization-
induced polymersome fusion, which operates via the buildup of membrane tension exerted by the growing polymer chains.
Given the growing body of evidence demonstrating the importance of nanoparticle shape on biological activity, our
methodology provides a facile route to reproducibly obtain samples containing mixtures of spherical and tubular polymersomes,
or pure samples of tubesomes, of programmed length. Moreover, the capability to mix the interior aqueous compartments of
polymersomes during polymerization-induced fusion also presents opportunities for its application in catalysis, small molecule
trafficking, and drug delivery.

0: Membrane tension

H INTRODUCTION the main driving force for vesicle fusion,® originating from an
overall reduction in the tension-induced bending energy (E,)
of the system upon each fusion event."'

Although vesicle fusion is contingent on the action of
proteins in biological systems, dissipative particle dynamics
(DPD) simulations have shown that fusion between vesicles
can occur spontaneously in the absence of proteins when two
criteria are satisfied: (1) the particles can adhere to one
another and maintain close contact and (2) there is sufficient
membrane tension to overcome energetic barriers of fusion, of
which the membrane bending energy dominates.'> The

processes do not transpire spontaneously, as lipid bilayer bending energy of a membrane (E,) is defined in eq 1
vesicles (liposomes) repel one another through electrostatic

forces and possess membranes that are stabilized against
deformation by a strong hydrophobic effect. Thus, the
mechanisms of vesicle budding and fusion require an input
of energy to occur. In biological systems, this energy is where o is the membrane tension, AA is the change in
supplied by “SNAP REceptor”, SNARE, proteins, which bring membrane surface area, k is the membrane bending rigidity, a
vesicles into close contact with the target surface and induce
deformations in their membranes.””” The tension built up Received: September 19, 2019
through such elastic deformations is hypothesized to serve as Published: November 29, 2019

The fusion of biological membranes is an essential process
governing endo- and exocytosis, protein trafficking, fertiliza-
tion, and viral infection in eukaryotic cells.'™ Proteins and
other (macro)molecules are distributed throughout a cell,
released into or internalized from the extracellular space via the
action of membrane-bound vesicles.” Such vesicle-mediated
transport occurs via the budding of new vesicular compart-
ments from a cellular membrane and their downstream fusion
with another membrane.® Vesicle budding and fusion

k
E, = AA+51§—c2dA
b= 2 (1)
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polymer specific property, and C is the local membrane
curvature.'”'* From this equation, it is clear that a buildup of
tension within a vesicular membrane increases its bending
energy, and the alleviation of this tension provides a significant
driving force for vesicle fusion as it reduces the overall E, of the
system. Membrane tension is typically generated via the
exertion of an external force. In biological systems, this force is
applied by fusion proteins, although other mechanisms have
also been discovered."

Both experimental and DPD simulations have rigorously
demonstrated the impact of membrane tension on the vesicular
morphology and dynamics, showing that tension can be
released by a number of pathways including vesicle hemifusion,
fusion, membrane deformation, or membrane rupture.lz’ls_18
For vesicles with ¢ sufficiently low that spontaneous membrane
rupture occurs over prohibitively long time scales, fusion is the
most probable pathway to release their membrane tension.
Importantly, the mechanism of vesicle fusion appears to
depend upon the nature of the membrane’s amphiphilic
constituents. Thus, fusion of liposomes occurs in a distinctly
different manner compared to the fusion processes of
amphiphilic block copolymer vesicles (also referred to as
polymersomes) composed of either coil—coil or rod—coil
blocks.”*~" In the latter case, additional membrane tension is
provided by the tendency of rod-like polymers to align,
resisting the formation of nanostructures with high interfacial
curvature. Indeed, DPD studies on fusion of rod—coil
polymersome systems have shown that membrane tension
scales with the length of the rod-like block."®

While the fusion mechanisms of liposomes and their
application in biological systems have been studied exten-
sively,n_25 a very limited number of experimental studies have
been carried out regarding the fusion of polymersomes.”**’
This is due, in part, to the fact that polymersomes are most
often prepared using conventional block copolymer self-
assembly methodologies, such as solvent-switch or thin-film
rehydration, operating under thermodynamically favorable
conditions and thus their membranes are formed with low
membrane tension, preventing their spontaneous fusion.”*°
An alternative one-step route that allows for preparation of
polymersomes at high concentrations is polymerization-
induced self-assembly (PISA).*' 38 During PISA, amphiphilic
block copolymer nano-objects are developed spontaneously
upon chain-extension of a solvophilic steric stabilizer block
using specific solvent-miscible monomers that gradually form
solvophobic polymers as the length of the core-forming block
increases, driving in situ self—assembly.”f43 Based on the rate
of polymerization propagation relative to self-assembly
dynamics, kinetically trapped morphologies with high mem-
brane tensions could theoretically be generated via PISA.**

Morphology diagrams have been constructed for PISA
systems by varying externally controlled experimental param-
eters, such as the targeted degree of polymerization (DP) of
the core-forming block, the overall solids concentration, or the
core-block solubility, providing a roadmap to readily obtain
pure polymersome nano-objects.39'45’46 Typically, polymer-
somes occupy a narrow region of the phase space, requiring
high solids concentrations and high DPs for their formation. In
our recent report on aqueous ring-opening metathesis
polymerization-induced self-assembly (ROMPISA), we ob-
served that polymersomes occupied a uniquely broad region of
the phase space over a wide range of core-forming monomers
and targeted DPs.*” This phenomenon was mainly attributed

to the influence of the rigid rod-like nature of polynorbornenes
on their packing within the assembled nanostructures,
disfavoring higher interfacial curvature structures, such as
spherical or worm-like micelles. In addition to the unique
morphology evolution observed for nano-objects prepared by
ROMPISA,*” it was also apparent that the developed
polymersomes were of similar size and shape over a broad
range of targeted core block DPs. This result was in stark
contrast to polymersomes obtained via PISA mediated by
reversible addition—fragmentation chain transfer (RAFT)
polymerization, which generally increase in size or evolve
toward more complex morphologies, such as multicomponent
vesicles or lamellae, as the core block DP is further
increased.** ™" Since it did not appear that polymersomes
prepared via ROMPISA could minimize their bending energies
through membrane rearrangement processes (no observable
changes in AA or C), we wondered whether the nano-object
membranes were becoming “charged” with high tension during
polymerization as the length of their constituent polymers
increased to compensate for their static curvature and surface
area. Thus, we envisioned that ROMPISA may represent an
ideal platform for studying the fusion behavior of polymer-
somes formed from rod-like polymers.

As discussed above, good intervesicle adhesion and
increased membrane tension must both be present to allow
for membrane fusion events to occur. Our previous studies on
aqueous ROMPISA were carried out using a polyamine
corona-forming block, which, under the experimental con-
ditions utilized, produced nano-objects with positive surface
charge.*”* As a result, no evidence of polymersome adhesion
and fusion was observed in these systems, as these processes
were effectively prohibited by strong interparticle repulsion.
We therefore hypothesized that the structure of the hydrophilic
stabilizer block could be tuned to modulate the fusion behavior
of ROMPISA polymersomes, inducing the evolution of large
and/or non-spherical bilayer structures.

Herein, we evaluate this hypothesis by investigating the
influence of macroinitiator chemistry, reaction conditions, and
targeted core block DP upon the morphology of diblock
copolymer nano-objects prepared via aqueous dispersion
ROMPISA. In particular, it was found that the absence of
charges on the outer surface of the developed nano-objects
facilitated polymerization-induced polymersome fusion and in
situ evolution of an increasing population of progressively
longer tubular polymersomes—tubesomes—upon increasing
targeted DP of the core-forming block. Polymerization kinetic
monitoring and exhaustive nano-object characterization
revealed that the onset of polymersome fusion occurred at a
critical core block DP followed by an acceleration in rate of
tubesome growth. Importantly, the development of kinetically
favorable tubesomes via polymerization-induced fusion of
spherical polymersome building blocks was found to precisely
follow a step-growth-like motif, where a larger number of
fusion events per particle was noticed for samples with larger
tubesome fractions. Overall, our study provides insight into the
fusion mechanisms of artificial polymeric vesicles and access to
facile one-pot preparation of anisotropic tubular polymersomes
via aqueous ROMPISA, establishing them as an attractive
alternative nanoplatform for numerous biomedical applications
owing to their well-documented superior physicochemical
properties compared to their spherical counterparts.” >’

DOI: 10.1021/jacs.9b10152
J. Am. Chem. Soc. 2019, 141, 20234-20248


http://dx.doi.org/10.1021/jacs.9b10152

Journal of the American Chemical Society

B RESULTS

ROMP-mediated PISA in aqueous environment requires
solubilization of the utilized metathesis catalyst through
modification of one or more of its surrounding ligands with
hydrophilic moieties.””***” While several strategies have been
developed thus far to generate water-soluble Ru-based
metathesis catalysts, often through transformations involvin
either N-heterocyclic carbene (NHC) or pyridine ligands,”*
such catalysts typically suffer from reduced activity compared
to the unmodified precursor in organic solvent.’” In this study,
rapid polymerization kinetics were desired to obtain kinetically
trapped morphologies during ROMPISA; thus, our previously
reported open-to-air two-step ROMPISA procedure was
adopted, involving the synthesis of a hydrophilic macroinitiator
via ROMP in organic media prior to PISA, which affords fast
and controllable polymerization in aqueous media, as shown in
Scheme 1.

Scheme 1. Schematic Representation of the Synthetic Route
Followed for the Development of P(NB-R),;-b-P(NB-
MEG), Diblock Copolymer Nano-Objects via Aqueous
Dispersion ROMPISA, Using Either a Water-Soluble P(NB-
Amine),, or P(NB-PEG),, Macroinitiator

39 Generation Grubbs Catalyst Water-soluble Macroinitiator
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To perform aqueous ROMPISA using a macroinitiator
approach, a water-soluble polymer was first prepared by
polymerizing a hydrophilic monomer, in this case either a
tertiary amine functional norbornene (NB-amine) or a
PEGylated norbornene (NB-PEG), via ROMP in a water-
miscible solvent (ie., THF) using the commercially available
third-generation Grubbs catalyst (G3). The resulting macro-
initiator was subsequently chain-extended upon dilution with
an acidic aqueous solution of the core-forming monomer (NB-
MEG)), resulting in the in situ formation of amphiphilic diblock
copolymer nano-objects under dispersion polymerization
conditions. The presence of acid is of vital importance for
controlled aqueous ROMP using G3, as it promotes pyridine
ligand dissociation to generate the active catalyst species and
limits catalyst deactivation by OH™ species.”>*"%*

Previously, we demonstrated that typical PISA morphologies
(i.e., spherical micelles, worm-like micelles, and vesicles) could
be readily accessed using this macroinitiator approach and that
uniquely small, spherical polymersomes were obtained over a
broad range of compositions for P(NB-amine),,-b-P(NB-X),

diblock copolymers with 60 < n < 180."” In this study, our
efforts initially focused on further extending the core block DP
beyond 180 to determine whether the system would evolve
beyond vesicles toward other higher-order morphologies. We
hypothesized that the cationic amine corona would provide an
additional barrier against morphological transitions beyond
spherical polymersomes due to electrostatic repulsive forces
between particles, effectively limiting fusion events and other
interparticle assembly pathways.®* Toward this end, a series of
ROMPISA reactions were carried out using a P(NB-amine),,
macroinitiator (M, nyr = 2.5 kDa, M, gzc = 2.6 kDa, By, =
1.22, Figures S7—S9, and Table S2) targeting DPs of 120, 180,
240, 300, and 420 for the core-forming P(NB-MEG) block by
varying the initial [NB-MEG]/[G3] feed ratio. All polymer-
izations were performed in acidic phosphate buffer (pH 2,
PB2) at a total solids concentration of 1 wt % in the presence
of 10% v/v THF. Following ROMPISA, P(NB-amine),;-b-
P(NB-MEG), diblock copolymers were analyzed by "H-NMR
spectroscopy for monomer conversion calculation, and size-
exclusion chromatography (SEC) to determine number-
average molecular weight (M,) and dispersity (Dy;) values,
while the resulting nano-objects were characterized by dynamic
light scattering (DLS), zeta potential analysis, and transmission
electron microscopy (TEM) imaging. A summary of the
obtained results is provided in Figure 1 and in the Supporting
Information (Figures S10 and S14—S17 and Tables S3 and
SS).

In particular, controlled polymerizations were achieved in all
cases, with quantitative monomer conversions (>99%)
achieved after ~30 min of polymerization time yielding
P(NB-amine),;-b-P(NB-MEG),, diblock copolymers with
narrow and symmetrical molecular weight distributions, low
dispersity values (Py < 1.14), and M, g that increased
linearly with the initial feed ratio of monomer to catalyst
(Figure 1A,B and Table S3). Consistent with our previous
report, a uniform population of spherical polymersomes with
Dy, = 47.8 + 1.7 nm was obtained when targeting DPp(np.mec)
= 180, as judged by DLS analysis and TEM imaging. As the
targeted core block DP was further increased to 240 and 300,
only a slight increase in the average hydrodynamic diameter of
the polymersomes to 59.9 + 03 and 614 + 1.2 nm,
respectively, was observed, whereas at DPpnp.meg) = 420, ill-
defined non-spherical nano-objects with D, = 83.2 + 0.9 nm
were developed. In all cases, zeta potential analysis confirmed
the presence of positive charges on the outer surface of the
obtained nano-objects and their cationic character under
ROMPISA-mimicking conditions (zeta potential > + 21 mV, at
pH 2.0; Figures 1C,D,F, S14, and S17 and Table SS).

To gain further insight into the self-assembly process, dry-
state. TEM images were analyzed using image processing
software to calculate average particle length (L,,, the distance
in nm along the longest nano-object axis), average maximum
dimension (S,,, diameter for spherical polymersomes or
length for non-spherical ones) and average circularity values
(Cye) for each formulation. A full description of the image
analysis methodology applied herein is provided in the
Supporting Information. As shown in Figures 1F, S15 and
S16, S, values increased concurrently with Dy, although these
values were systematically lower than the diameters measured
by DLS likely due to particle shrinkage upon drying. In
addition, the nano-object C,,, values—a ratio of the particle’s
area to its perimeter—remained relatively constant, ranging
between 0.65 and 0.8 across the series with the exception of

DOI: 10.1021/jacs.9b10152
J. Am. Chem. Soc. 2019, 141, 20234-20248


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10152/suppl_file/ja9b10152_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b10152

Journal of the American Chemical Society

A. 1ol P(NB-amine),; B. @0 P(NB-amine),,-6-P(NB-MEG), . 20
T < |—or=60 18
k] = 60 ’
T o
3 £ . 16
° g 40 . f
s g ¢ 14
= »n .
£ ¢ 20
S s 4 12
z © o o o o o
0.0+ 0 1.0
100 1000 10000 100000 50 100 150 200 250 300 350 400 450
M,, (g/mol) [NB-MEG)/[G3]
¢ - DP = 120 D. 40 H=20
z 10 —DP= pH=2.
&3 /\ —pp=180 _ 30
2 08 | \ —oP=240] Z 20
g | —DP=300] = 4o
£ 08 DP =420 g 0
3 04 2
S g 10
E 0.2 £ 20
N
2 oo] ‘32
-4
10 100 1000 120 180 240 300 420
D, (nm) [NB-MEG]/[G3]
E. Elastic Collisions
Cationic
Pol ~ )
olymersomes - ®
®
Aqueous Fusion
ROMPISA Prohibited
\ —_—
Continued
. -~
; Polymerization
Nano-Object
E. Repulsion ®

D, =4
Swe=26.5%1.8 nm
Cave=0.79£0.04

Swe=40.63.4nm |
Cae=0.75£0.04 |}

Figure 1. Characterization summary for the series of P(NB-amine) ;-
b-P(NB-MEG), diblock copolymer nano-objects. (A) Normalized
SEC RI molecular weight distributions, and (B) evolution of M,
(filled circles) and Dy (empty circles) values with increasing targeted
DPp(np-mec) calculated from SEC analysis for P(NB-amine),;-b-
P(NB-MEG), diblock copolymers prepared via aqueous ROMPISA.
M, skc and Dy values were calculated from PS standards using THF
+ 2% v/v NEt; as the eluent. (C) Normalized intensity-weighted size
distributions obtained by DLS for P(NB-amine),;-b-P(NB-MEG),,
diblock copolymer nano-objects. (D) Zeta potential values for P(NB-
amine);-b-P(NB-MEG), diblock copolymer nano-objects measured
from microelectrophoretic analysis in PB2. (E) Schematic representa-
tion of interpolymersome repulsion restricting fusion events and
further morphological evolution. (F) Representative dry-state (top
row) and cryo-TEM (bottom row) images of P(NB-amine),;-b-
P(NB-MEG), diblock copolymer nano-objects, and summary of Dy,
values determined from DLS, and S,,. and C,,. values calculated from
image analysis of the dry-state TEM images. Dry-state samples were
stained using 1 wt % uranyl acetate (UA) solution.

the P(NB-amine),;-b-P(NB-MEG),,, nanostructures. A dra-
matic decrease in C,,, to 0.44 + 0.16 was measured for this
sample, where the predominant morphology appeared to be of
non-spherical shape. Taken together, these data support our
hypothesis that electrostatic repulsive forces originating from
cationic charges within the particle coronae resist morpho-

logical evolution via pathways involving interactions between
multiple nano-objects (i.e., fusion; Figure 1E).

To promote fusion, it was apparent that surface charge
should be minimized to facilitate adhesive collisions between
nano-objects. We envisioned that, by changing the chemistry
of the stabilizer block pendant groups from cationic tertiary
amines to non-ionic poly(ethylene glycol) (PEG, M, ~ 350 g
mol™") units, the energy barrier of polymersome fusion would
be reduced, rendering fusion the operative pathway of
morphological evolution. To this extent, a series of P(NB-
PEG),;-b-P(NB-MEG), diblock copolymer nano-objects were
prepared using the same two-step ROMPISA methodology as
previously discussed, this time employing NB-PEG as the
corona-forming monomer to prepare a water-soluble P(NB-
PEG),,; macroinitiator (M, xyg = 5.5 kDa, M, gzc = 5.3 kDa,
by = 1.20, Figures S25—S27 and Table S8). As before,
aqueous ROMPISA reactions using NB-MEG as the core-
forming monomer were conducted at [solids] = 1 wt % in
90:10 PB2/THE. Core-block DPs of 40, 60, 120, 140, 180,
240, 260, and 300 were targeted to accurately monitor the
evolution of particle morphology as a function of copolymer
composition.

Similar to the P(NB-amine)-based formulations, "H-NMR
spectroscopic analysis showed complete monomer conversions
(>99%) after ~30 min, and SEC analysis of the resulting
P(NB-PEG),,-b-P(NB-MEG), diblock copolymers confirmed
excellent polymerization control across the series (Dy < 1.16;
Figures 2A,B and S28 and Table S9). In addition, TEM
imaging and DLS analysis revealed the formation of small
spherical polymersomes with Dy, values of 25.9 + 1.9 nm, 34.9
+ 3.6 nm and 47.5 + 1.1 nm when targeting DPp(np-mzg) = 40,
60 and 120, respectively (Figures 2C,F and S35—S38 and
Table S11). It is supposed that the membrane thickness of the
polymersomes rapidly increases inward upon targeting higher
core-block DPs, reducing the volume of their inner aqueous
compartments, analogous to a previous study on polymer-
somes developed via RAFT-mediated PISA.”> Due to the
uniquely small size of the polymersomes prepared herein, it
was sometimes difficult to identify the presence of their inner
lumen and accurately determine their membrane thickness
from the acquired TEM images. To further prove the
polymersome morphology, static light scattering (SLS) analysis
was carried out on the spherical polymersome samples with
DPp(np-meG) = 40 and 60. In particular, measured R,/R;, values
were 0.87 and 0.82, respectively, with calculated N,,, values of
439 and 827 (Figures S32 and S33 and Table S12). Based on
the fact that the measured Rg/Rh values are intermediate
between what would be typically expected for hollow spherical
polymersomes (R,/Ry, = 1.0) and spherical core—shell micelles
(Rg/Rh ~ 0.78), as well as the markedly high N,g, values
compared to expected values for spherical micelles, > these
results support our hypothesis of hollow nanostructures with
rather small inner compartments. Moreover, the observed
decrease in R,/R;, ratio with increasing DPpp.meg) i
consistent with our proposal of assemblies of similar
hydrodynamic volume but progressively increasing membrane
thickness, and as a consequence reduced inner lumen volume.

In stark contrast to the P(NB-amine)-based series,
significant nano-object elongation was clearly evident when
the targeted core-block DP was increased above 120, based on
observations from acquired dry-state and cryo-TEM images. In
fact, for the P(NB-PEG),,-b-P(NB-MEG),, samples where n =
140, 180, 240, and 260, tubular polymersomes (so-called
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Figure 2. Characterization summary for the series of P(NB-PEG);,-b-P(NB-MEG), diblock copolymer nano-objects. (A) Normalized SEC RI
molecular weight distributions, and (B) evolution of M, (filled circles) and Py (empty circles) values with increasing targeted DPp(np-mrc)
calculated from SEC analysis for P(NB-PEG),,-b-P(NB-MEG),, diblock copolymers prepared via aqueous ROMPISA. M,, gz and Dy, values were
calculated from PS standards using THF + 2% v/v NE; as the eluent. (C) Normalized intensity-weighted size distributions obtained by DLS for
P(NB-PEG),,-b-P(NB-MEG),, diblock copolymer nano-objects. (D) Zeta potential values for P(NB-PEG),,-b-P(NB-MEG),, diblock copolymer
nano-objects measured from microelectrophoretic analysis in PB2. (E) Schematic representation of tubesome evolution via polymerization-induced
polymersome fusion. (F) Representative dry-state (top row) and cryo-TEM (bottom row) images of P(NB-PEG),;-b-P(NB-MEG), diblock
copolymer nano-objects, and summary of Dy, values determined from DLS, and S,,, and C,,, values calculated from image analysis of the dry-state

TEM images. Dry-state samples were stained using 1 wt % uranyl acetate (UA) solution.

“tubesomes”) of increasing length were obtained, as evidenced
by both DLS and TEM image analyses (Figures 2C,F and
$35—S38 and Table S11). Typically, cryo-TEM serves as the
main imaging tool for observation of non-spherical polymer-
somes, as morphological discrepancies of nano-objects can
occur during the drying process. However, in our case the
morphology of tubular nanostructures could be effectively
retained under dry-state TEM conditions, owing to the high
glass transition temperature (Tg) values of polynorbornene-
based polymers (T, of P(NB-MEG),g, homopolymer = 118.2
°C, Figure S6).

From dry-state TEM image processing, the calculated S,
values also increased with increasing targeted DPpnp-mec)
while C,,, values decreased consistently across the series (note
that circularity could not be accurately calculated for the
P(NB-PEG),,-b-P(NB-MEG),4, sample due to the lack of a
sufficient number of “well-isolated” particles in the TEM
images). It was also apparent that the populations of spherical
and tubular polymersomes became increasingly biased toward
the latter upon gradually increasing the targeted core block DP.

20238

Indeed, a nearly pure morphology of highly anisotropic
tubesomes was present in the P(NB-PEG),;-b-P(NB-
MEG),4, sample. In this case, cryo-TEM imaging was
challenging to perform as the tubesomes were located in
relatively thick vitrified ice layers owing to their large size and
irregular shape.”” It should also be noted that the average
width of formed tubesomes did not appear to significantly vary
beyond the critical DPpyp-meg) = 140 sample, whereas a
further increase of the core-forming block beyond DP = 260
resulted in macroscopic precipitation due to instability of the
developed nano-objects, most likely owing to their exceedingly
increased length and hydrophobicity. Contrary to the zeta
potential values measured for P(NB-amine) ;-b-P(NB-MEG),
nano-objects, the presence of non-ionic PEG chains on the
outer layer of both the P(NB-PEG),;-b-P(NB-MEG),
spherical and tubular polymersomes was readily reflected on
the findings from microelectrophoretic analysis, as zeta
potential values of approximately 0 mV were measured in all
cases (Figure 2D and Table S11). These results support the
idea that reduced interparticle repulsion, affected by changes in
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corona chemistry and particle surface charge, led to notable
polymersome fusion during ROMPISA, implying that
morphological evolution was now occurring by a different
pathway than that observed in the case of the P(NB-amine)-
based system (Figure 2E).

As a final illustration of the importance of particle corona
chemistry on the self-assembly behavior, the ROMPISA
reactions for preparation of P(NB-amine),,-b-P(NB-MEG),
nano-objects were repeated in the presence of a high
concentration of NaCl in PB2 (i.e, [NaCl] = 100 mM). We
supposed that the presence of salt would act to partially screen
the positive charge in the nano-object coronae, facilitating the
occurrence of productive inelastic collisions and thus
increasing the incidence of fusion events. Full characterization
of the synthesized diblock copolymers and the resulting
nanostructures is provided in detail in the Supporting
Information (Figures S20—S24 and Tables S6 and S7). In
brief, polymerization control was not affected by the presence
of NaCl in the reaction medium; however, particle fusion was
observed between polymersomes with P(NB-amine) coronae
in this case, with the onset of fusion shifted toward higher
core-block DP relative to the P(NB-PEG)-based series.
Indeed, nearly pure morphologies of long, tubular polymer-
somes could be obtained for the P(NB-amine) system in the
presence of NaCl, highlighting the importance of the role of
corona chemistry in determining the assembly pathway during
ROMPISA.

While marked differences in corona charge between the
P(NB-amine)- and P(NB-PEG)-based samples represented a
probable explanation for the noticeable variation in the
assemblies developed for each series, we also considered that
the unique tubesome morphology could potentially arise from
differences in ROMPISA kinetics between the two series. To
compare the relative rates of both polymerization and
morphological evolution processes, kinetic monitoring experi-
ments were performed using complementary characterization
techniques. Aqueous ROMPISA reactions targeting either
P(NB-amine),,-b-P(NB-MEG)y, or P(NB-PEG),,-b-P(NB-
MEG),4o—polymers with approximately the same M, and Dy,
values—were sampled at various time intervals over a period of
30 min, and the sample aliquots were quenched via the
addition of ethyl vinyl ether (EVE) for deactivation of the Ru-
based catalyst (Figures S11 and S29). In both cases, these
samples were then analyzed by 'H-NMR spectroscopic and
SEC analyses to determine polymerization conversion and
“livingness”, while DLS analysis of samples diluted immediately
after quenching was used to monitor changes in nano-object
size as polymerization progressed. It should be mentioned that
dry-state TEM imaging of the quenched samples was also
attempted, although significant discrepancies were observed in
the TEM images compared with those shown in Figures 1 and
2, attributed to the presence of plasticizing EVE molecules
incorporated within the polymersome membranes leading to
equilibration of the samples toward more thermodynamically
favored products upon drying on the TEM grids (Figure S41).
However, dry-state TEM imaging of samples taken after
completion of each kinetic run without addition of EVE agreed
well with our previous findings for aqueous ROMISA reactions
targeting DPp(np.meg) = 300 or 260, respectively.

Based on the original plots of monomer conversion vs time
(Figures S12 and S30), it was found in both cases that the
onset of nano-object micellization occurred at a very early
stage of the polymerization (ie., at ca. 0.3 min and 35% NB-

MEG conversion), before which the rate of polymerization in
solution appeared to be faster compared to polymerization
within the nano-object cores.””®” Thus, we considered
monomer conversion after this nucleation point in our
subsequent analysis. As shown in Figure 3A, both polymer-
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Figure 3. Summary of aqueous ROMPISA kinetic monitoring
experiments. (A) Monomer conversion after particle nucleation vs
polymerization time kinetic plots for synthesis of P(NB-amine),,-b-
P(NB-MEG);,, (purple circles) and P(NB-PEG),,-b-P(NB-
MEG),4, (blue circles) diblock copolymers via aqueous ROMPISA,
as determined by '"H-NMR spectroscopy in DMSO-d, with 1,3,5-
trioxane as an external standard. The inset shows the corresponding
semilogarithmic plots for the determination of pseudo-first-order
kinetic constants (k,,,). (B) Evolution of intensity-average Dy, as
determined by DLS analysis of aliquots for the same P(NB-amine) ;-
b-P(NB-MEG);,, (purple circles) and P(NB-PEG),,-b-P(NB-
MEG),4 (blue circles) diblock copolymer nano-objects withdrawn
during kinetic monitoring, as a function of DPpyp.meg) calculated
from conversion. The insets show representative dry-state TEM
images of samples obtained after completion of each ROMPISA
process without EVE addition. The pink and orange diamonds
represent Dy, values determined from the end-point measurements
shown in Figures 1 and 2 for the P(NB-amine)- and P(NB-PEG)-
based samples, respectively. (C) Normalized absorbance, as
determined by in situ turbidimetric analysis during each polymer-
ization for synthesis of P(NB-amine),;-b-P(NB-MEG);,, (purple
circles) and P(NB-PEG);-b-P(NB-MEG),¢, (blue circles) diblock
copolymer nano-objects, as a function of DPp(yp.mEc) calculated from
conversion. The black line corresponds to a standard sigmoidal
logistic fit, showing an inflection point at DPpwp.mec) ~ 185
highlighted by the dashed line that corresponds to the onset of
polymersome fusion (R* = 0.998). (D) Normalized absorbance, as
determined by in situ turbidimetric analysis during each polymer-
ization for synthesis of P(NB-amine),;-b-P(NB-MEG);o, (purple
circles) and P(NB-PEG);-b-P(NB-MEG),¢, (blue circles) diblock
copolymer nano-objects, vs intensity-average D), measured from DLS
analysis. The black line corresponds to a standard sigmoidal logistic
fit, with an inflection point at Dy ~ 68 nm highlighted by the dashed
line that corresponds to the onset of polymersome fusion (R* =
0.998).

ization processes exhibited pseudo-first order kinetics after the
point of nucleation, as judged by the semilogarithmic plots,
with quantitative conversions (>99%) achieved after 30 min.
Importantly, propagation rates for both samples were found
not to vary significantly (¢,, = 1.9 and 2.5 min were calculated
for P(NB-amine)- and P(NB-PEG)-based formulations,
respectively). Thus, we were able to rule out differential
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polymerization kinetics as an explanation for the distinct
differences in fusion behavior between the two nano-object
series. Moreover, SEC analysis of selected samples obtained
from kinetic monitoring experiments revealed the linear
evolution of M, sgc values with increasing NB-MEG
conversion and verified the living character of both ROMPISA
processes (Figures S13 and S31 and Tables S4 and S10).

In contrast to the 'H-NMR spectroscopic analysis, a
significant difference was observed in the slopes of the plots
showing the time-dependent evolution of intensity-average Dy,
values, as measured by DLS (Figures S18A and S39A). To
further emphasize this difference, the average diameter values
corresponding to the developed diblock copolymer nano-
objects at each time point were correlated to the core block DP
calculated from conversion (Figure 3B). For the P(NB-
amine)-based samples, it was evident that intensity-average Dy
values increased linearly up to ca. DPpyp-meg) = 210, after
which the measured diameter remained constant independent
of the DP of the growing P(NB-MEG) block. By comparison,
a similar linear Dy increase was observed early in the
polymerization of the P(NB-PEG)-based system; however,
above a similar DPp(np.mEg) threshold, the average nano-object
diameter increased exponentially with increasing polymer DP.
These data are consistent with the observations made by TEM
imaging (Figures 1 and 2), where the P(NB-PEG),-b-P(NB-
MEG), nanostructure composition approached a pure
morphology of long, tubular polymersomes as the DP of
core-forming P(NB-MEG) was increased from 180 to 260,
while P(NB-amine),;-b-P(NB-MEG), diblock copolymers
only yielded small spherical polymersomes with minor size
differences as the targeted core block DP varied between 180
and 300.

As a final method for direct kinetic comparison, both
ROMPISA procedures were monitored via in situ turbidimetric
analysis using UV—vis spectroscopy. Variations in transmitted
light (% transmittance) at A = S50 nm were measured over the
course of the reactions, and the observed reduction in %
transmittance (or increase in absorbance) was assumed to arise
from increased scattering of the incident light by the growing
particles in solution (Figures S18B and S39B). For Rayleigh
scattering, relevant for particles smaller than the wavelength of
the incident light, the scattering intensity can be correlated to
the diameter of the scattering species through a power law
relationship.®® Thus, the decrease in transmitted light intensity
can be viewed in the lens of increasing particle size. Upon
comparing the data obtained from turbidimetric analysis to
those obtained from 'H-NMR spectroscopy and DLS analysis,
a few key relationships evidently emerged. Figure 3C shows the
change in absorbance (related in this case to scattering
intensity) as a function of the core block DP calculated from
conversion. For the P(NB-amine)-based sample, the curve
scaled according to a power law relationship, consistent with
increased scattering by particles of progressively increasing
size. In contrast, a sigmoidal relationship was noticed for the
P(NB-PEG)-based sample, with an initial slope of power-law
scaling and an inflection at DPp(np.meg) & 185. The DP value
at this inflection point is of great significance, as it corresponds
to the critical DP at which the onset of polymersome fusion
was also observed in previous end-point experiments (Figure
2). This result can be rationalized as follows: (1) spherical
polymersomes initially increase in diameter, leading to
increased scattering according to the expected power law
relationship, (2) above a certain DP threshold, fusion of

spherical polymersome building blocks begins favoring the
development of tubesomes, and (3) the rate of change in the
size of the particles increases dramatically, but is also
accompanied by a proportional decrease in the overall number
of particles, with the net effect being a decreased dependence
of the scattered light intensity on the polymer DP. The same
trends were observed when comparing the intensity-average Dy,
of the prepared diblock copolymer nano-objects, as measured
by DLS analysis, to their corresponding absorbance values
(Figure 3D), with an inflection point being evident for the
P(NB-PEG),;-b-P(NB-MEG), sample at D, =~ 68 nm
corresponding to a DPpnp.meg) of approximately 180 and to
the time at which the onset of polymersome fusion occurs.

The above experiments provide indirect evidence of
polymerization-induced polymersome fusion based on the
exponential size increase of the tubesomes with increasing DP
of the core-forming block and the presence of apparent
intermediate fusion stages in the obtained TEM images
(Figure S40). To directly verify and monitor polymersome
fusion, a series of Forster resonance energy transfer (FRET)
experiments were carried out, which involve the non-radiative
transfer of absorbed energy from a donor to an acceptor
fluorophore. The excited acceptor then emits a photon, with
the net effect being that excitation of the donor fluorophore
results in fluorescence emission of the acceptor. Importantly,
the FRET process requires the two species to be in close
contact for the energy transfer to occur (ie., distances <10
nm). Thus, FRET provides a distance-dependent measurement
of the dynamic activity of the two fluorescent compounds on
the nanoscale.””

To evaluate polymersome membrane fusion using FRET in
our P(NB-PEG)-b-P(NB-MEG) system, donor and acceptor
fluorophores, that form a FRET pair when in close proximity,
were incorporated into the developed polymer nanostructures.
In particular, aminochloromaleimide (ACM) was chosen as
the donor molecule based on its synthetic simplicity, small size,
and high quantum yield in non-polar environments.”” To
provide good spectral overlap, Rhodamine B (RhB) was
employed as the acceptor fluorophore (Figure 4B). Both
species were introduced via coupling to norbornene moieties
for the synthesis of NB-ACM and NB-RhB monomers,
respectively, such that they could be directly polymerized
and would remain covalently linked to the prepared
copolymers during ROMPISA, avoiding a false indication of
FRET behavior arising from diffusion of free fluorophore
molecules between nano-objects. Our previously described
aqueous ROMPISA procedure was then appropriately
modified to introduce a short run of each fluorescent monomer
as an intermediate block between the corona- and core-
forming segments. In brief, NB-PEG was first polymerized via
solution ROMP in THF using G3 for synthesis of a P(NB-
PEG);,; macroinitiator. Then, a solution of either NB-ACM or
NB-RhB monomer in THF was added to the macroinitiator
solution for synthesis of the second fluorophore-containing
block (Figures S44 and S4S and Table S13). In the final step,
each diblock copolymer macroinitiator was chain-extended
using an acidic aqueous solution of NB-MEG, resulting in
development of P(NB-PEG);,-b-P(NB-ACM),,-b-P(NB-
MEG), and P(NB-PEG),,-b-P(NB-RhB),, ,-b-P(NB-
MEG),, triblock copolymer nano-objects via ROMPISA (NB-
ACM/NB-RhB molar ratio = 2:1; Figure 4A-T).

As shown in Figure 4A-II, we hypothesized that FRET
would arise between ACM- and RhB-functionalized particles
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Figure 4. Summary of FRET results for pure P(NB-PEG),,-b-P(NB-
ACM),,-b-P(NB-MEG),, triblock copolymer nano-objects (ACM,)),
and resulting ACM,+RhB, M, ,;, and ACM,+RhB, My samples (n =
120 and 240) for direct monitoring of polymersome membrane
fusion. (A) Structures of P(NB-PEG),,-b-P(NB-ACM),,-b-P(NB-
MEG), (donor) and P(NB-PEG),,-b-P(NB-RhB),, ,-b-P(NB-
MEG), (acceptor) triblock copolymers prepared via aqueous
ROMPISA (I), and schematic representation of potential outcomes
from polymersome mixing experiments (II). (B) Spectral overlap
between ACM fluorescence emission and RhB absorption spectra. For
ACM,, ACM,+RhB, M_,, and ACM,+RhB, M, samples: (C)
Counts ratio of the donor (dey, acm = 485 nm) and acceptor (Aem, rus
= 590 nm) fluorescence emission peaks. (D) Fluorescence lifetime
decay profiles of (I) n = 120 and (II) n = 240 samples. (E)
Comparison of average fluorescence lifetime values, expressed as %
difference relative to the pure ACM,, nano-objects, obtained using (I)
Tayp and (IT) 74,4 fitting models.

only when (1) unimer exchange between particles was
occurring on the time scale of the experiment; or (2) fusion
between spherical polymersomes occurred, creating regions of
close fluorophore contact within the fused tubular polymer-
some membranes. In the absence of both, no FRET would be
expected. Since we were operating under the assumption that
fusion events only occurred during polymerization, it was
important to compare samples containing each fluorophore
that were mixed during ROMPISA prior to the point at which
full monomer conversion was reached, to those mixed after

completion of the polymerization in order to confirm this
hypothesis.

Thus, two sets of ROMPISA reactions targeting P(NB-
MEG) DPs of 120 (below fusion threshold) and 240 (above
fusion threshold) were carried out using either P(NB-PEG), ;-
b-P(NB-ACM),, or P(NB-PEG),,-b-P(NB-RhB),,, diblock
copolymer macroinitiator under otherwise identical polymer-
ization conditions. Equal amounts of pure ACM- and RhB-
containing samples were then mixed after 1 min of polymer-
ization time (ca. ~ 50% NB-MEG conversion), at which point
initial particle nucleation had occurred but polymerization was
still incomplete. These samples, mixed during polymerization
(M), were compared against the corresponding ones in which
the ACM- and RhB-functionalized triblock copolymer nano-
objects were mixed after polymerization for either 2h (M, ;)
or 24h (M,,4). In the latter case, no fusion was expected to
occur for either sample due to the lack of a driving force.
Detailed characterization of resulting triblock copolymers and
nano-objects is provided in the Supporting Information
(Figures S46—S51 and Tables S14—S16).

In summary, successful attachment of the fluorophore
molecules on the formed polymers was confirmed by
performing SEC analysis of the diblock macroinitiators with
UV detection at Aycy = 360 nm or Appg = 545 nm where
complete overlap between the RI and UV traces was observed.
Importantly, DLS analysis and dry-state TEM imaging of the
pure ACM- and RhB-functionalized samples, as well as the
M,,4 and My mixed samples, showed that the triblock
copolymer architecture did not affect the self-assembly process
of the resulting nano-objects in all cases, with spherical
polymersomes of ~50 nm in diameter being observed for
targeted DPp(np-meg) = 120, and a mixture of spherical and
tubular polymersomes being formed for DPpp.meg) = 240.

A simple comparison of the relative FRET efficiency of the
various samples could be made using the ratio of the maximum
intensities of the donor (ACM) and acceptor (RhB) peaks in
the fluorescence spectra, with higher values representing a
greater FRET efficiency. The calculated ratios for the pure and
mixed nano-object samples when excited at 4., = 360 nm are
shown in Figure 4C. In general, the FRET ratio was higher for
the mixed samples than for the pure ACM-functionalized
nano-objects. A more evident increase in this ratio can be
noticed when comparing the M, ,, and My samples for the
polymerizations targeting DPpyp.mpg) = 240 than for those
targeting DPp(np.mrg) = 120. Since the molar concentration of
each fluorophore remained constant in both series, these
findings indicate a higher relative FRET efficiency for the
mixed samples with P(NB-MEG) DP of 240, implying closer
contact between the fluorophores in this case and as a
consequence a great extent of membrane blending.

To further evaluate differences in FRET behavior of triblock
copolymer nano-objects with DPpyp.mpg) = 120 and 240,
fluorescence lifetimes (FL) corresponding to the ACM
fluorophore for pure and mixed samples were measured.
Figure 4D-I,D-II show fluorescence lifetime decay curves for
the ACM-functionalized particles alone (ACM,) and mixed
with RhB-functionalized particles either during (ACM,+RhB,
M,) or after polymerization (ACM,+RhB, M_,,; n = 120 and
240, respectively). In particular, no change in FL could be
observed when comparing the decay curves for the
ACM,,,+RhB,; M,,, and ACM,,;+RhB,,, My mixed
samples, consistent with our observation that no fusion events
occur at this P(NB-MEG) DP. In contrast, a faster FL decay
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was observed for the samples that were mixed during
polymerization targeting DPpxp.meg) = 240, where extensive
membrane fusion was expected to occur. The observed FL
differences revealed a change in the surrounding microenviron-
ment of ACM molecules due to the close presence of RhB
moieties and subsequent occurrence of energy transfer
phenomena.”” To further emphasize this difference in FRET
behavior, the decay curves were fit using both 7,,; and 7,4
methods to determine intensity-average and amplitude-average
FL values, respectively, for each sample (Table S16). A
comparison of average fluorescence lifetimes for the
ACM,+RhB, M_,, and ACM_ +RhB, M, mixed samples
relative to that of the pure ACM, nano-objects, taken as a
percentage difference, is shown in Figure 4E. Here, a more
dramatic difference can be observed between the
ACM,,,+RhB,, and ACM,,,+RhB,,, samples that were
mixed during polymerization. Owing to the fact that FRET
efficiency depends on the distance separating the donor and
acceptor species, it can be concluded that a notably higher
proportion of these fluorophores are in close contact for nano-
objects with DPp(np.meg) = 240 compared to the ones with
DPpnp-meg) = 120, further supporting the concept of
polymerization-induced polymersome fusion.

Contrary to the above FRET findings, comparison of
average FL values for samples mixed after polymerization
either for 2h or 24h showed the opposite trend for
ACM,,)+RhB,; and ACM,,,+RhB,,, samples, with a decrease
in FL observed between the ACM,,,+RhB;; M,,, and
ACM,5+RhB 5y M, 4, samples but no noticeable difference
between FL decay profiles for the DPpxp-mEg) = 240 samples
(Figure SS51). This suggests a limited occurrence of unimer

exchange for the DPp(yp.meg) = 120 samples and essentially no
unimer exchange for the kinetically “frozen” ACM,,,+RhB,,,
nanostructures over prolonged periods of time.

In addition to the membrane fusion studies, it was of
paramount importance to investigate whether the interior
aqueous lumens of individual spherical polymersomes were
also able to mix to form a single aqueous compartment during
fusion processes. To this extent, two water-soluble fluorescent
dyes with distinctly different fluorescent profiles chosen to
avoid FRET (i.e, FAM-NHS (green-emitting dye), and CyS-
NHS (red-emitting dye)) were encapsulated within the lumens
of P(NB-PEG),;-b-P(NB-MEG),, diblock copolymer nano-
objects.”" Since fusion events were shown to be driven by
polymerization, it was projected that lumen and hence dye
mixing would only occur when samples were mixed in early
stages of ROMPISA prior to tubesome development, whereas
exchange of cargoes for samples mixed after completion of the
polymerization could only occur via diffusion of the dyes
between discrete nano-objects. Similar to the methodology
followed in FRET studies, the two dyes were directly
encapsulated into separate formulations via aqueous ROMPI-
SA targeting DP of P(NB-MEG) = 240 (above fusion
threshold), and FAM-NHS- and CyS-NHS-loaded samples
were mixed either after 1 min of polymerization time (ca. ~
50% monomer conversion) (FAM-NHS+CyS-NHS My) or
after polymerization for a period of 2h (FAM-NHS+CyS-NHS
M,,,) and 12h (FAM-NHS+CyS-NHS M, j,u). The devel-
oped pure and mixed FAM-NHS- and Cy5-NHS-loaded
samples were purified by dialysis against DI water (pH 7.0)
for removal of unencapsulated dye and were subsequently
imaged using TEM and confocal microscopy.
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In all cases, the morphologies formed from this series of dye-
loaded nano-objects agreed well with previously described di-
or triblock copolymer systems targeting the same core-block
DP with a mixture of long tubesomes and a small population of
spherical non-fused polymersomes being observed by dry-state
TEM imaging (Figure S43). Moreover, confocal microscopy
imaging of the purified FAM-NHS- and CyS-NHS-loaded
P(NB-PEG),,-b-P(NB-MEG),,, nano-objects confirmed the
successful encapsulation of either dye within discrete
compartmentalized nanostructures, detected using either a
green or a red channel, respectively (Figures SA,B).
Importantly, comparison of the green and red channel overlay
for acquired images of FAM-NHS+CyS-NHS M, /15, and
FAM-NHS+Cy5-NHS M, samples revealed that extensive
fusion between polymersome lumens was achieved in the latter
case, where near complete color overlap was clearly observed
in the merged image, suggesting the co-localization of the two
fluorescent dyes in the same aqueous microenvironment
(Figure SE). In contrast, merged confocal microscopy images
for dye-loaded samples mixed after polymerization showed no
observable color overlap after 2h and 12h of mixing, implying
that no fusion had occurred nor had the two dyes become co-
localized via diffusion processes. These experiments serve as
further validation of our original hypothesis of polymerization-
promoted fusion (Figure SC,D).

B DISCUSSION

On the basis of our original experimental design, it was
possible to promote fusion of spherical polymersomes
prepared via aqueous ROMPISA and induce morphological
transitions toward the formation of higher-order tubular
polymersomes by altering the chemistry of the corona-forming
stabilizer block. In particular, it was observed that inelastic
collisions and fusion phenomena between cationic P(NB-
amine),,-b-P(NB-MEG),, diblock copolymer polymersomes
were effectively prohibited for a wide range of targeted core
block DPs, preventing the morphological evolution of the
prepared vesicular nanostructures. On the contrary, the
energetic barrier that needed to be surpassed to allow for
one-dimensional collisions between individual polymersomes
was readily reduced when a non-ionic P(NB-PEG)-based
macroinitiator was utilized for preparation of nano-objects with
minimal surface charge, driving the occurrence of extensive
fusion events during polymerization and in situ development of
cylindrical tubesomes (Figures 1 and 2). The preparation of
tubular polymersomes has been previously reported via
manipulation of spherical precursors by changes in osmotic
pressure, pH, or supramolecular complexation,”**”*” by
purification of mixed morphologies containing tubesomes and
other nanostructures,”* through assembly of liquid-crystalline
block copolymers,”’® or through self-assembly in solvent
mixtures containing high concentrations of PEG.”””® In these
examples, no control over the length or sample composition
was demonstrated. In contrast, tubesomes of controllable
length were reproducibly achieved in our system under
standard aqueous ROMPISA conditions in the absence of
external manipulation, originating instead from polymer-
ization-induced polymersome fusion.

Comparison of the TEM image analysis data for the various
samples shown above revealed that the average maximum
dimension (S,,.) values of P(NB-amine)-based formulations
remained nearly constant with increasing DP of core-forming
P(NB-MEG) block, suggesting limited fusion in this case. In

stark contrast, the calculated S,,, values and the corresponding
non-spherical fraction for diblock copolymer nano-objects
bearing P(NB-PEG);; and P(NB-amine);;+NaCl coronae
were found to gradually increase with increasing targeted core
block DP, whereas C,, values followed the opposite trend,
providing initial evidence for our hypothesis of polymersome
fusion. Importantly, in the case of the P(NB-PEG),,-b-P(NB-
MEG),¢, nano-objects, an S, of approximately 450 nm and a
non-spherical fraction close to 1.0 evidently showed the
development of a near uniform population of long tubular
polymersomes with unique physicochemical characteristics
owing to their shape anisotropy.” >’ Determination of the
fraction of non-spherical nano-objects from TEM image
analysis for each series also indicated that the onset of
polymersome fusion in the case of P(NB-amine)-based nano-
objects prepared in the presence of NaCl occurred at a higher
core-block DP compared to the P(NB-PEG)-based series
(Figures 6A,B, S15—S16, $23—S24, and $36—S37).
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Figure 6. Summary of image analysis data as calculated from acquired
dry-state TEM images. (A) Evolution of S,,. values with increasing
targeted DPp(yp.meg) for P(NB-PEG),;-b-P(NB-MEG), (blue
circles) and P(NB-amine),,-b-P(NB-MEG), diblock copolymer
nano-objects developed via aqueous ROMPISA in the absence
(purple circles) or presence (green circles) of NaCl (B) Sample
composition, expressed as the fraction of non-spherical nano-objects,
as a function of targeted DPpp.meg) for the same samples. For
P(NB-PEG),,-b-P(NB-MEG), diblock copolymer nano-objects: C)
Evolution of N (= L,./D.y.) values, the average number of fused
particles per tubesome, as a function of the fraction of cylindrical
tubesomes in the sample. The black line represents a “step-growth-
like” fit of the data using a modified version of Carothers equation (R?
=0.997). (D) Evolution of tubesome length dispersity, Py, (= L,,/L,)
values with increasing cylindrical tubesome fraction. The black line
represents theoretically expected Dy values calculated from a “step-
growth-like” fit of the data using a modified version of Carothers
equation (R* = 0.981).

In order to gain further insight into the fusion process of
P(NB-PEG),,-b-P(NB-MEG), diblock copolymer nano-ob-
jects, a data fitting process was developed based on the dry-
state. TEM image analysis data relating the particle shape
distribution to the average tubesome length. First, the average
number of spherical polymersomes that had fused per
tubesome (Np) was calculated for each diblock copolymer
composition by dividing the average particle length (L,,.) (or
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D,,. for samples where only spherical polymersomes were
observed) by a fixed particle diameter value. This diameter
value was chosen to be the calculated D, of the P(NB-
PEG),,-b-P(NB-MEG),,, sample at the onset of polymer-
some fusion (i.e., D,, &~ 39 nm) with the assumption that the
average width of fused tubesomes remained relatively constant
once fusion had begun. This was further validated by
performing manual particle counting measurements for
determination of average tubesome width values for each
sample, which did not notably vary across the series. The
determined Ny values were then correlated to the fraction of
cylindrical tubesomes over spherical particles (Fc = Np/Ng,
where Ny and Ny represent the number of tubular and
spherical polymersomes, respectively; Figure 6C).

Interestingly, it was found that the most accurate fit of the
obtained image analysis data resulted from a modified version
of Carothers equations for step-growth polymerization that
correlate the average degree of polymerization (X,) and
polymer dispersity (D)) with monomer conversion (p) (i.e.,
X, =1/(1 — p) and Py = 1 + p, respectively).”” In complete
analogy to step-growth polymerization, single spherical
polymersomes were considered to be “monomeric building
blocks” for the fusion-driven synthesis of tubesome “macro-
molecules”, composed of two or more fused particles. In
addition, N was considered as the “degree of polymersome
fusion” and the ratio N/Ng was considered as the “monomer
conversion”. Finally, the tubesome length dispersity values (D
=1 + F) were calculated by dividing the measured weight-
average length values (L,) by the corresponding number-
average length values (L) for every P(NB-PEG),,-b-P(NB-
MEG), nano-object composition and were found to agree well
with theoretically expected values obtained from a modified
Carothers e%uation for polymer dispersity determination
(Figure 6D).”” On the basis of these findings, it is evident
that polymersome fusion mirrors a step-growth-like motif.
Thus, the proposed polymersome fusion methodology can be
utilized as a straightforward guide for targeting a specific nano-
object composition (i.e., ratio between tubular and spherical
polymersomes) in this system via tuning of the targeted core
block DP of the nanoassemblies.

Apart from investigation of polymersome fusion via TEM
imaging of end-point ROMPISA reactions targeting a certain
DP of P(NB-MEG), alternative characterization techniques
were also utilized to in situ monitor and definitively confirm
the occurrence of polymerization-induced fusion events. First,
ROMPISA kinetic monitoring via "H-NMR spectroscopy was
performed for synthesis of P(NB-amine),;-b-P(NB-MEG)3,
and P(NB-PEG),;-b-P(NB-MEG),, diblock copolymers with
effectively the same molecular weight and dispersity values,
eliminating the speculation that observed differences in the
fusion behavior could potentially arise from discrepancies in
polymerization kinetics. In both cases, aqueous ROMPISA
processes followed pseudo-first-order kinetics with similar
polymerization rate constants and quantitative monomer
conversions achieved after 30 min of polymerization. Addi-
tionally, monitoring of changes in average nano-object
diameter and % transmittance values upon polymerization
progression by DLS and in situ turbidimetric analysis,
respectively, allowed for direct evaluation of fusion behavior
and tubesome formation in the P(NB-PEG);,-based system
(Figure 3).

Following detailed assessment of the polymersome fusion
procedure, the polymerization time (tf = 2.55 min) and as a

consequence the critical DP of P(NB-MEG) (DP = 185) at
which the onset of fusion occurred were able to be accurately
determined. These values were subsequently correlated to
intensity-average Dj values measured from DLS kinetic
analysis, revealing that nano-objects of approximately 68 nm
in size were present in solution at the onset of polymersome
fusion prior to evolution of tubesomes. Similar to the
methodology followed for analysis of dry-state TEM images
for P(NB-PEG),;-b-P(NB-MEG), diblock copolymer nano-
objects, all intensity-average D values measured for
intermediate time points and core-forming block DPs during
kinetic monitoring were divided by this fixed D;, value in order
to determine the extent of fusion and conversion of spherical
polymersomes by DLS analysis. Finally, DLS conversion values
were appropriately normalized so that the fraction of
cylindrical tubesomes (F() (i.e., conversion) at the final time
point was equal to the one calculated for the same end-point
P(NB-PEG),,-b-P(NB-MEG),, formulation from TEM
image analysis, since DLS operates under the assumption
that incident light is scattered by hard spheres, often
underestimating the actual average dimension values for
nanoparticles of cylindrical shape (Figure 7A).

To further investigate differences between polymerization
and fusion kinetics, the rates corresponding to each process
were initially plotted as semilogarithmic relationships assuming
pseudo-first-order kinetics. Interestingly, it was found that this
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Figure 7. Comparison between polymerization and fusion kinetics for
synthesis of P(NB-PEG);-b-P(NB-MEG),¢, tubesomes. (A) Mono-
mer conversion after particle nucleation (dark blue circles) and
spherical polymersome conversion (light blue circles) vs polymer-
ization time kinetic plots for synthesis of P(NB-PEG),,-b-P(NB-
MEG),¢, diblock copolymer tubesomes via aqueous ROMPISA, as
determined by 'H-NMR spectroscopy and DLS analysis, respectively.
(B) Ln([M]y/[M]) vs polymerization time kinetic plot, as determined
by '"H-NMR spectroscopy, showing that the ROMPISA polymer-
ization followed pseudo-first-order kinetics (R* = 0.999). (C) [M]y/
[M] vs polymerization time kinetic plot, as determined by DLS
analysis, showing that the polymersome fusion process followed
second-order kinetics with the onset of fusion observed at ca. 2.55
min (R* = 0.999).
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first-order fitting was only precisely applicable in the case of
ROMPISA kinetics, whereas a poor data fit was obtained in the
case of polymersome fusion kinetics (Figure 7B). Indeed, the
rate of polymerization-induced polymersome fusion was best
fit using a second-order kinetic equation (Figure 7C). As
shown in Figure 7C, the kinetic plot of [M],/[M] vs
polymerization time using size values obtained from DLS
analysis was separated into two regimes. For the first regime
from 0 to 2.55 min, spherical polymersomes of growing size
were developed with no evident fusion events occurring,
whereas for the second regime, a dramatic acceleration in rate
was observed after 2.55 min that was attributed to the onset of
polymerization-induced polymersome fusion resulting in a
progressively larger population of tubular vesicles with
increasing conversion.

We believe that the evidently faster polymerization kinetics
as compared to fusion kinetics is of paramount importance for
the development of kinetically trapped morphologies with slow
chain mobility during aqueous ROMPISA in the case of P(NB-
PEG),,-based formulations. In particular, out-of-equilibrium
evolution of tubular polymersomes as the kinetically favorable
product driven by 1D inelastic collisions between spherical
polymersome building blocks with high membrane tension was
solely observed during ROMPISA, whereas other self-assembly
methodologies (e.g., solvent-switch or plasticization by EVE
molecules) that allow for slow rearrangement and equilibration
of polymer chains resulted in the formation of different
thermodynamically favorable morphologies, such as large
spherical polymersomes or donut-shaped particles (Figure
S41).

Confirmation of our originally proposed rationale that fusion
events were only promoted during ROMPISA and were more
pronounced at higher core-block DPs was achieved by a series

20245

of experiments involving either the direct attachment or
encapsulation of fluorescent molecules within the membrane
or inner aqueous lumen domains of polymersomes, respec-
tively, that were used as markers for fusion monitoring. In the
first case, ACM- and RhB-functionalized triblock copolymer
nano-objects were prepared containing either fluorophore
between the corona- and core-forming blocks with targeted
DPp(np-meg) below or above the fusion threshold. This
approach allowed for monitoring of fusion events of polymer-
some membranes occurring during ROMPISA process. For
samples mixed during ROMPISA, a distinctly faster FL decay
was observed for ACM-containing nano-objects when targeting
core block DP = 240 as compared to the samples with
DPp(np-mrg) = 120 owing to occurrence of extensive fusion
events and hence presence of the two fluorophores in close
proximity in the former case. FL decay profiles for samples
mixed after polymerization for 2h revealed no significant
energy transfer and fusion phenomena in either case, whereas
measurements after mixing for an extended period of time
(24h) showed that minimum unimer exchange took place for
the DPp(np.mec) = 240 sample (Figures 4 and S51).
Moreover, following the previously described concept of
sample mixing during polymerization prior to the onset of
fusion or after completion of polymerization and fusion
procedures, the polymerization-induced mixing of polymer-
some inner lumens was also verified by confocal microscopy
imaging via the observed co-localization of the utilized water-
soluble FAM-NHS and Cy5-NHS fluorescent dyes within the
same aqueous microenvironment for the P(NB-PEG);;-b-
P(NB-MEG),,, diblock copolymer nano-object samples mixed
during polymerization. On the contrary, limited cargo
exchange and hence minimum lumen fusion and membrane
permeability was observed for samples mixed after ROMPISA,
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as FAM-NHS and CyS-NHS dyes were found to be located in
distinctly disparate domains (Figure S). In addition, the
evidently rapid monomer consumption is supposed to also
limit plasticization of the nano-object hydrophobic domains by
the core-forming monomer in the early ROMPISA stages,
minimizing unimer and cargo exchange between particles.

Finally, dry-state TEM imaging and analysis of the acquired
images for both P(NB-amine)- and P(NB-PEG)-based
samples of different compositions aged for a period of 4
weeks were carried out for determination of S,,, values and
non-spherical nano-object fractions (Figures S19 and $42). In
both cases, average particle dimensions and non-spherical
fractions of the aged samples were found not to vary
significantly compared to the originally developed samples,
clearly showing their high stability under storage conditions in
aqueous media as well as the prevention of equilibration
phenomena or additional fusion events after polymerization
over prolonged periods of time due to the lack of a driving
force.

Based on these observations, our proposed assembly
pathway for polymerization-induced polymersome fusion and
in situ step-growth-like formation of tubesomes in the case of
P(NB-PEG),;-b-P(NB-MEG),, diblock copolymer nano-ob-
jects is schematically illustrated in Figure 8. We rationalize the
fusion phenomenon in terms of polymersome membrane
energy. Small spherical polymersomes of low ¢ arise in early
stages of polymerization. The rapid increase of block
copolymer chain length and concurrent increase in copolymer
hydrophobicity as ROMPISA progresses leads to a buildup of
polymersome membrane tension (AAG,, high ¢ polymer-
somes). This tension cannot be alleviated by unimer exchange
or other dissipative pathways, evidenced by the long-term
stability of the tubular nanostructures, likely due to the glassy
nature of the membranes (T, of P(NB-MEG),5 homopol-
ymer = 118.2 °C, Figure S6) and the poor water solubility of
the constituent polymer chains. Such a pathway would allow
access to the equilibrium morphology, which was shown to
consist of large spherical polymersomes prepared via a solvent-
switch methodology. Instead, membrane tension is alleviated
by fusion between two (or more) polymersomes. Upon
continued polymerization and fusion events, tubesomes form
preferentially to reduce the overall surface area of the system.
Ideally, an energetic minimum would be reached for spherical
polymersomes with membranes under no tension. However,
the bending rigidity of the constituent polymer chains reduces
the amount of membrane curvature that is allowed, and a fine
balance is struck between membrane tension and bending
rigidity to generate highly anisotropic, low ¢ tubesomes as
kinetic products that persist beyond the completion of the
polymerization.

B CONCLUSIONS

In summary, we present a novel two-step strategy to induce
spontaneous fusion of small spherical polymersomes and
concurrent morphological evolution toward tubular block
copolymer nanostructures via aqueous ROMP-mediated
PISA without the requirement of further external processing.
Variations in corona chemistry (i.e., ionic vs non-ionic
coronae) and core-forming block length/hydrophobicity in
combination with the unique characteristics of ROMPISA,
such as the exceedingly fast polymerization kinetics and the
synthesis of rod-like poly(norbornene)-based block copoly-
mers with rigid backbone and high T, values, were found to be

the main factors in dictating the occurrence of “controlled”
fusion phenomena and the development of kinetically trapped
tubesomes. Such features are typically absent in the vast
majority of cases for extensively studied RAFT-mediated PISA
processes, explaining why such an intriguing assembly behavior
has not been observed thus far. Importantly, preparation of a
progressively larger population of anisotropic tubesomes was
supposed to occur through internal buildup of polymersome
membrane tension with continued polymerization and was
observed to accurately follow a step-growth-like polymersome
fusion model. Overall, we expect that our unprecedented
polymerization-induced polymersome fusion methodology will
lead the way toward exploring a wide range of nature-
mimicking processes via the application of block copolymer
nano-objects of distinct characteristics in on-demand catalysis,
artificial organelle development, and drug/protein delivery
among others.
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Experimental Section

Materials and Methods

Materials

Grubbs Catalyst™ 2" Generation (G2) ((Hz1Mes)(PCys)(Cl)2Ru=CHPh), ethyl vinyl ether (EVE) (99%),
N-Boc-ethylenediamine (>98.0%), rhodamine B (RhB) (>95%), 4-(dimethylamino)pyridine (DMAP)
(>99%), N,N'-dicyclohexylcarbodiimide (DCC) (99%), sodium phosphate monobasic (>99.0%) and 1,3,5-
trioxane (>99%) were purchased from Sigma-Aldrich and were used without further purification. cis-5-
Norbornene-exo-2,3-dicarboxylic anhydride (97%) and trifluoroacetic acid (TFA) (99%) were purchased
from Alfa Aesar. Cyanine5 NHS ester (Cy5-NHS) was purchased from Lumiprobe. Sodium chloride
(99%), 5/6-carboxyfluorescein succinimidyl ester (FAM-NHS) and dichloromethane (DCM) were
purchased from Fisher Scientific. DCM was dried over calcium hydride overnight and then distilled before
use. SnakeSkin™ dialysis tubing (MWCO = 3.5 kDa) was also purchased from Fisher Scientific.
Tetrahydrofuran (THF) (HPLC grade) was purchased from VWR Chemicals and was purified via passage
through a column of basic alumina prior to use. Grubbs Catalyst™ 3™ Generation (G3)
((Hz21Mes)(pyr)2(Cl)2Ru=CHPh) was prepared from G2 according to a previously described procedure and
was used within 2-3 days.> The synthesis of exo-norbornene imide tertiary amine (NB-amine), exo-
norbornene imide alcohol (NB-alcohol), exo-norbornene imide poly(ethylene glycol) methyl ether (M ~
350 g mol™) (NB-PEG) and exo-norbornene imide ethylene glycol monomethyl ether (NB-MEG) was
carried out according to previously described processes from our group.? ® Formvar-carbon coated (300
mesh) and lacey-carbon coated (400 mesh) copper grids were purchased from EM Resolutions.

Characterization Techniques

NMR Spectroscopy. *H-NMR and *3C-NMR spectra were recorded at 300 MHz or 400 MHz on a Bruker
DPX-300 or a Bruker DPX-400 spectrometer, using chloroform-d (CDCl3z), DMSO-de or methanol-d4
(CD30D) as the solvent. Chemical shifts of protons are reported as ¢ in parts per million (ppm) and are
relative to tetramethylsilane (TMS) at 6 = 0 ppm when using CDClIs or solvent residual peaks when using
DMSO-ds (DMSO, ¢ = 2.50 ppm) or methanol-d4 (CH3OH, 6 = 3.31 ppm). For polymerization kinetics
determination, *H-NMR spectra were recorded using CDClz or DMSO-ds containing a known

concentration of 1,3,5-trioxane (6 = 5.1 ppm) as an external standard.
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High-Resolution Mass Spectrometry. HRMS spectra were recorded by the MS Analytical Facility Service
at the University of Birmingham on a Waters Xevo G2-XS QTof Quadrupole Time-of-Flight mass

spectrometer.

Size Exclusion Chromatography. Size exclusion chromatography (SEC) analysis was performed on a
system composed of an Agilent 1260 Infinity 11 LC system equipped with an Agilent guard column (PLGel
5 uM, 50 x 7.5 mm) and two Agilent Mixed-C columns (PLGel 5 uM, 300 % 7.5 mm). The mobile phase
used was THF (HPLC grade) containing 2% v/v NEts at 40 °C at flow rate of 1.0 mL min (polystyrene
(PS) standards were used for calibration). Detection was conducted using a differential refractive index
(R1) detector, whereas for P(NB-PEG)11-b-P(NB-ACM)m-b-P(NB-MEG)n and P(NB-PEG)11-b-P(NB-
RhB)m2-b-P(NB-MEG)n triblock copolymers an ultraviolet (UV) detector set to either Aacm =360 nm or
Arne = 545 nm, respectively, was also used. Number-average molecular weights (M), weight-average
molecular weights (Mw) and dispersities (Pm = Mw/Mn) were determined using the Agilent GPC/SEC

software.

Differential Scanning Calorimetry. Determination of the glass transition temperature (Tq) for P(NB-
MEG)1s0 homopolymer was performed using a Mettler Toledo DSC 3 differential scanning calorimeter
by heating the sample from 25 °C to 190 °C at a rate of 10 °C/min for two heating/cooling cycles. The Ty
was determined from the inflection point in the second heating cycle of DSC. Collected data were

processed using STARe software.

Turbidimetry. Turbidimetric analysis was performed on a Thermo Scientific Evolution™ 350 UV-Vis
spectrophotometer equipped with a Peltier heating and cooling system. In situ ROMPISA kinetic analysis
was performed by monitoring changes in transmittance of each polymerization solution at 2 = 550 nm
every 6 s over a period of 20 min at 25 °C. A solution of appropriately diluted P(NB-amine)11 or P(NB-

PEG)11 macroinitiator in phosphate buffer at pH = 2.0 (PB 2) was used as a reference sample.

Dynamic Light Scattering. Hydrodynamic diameters (Dn) and size distributions (PD) of nano-objects were
determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS with a 4 mW He-Ne
633 nm laser module operating at 25 °C. Measurements were carried out at an angle of 173° (back
scattering), and results were analyzed using Malvern DTS v7.03 software. All determinations were
repeated 4 times with at least 10 measurements recorded for each run. Dy values were calculated using the
Stokes-Einstein equation where particles are assumed to be spherical, while for cylindrical particles DLS

was used to detect multiple populations and obtain dispersity information.
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Zeta Potential Analysis. Zeta potential was measured by the technique of microelectrophoresis, using a
Malvern Zetasizer Nano ZS instrument, at room temperature at 633 nm. Owing to the high conductivity
(>5 mS/cm) of the analysis media (phosphate buffer at pH = 2.0 with or without 100 mM NacCl),
monomodal mode was selected for measurements using an applied voltage of 10 V. All reported zeta
potential values were the average of at least three runs with at least 40 measurements recorded for each
run. Zeta potential was calculated from the corresponding electrophoretic mobilities (ue) by using the

Henry’s correction of the Smoluchowski equation (ue = 47 €o & C (1+xr)/67 ).

Static Light Scattering. Static light scattering (SLS) analysis was performed using an ALV/CGS-3
compact goniometer system. 0.1 mg mL™ solutions were filtered through 0.45 pum nylon filters prior to
light scattering analysis at multiple angles ranging from 35° to 150° against a toluene standard. The
wavelength of the incident beam was A = 633 nm and for each angle, runs of at least 60 s were carried out
at 20 °C. dn/dc values were determined using a DnDc1260 differential refractometer supplied by PSS
GmbH (laser 2 = 620 nm, T = 20 °C) at concentrations in the range 0.1 mg mlt <¢ < 0.5 mg ml™.
For each sample, the resulting g2(q, t) autocorrelation functions from DLS analysis for each angle were
analyzed by the REPES algorithm to determine a relaxation time, z. The determined z values at each angle
were plotted against the square of the scattering wave vector, ¢, to determine the apparent diffusion
coefficient, D, according to the following equation:*

1 =¢%D
Apparent hydrodynamic radii (Rn) were then calculated using the Stokes-Einstein equation:

kgT

Ry = 6:? )
where 7 is the solvent viscosity, kg is the Boltzmann constant and T is the absolute temperature.
Using SLS analysis at the same angles, partial Zimm plots were obtained and the radius of gyration (Rg)
and the apparent aggregation number, Nagg, for each sample were calculated using the following
equations:*

Ke  q°Ry’ 1

-~ +
RG 3Mw,particle Mw,particle

_ Mw,particle

Nagg - M

w,polymer
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For SLS analysis, the intensity of the scattered light (lsampie) Was used to calculate Kc/Ry for each angle,

where c is the polymer concentration and the Rayleigh ratio, Re, and K are defined by the following

equations:
_ Isample — Isolvent
RB - i RH,standard
standard
dn\?
2 2
4 Nstandard (%)

K =

NyA* ’
where 1 is the wavelength of the laser, nstandara IS the refractive index of the standard, dn/dc is the refractive

index increment of the sample and Na is Avogadro’s number.

Small-Angle X-Ray Scattering. Small-angle X-ray scattering (SAXS) measurements were performed using
a Xenocs Xeuss 2.0 equipped with a micro-focus Cu K, source collimated with Scatterless slits. The
scattering was measured using a Pilatus 300k detector with a pixel size of 0.172 mm x 0.172 mm. The
distance between the detector and the sample was calibrated using silver behenate (AgC22H4303), giving
a value of 2.481(5) m. P(NB-PEG)11-b-P(NB-MEG)eo sample at 10 mg mL* was mounted in a 1 mm
borosilicate glass capillary prior to analysis. A Guinier plot of the acquired SAXS data for the range qRg

< 1.3 was linear, giving Rg = 130 A.

Transmission Electron Microscopy. Dry-state stained transmission electron microscopy (TEM) imaging
was performed on a JEOL JEM-1400 microscope operating at an acceleration voltage of 80 kV. All dry-
state samples were diluted with deionized water to appropriate analysis concentration (0.01% w/w solids
content) and then deposited onto formvar-coated copper grids. After roughly 1 min, excess sample was
blotted from the grid and the grid was stained with an aqueous 1 wt% uranyl acetate (UA) solution for 1

min prior to blotting, drying and microscopic analysis.

Cryogenic transmission electron microscopy (cryo-TEM) imaging was performed on a JEOL JEM-
2100PIus microscope operating at an acceleration voltage of 200 kV. Samples for cryo-TEM analysis
were prepared, after 200-fold dilution with deionized water, by depositing 8 uL. of sample onto a lacey-
carbon grid followed by blotting for approximately 5 s and plunging into a pool of liquid ethane, cooled
using liquid nitrogen, to vitrify the samples. Transfer into a pre-cooled cryo-TEM holder was performed

under liquid nitrogen temperatures prior to microscopic analysis.
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Transmission Electron Microscopy Image Analysis. Dry-state TEM images were processed using ImageJ
image analysis software to determine the population distribution of spherical and tubular polymersomes,
the average maximum dimension (Save) (diameter for spherical polymersomes or length for tubesomes) of
each sample, and the average tubesome length (Lave). Using ImageJ, the image threshold was first adjusted
such that individual particles could be clearly resolved as dark shapes against a white background. The
area (a) and perimeter (p) of each particle were then determined using the Analyze Particles feature,
adjusting the area (a) and circularity (C) parameters such that a representative sample of particles was

selected from each image. Image masks generated via this process are shown herein.

Next, circularity (C) values were calculated from the generated nano-object areas and perimeters using
the equation shown in Figure S1. The circularity of each particle was exploited to differentiate its
morphology — in general, particles with 1 > C > 0.7 were assumed to be spherical polymersomes, whilst
those with C < 0.7 were assigned as cylindrical tubesomes. Based on this initial calculation, the fraction
of cylindrical particles over spherical particles (Fc) was determined, which was then benchmarked against
the original dry-state TEM images by manually counting the number of spherical polymersomes (Ns) and
cylindrical tubesomes (Nt) in a given area over multiple images. In some cases, the threshold value of C
= 0.7 was adjusted such that the calculated cylindrical particle fraction matched the value obtained from

manual counting.

The radius (r) for spherical polymersomes or length (1) for cylindrical tubesomes was then calculated from
their areas using the corresponding equations shown in Figure S1 and averaged across the entire
population to determine Dave and Lave, respectively. In all cases, a population of at least 300 particles were
analyzed. For the P(NB-PEG)i1-b-P(NB-MEG)260 sample, the tubesome fraction and Lawe were
determined by manually measuring the length of each particle over several images, as individual particles

could not be isolated using the Analyze Particles feature of ImageJ software.

S6



Acquired TEM Image ImageJ Mask Generation Polymersome radius (r)

.;‘,o ) l'.'. Particle circularity (C) calculated:

B : ..:: ;.‘ <, 5 calculated: 7l
or o.‘".",{ a=mnr? :>r=\/:
(a4 of Yoo ¢ 4ma n

L ]
'.\- ':,. s o IOl p Tubesome length (I)
RO =22 -'Q ¢ calculated:
PR S
b "‘0 %% a =2rh + nr?
a=2r(l—2r) +ur?
Output of area () and
perimeter (p) in nm a — nr?
l= +2r
2r
Spherical polymersome: 0.7 < C <1 @
Shape determination
<>
=) r

Tubesome vs. polymersome
decided using particle circularity Cylindrical tubesome: C < 0.7 m)

I
Figure S1. Description of dry-state TEM image analysis procedure and equations utilized for calculation

of nano-object circularity (C), radius (r) (for spherical polymersomes) and length (I) (for cylindrical

tubesomes) values, using ImageJ image processing software.

Step-Growth Fitting of Image Analysis Data. For P(NB-PEG)11-b-P(NB-MEG)n diblock copolymer
nano-objects, a process to generate step-growth fits relating the particle shape distribution to the average
tubesome length was developed. For samples in which fusion was observed, the average number of
spherical polymersomes that had fused per tubesome (Nr) was calculated by dividing Lave by a fixed
diameter, Dc. This diameter was taken as the Dave Of the sample prior to the onset of fusion, with the
assumption that the width of the tubesomes remained constant across the series of targeted DPs once
fusion began to occur. This assumption was supported by manual tubesome width measurements, which
were found not to vary significantly over a large number of analyzed images. Carothers equations provide
a relationship between monomer conversion, the degree of polymerization and the polymer dispersity for
step-growth polymerizations. In our system, we treated the average number of polymersomes that had
fused to make each tubesome (Nr = Lave/Dave) and the fraction of cylindrical particles over spherical
particles (Fc) as analogies for the degree of polymerization and conversion, respectively. In this way, non-
fused spherical polymersomes were considered to be “monomers”, and tubesomes, comprised of two or
more fused polymersomes, represented “polymers”. Thus, a plot of Lave/Dave as a function of cylindrical

tubesome fraction (Fc) was fit using the following equation derived from original Carothers equation:
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To further the analogy, the tubesome length dispersity, P, was calculated from the image analysis data
using the following expressions:

L;

L, =L
xn;

14

Ly, =Z—;
XL

Ly,

P ==

where L corresponds to the length of each individual tubesome. D was then plotted against the cylindrical
tubesome fraction (Fc), which was fit with the following linear relationship, also derived from Carothers

equations:

D=1+F =1+ Xy

Ng
Confocal Laser Scanning Microscopy. Freshly prepared and purified solutions of FAM-NHS-loaded
(green-emitting dye), Cy5-NHS-loaded (red-emitting dye) and mixed P(NB-PEG)11-b-P(NB-MEG)240
diblock copolymer nano-objects at 100-fold dilution were deposited on a glass slide and imaged by
confocal laser scanning microscopy (CLSM) after evaporation of the solvent. Images were acquired using
an Olympus FV3000 confocal laser Scanning Microscope. Samples were imaged at 60x magnification
upon excitation using a 488 nm laser (green channel) and a 640 nm laser (red channel). Images were

processed using cellSens (Olympus) and ImageJ image processing software.

Steady-State Fluorescence Spectroscopy. Steady-state fluorescence excitation and emission spectra were
recorded on an Edinburgh Instruments FS5 spectrofluorometer using 10 mm path length quartz cuvettes
with four transparent polished faces (Starna Cells, type: 3-Q-10), and were analyzed using Fluoracle
software (Edinburgh Instruments). For P(NB-PEG)1i-b-P(NB-ACM)m-b-P(NB-MEG)n triblock
copolymer nano-objects Aex. = 360 nm and Aem. = 485 nm were selected, whereas for P(NB-PEG)11-b-
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P(NB-RhB)m2-b-P(NB-MEG)n triblock copolymer nano-objects Aex. = 360 nm and Aem. = 590 nm were

selected (slit width ex. = 2.5 nm, slit width em. = 2.5 nm).

Fluorescence Lifetime Spectroscopy. Time-correlated single photon counting (TCSPC) was employed to
obtain all fluorescence lifetime (FL) spectra. FL spectra of P(NB-PEG)11-b-P(NB-ACM)m-b-P(NB-
MEG)n triblock copolymer nano-objects at 10-fold dilution and mixed samples at 5-fold dilution (NB-
ACM/NB-RhB molar ratio 2:1) were recorded on an Edinburgh Instruments FS5 spectrofluorometer
equipped with 375 £ 10 nm ps pulsed diode laser source (PicoQuant) using 10 mm path length quartz
cuvettes with four transparent polished faces (Starna Cells, type: 3-Q-10). In all cases, fluorescence
emission was monitored at Aem, = 485 nm. Instrument response functions (IRF) were determined from
scattering signal of a Ludox HS-40 colloidal silica solution (10% w/w particles in water). Pulse frequency
was 2.5 MHz, and maximum power was 5 mW (attenuated by variable neutral density filters to prevent
count pile up and maintain counting rates below 25 kcps). Analysis was performed on Fluoracle software
(Edinburgh Instruments). All IRF deconvolved exponential fits were performed with the 3 or 4 exponents
selected for completeness of fit as determined by bootstrap Chi-square analysis in Fluoracle using the

following equations:

Exponential model function:
t

S(t) = fE(t')R(t —t"dt'
0

S(t): Measured fluorescence decay;
E(t’): Measured instrumental response function;

R(t - ¢’): Theoretical sample decay model function;

t t t
R(t) = Ajexp {— T_1} + Ajexp {— z} + Azexp {— g}

Reduced Chi-square:

Sk)z
)( = Z Wk

Wk: Weighting factors for the individual data points;
Sk: Measurement data points;

F«: Data points of the fitted curve;
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N: The number of the free parameters which is approximately the number of fitted data points subtracted
by the number of lifetime parameters used in the fit.

Intensity-average fluorescence lifetime (tav,) and amplitude-average fluorescence lifetime (tav,a) values
were determined from the fitting parameters according to the following equations:

N Y Atf
ALY AT
AT
Tava = YA,
l
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Synthetic Methods

Synthesis of exo-Norbornene imide aminochloromaleimide (NB-ACM)

o) HZN\/\ .Boc
/4 /4 /4
o Toluene reflux \/\N Boc DCM r.t. \/\NHZ

The synthesis of the amino-functionalized norbornene imide precursor 2 was carried out according to a
previously described process.® First, to a solution of cis-5-norbornene-exo-2,3-dicarboxylic anhydride (1.0
g, 6.08 mmol, 1 eq) in 40 mL of dry toluene was added N-Boc-ethylenediamine (1.17 g, 7.30 mmol, 1.2
eq) in 5 mL of dry toluene. The flask was fitted with a Dean-Stark trap and the reaction mixture was heated
at reflux for 18 h. Upon cooling to room temperature, the reaction mixture was washed with 1 M HCI (x3)
followed by sat. NaHCO3 (x1). The organic layer was dried over Na SO, filtered and concentrated to
dryness under reduced pressure to afford a light brown solid as the pure product 1 (1.33 g, 72%). *H-NMR
(400 MHz, CDCls): & (ppm) 6.29 (t, 2H), 3.69 — 3.56 (m, 2H), 3.35 (q, 2H), 3.28 (p, 2H), 2.70 (d, 2H),
1.53-1.51 (d, 1H), 1.42 (s, 9H), 1.27 — 1.25 (d, 1H). 3 C-NMR (400 MHz, CDCls): 6 (ppm) 178.2, 155.9,

137.8,79.5, 47.9, 45.2, 42.9, 39.1, 38.5, 28.3. MS: m/z [M+Na]" calc. 329.14 g mol~, exp. 329.16 g mol
1

Next, the N-Boc protected amino exo-norbornene imide 1 (1.0 g, 3.2 mmol) was dissolved in a 1:1
TFA:CH2CI solution (50 mL) and stirred at room temperature for 4 h. The reaction mixture was
concentrated to dryness under reduced pressure to afford a brown residue that was precipitated by the
addition of diethyl ether. Removal of the solvent resulted to isolation of the amino deprotected product 2
as a white solid (0.65 g, 98%). tH-NMR (400 MHz, methanol-ds): J (ppm) 6.24 (t, 2H), 4.76 (s, 4H), 3.69
(t, 2H), 3.15—3.09 (m, 2H), 3.05 (t, 2H), 2.68 (d, 2H), 1.41 — 1.39 (d, 1H), 1.17 — 1.14 (d, 1H). *C-NMR
(400 MHz, methanol-ds): § (ppm) 178.5, 137.6, 45.0, 42.3, 37.7, 35.6. MS: m/z [M+H]" calc. 207.11 g
mol?, exp. 207.12 g mol™.
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\/\NH THF \/\
Na,COj

2 3 (NB-ACM)

The synthesis of exo-norbornene imide aminochloromaleimide (NB-ACM) monomer was performed
according to a previously reported protocol by our group with slight modification.® 2,3- dichloromaleimide
(0.5 g, 3.0 mmol, 1 eq), sodium carbonate (0.8 g, 7.5 mmol, 2.5 eq) and amino exo-norbornene imide 2
(0.65 g, 3.15 mmol, 1.05 eq) were dissolved in THF (25 mL) at room temperature. Consumption of 2,3-
dichloromaleimide was monitored by TLC and the reaction was completed within 30 min. The solvent
was then evaporated under reduced pressure and the residue was taken up with 100 mL of CH.Cl,. The
resulting solution was washed with H2O (2 x 100 mL) and dried over Na>SO4. The crude product was
further purified via column chromatography using silica gel as the stationary phase and a mixture of
petroleum ether/ethyl acetate 1:1 as the eluent to afford the pure product 3 (NB-ACM) as a yellow solid
(0.47 g, 45%). *H-NMR (400 MHz, CDCls): 6 (ppm) 7.03 (br s, 1H), 6.30 (t, 2H), 5.69 (br s, 1H), 3.82
(m, 4H), 3.29 (s, 2H), 2.75 (s, 2H), 1.55 - 1.52 (d, 1H), 1.17 — 1.14 (d, 1H). *C-NMR (400 MHz, CDCl5):
0 (ppm) 178.3, 166.4, 164.5, 140.7, 137.8, 48.0, 45.3, 42.9, 42.0, 38.5. HRMS: m/z [M+H]" calc. 336.0746
g mol?, exp. 336.0743 g mol™.
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Figure S2. *H-NMR spectrum of exo-norbornene imide aminochloromaleimide (NB-ACM) in CDCls.
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Figure S3. *C-NMR spectrum of exo-norbornene imide aminochloromaleimide (NB-ACM) in CDCls.
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Synthesis of exo-Norbornene imide Rhodamine B (NB-RhB)

\,N N\/ N\/
0 O g O g
/U R DCC DMAP
\/\OH DryDCM
e

NB-RhB

The synthesis of exo-norbornene imide rhodamine B (NB-RhB) monomer was performed according to a
previously described process with slight modification.” exo-Norbornene imide alcohol (205 mg, 1 mmol,
1 eq), rhodamine B (985 mg, 2 mmol, 2 eq) and DMAP (30.5 mg, 0.25 mmol. 0.25 eq) were dissolved in
10 mL of anhydrous DCM under a nitrogen atmosphere. A solution of DCC (412 mg, 2 mmol, 2 eq) in 5
mL of anhydrous DCM was added dropwise to the reaction mixture over a period of 30 min. The mixture
was stirred for 24 h at room temperature, concentrated under reduced pressure, and purified via column
chromatography using silica gel as the stationary phase and a mixture of CH2Cl2/MeOH 90:10 as the
eluent to to afford the pure product of NB-RhB as a a purple solid (0.28 g, 45%). *H-NMR (400 MHz,
CDClz): 6 (ppm) 8.17 (d, 1H), 7.82 (t, 1H), 7.72 (t, 1H), 7.29 (d, 1H), 7.04 (d, 2H), 6.90 (m, 2H), 6.79 (d,
2H), 6.27 (s, 2H), 4.21 (t, 2H), 3.70 (t, 2H), 3.62 (q, 8H), 3.23 (s, 2H), 2.67 (s, 2H), 1.48 (d, 1H), 1.31 (t,
12H), 1.23 (d, 1H). *C-NMR (400 MHz, CDCls): 6 (ppm) 177.7, 164.3, 158.9, 157.8, 155.6, 137.8, 134.2,
133.5,131.4,131.3, 130.4, 129.0, 114.3, 113.5, 96.3, 62.1, 47.8, 46.2, 45.3, 42.7, 37.3, 12.7. HRMS: m/z
[M+H]" calc. 632.3119 g mol?, exp. 632.3120 g mol ™.
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Figure S4. *H-NMR spectrum of exo-norbornene imide Rhodamine B (NB-RhB) in CDCls.
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Figure S5. *C-NMR spectrum of exo-norbornene imide Rhodamine B (NB-RhB) in CDCls.
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Synthesis of P(NB-MEG)1s0 Homopolymer via Solution Ring-Opening Metathesis Polymerization
(ROMP)

A typical procedure for the synthesis of P(NB-MEG)1s0 homopolymer via solution ROMP is described.
A stock solution of 9.1 mg/mL of G3 in DCM and a solution of 50 mg of NB-MEG in 900 uL of DCM
were first prepared. Then, 100 uL of G3 stock solution were added to the vial of NB-MEG monomer
solution with rapid stirring and polymerization was allowed to proceed at room temperature for 1 h (final
[NB-MEG] = 50 mg/mL, final [G3] = 0.91 mg/mL, [NB-MEG]/[G3] = 180). Polymerization was
quenched by addition of a few drops of ethyl vinyl ether and P(NB-MEG)iso homopolymer was
precipitated from methanol, isolated by vacuum filtration and dried under vacuum prior to *H-NMR, SEC
and DSC analyses. *H-NMR (400 MHz, CDCl3) Mn, theo. = 39,800 g mol™. SEC (THF + 2% v/v NEtz) M,
sec = 41,000 g mol™?, Pw, sec = 1.10.

Synthesis of P(NB-amine)i1-b-P(NB-MEG)n Diblock Copolymer Nano-Objects via Aqueous Ring-
Opening Metathesis Polymerization-Induced Self-Assembly (ROMPISA)

A typical procedure for the synthesis of P(NB-amine)11-b-P(NB-MEG)n (n = 60, 120, 180, 240, 300, and
420) diblock copolymer nano-objects via aqueous dispersion ROMPISA is described.? 3 Three stock
solutions were first prepared: (1) a solution of 21.2 mg of NB-amine in 100 uL of filtered THF; (2) a
solution of 6.6 mg of G3 in 100 pL of filtered THF; and (3) a 11.1 mg/mL solution of NB-MEG in acidic
phosphate buffer (pH = 2, PB 2) in the (a) absence or (b) presence of 100 mM NaCl. Then, solution (1)
was added to a vial equipped with a stir bar. Solution (2) was then added to the vial of solution (1) with
rapid stirring for the synthesis of P(NB-amine) macroinitiator (final [NB-amine] = 105.8 mg/mL, final
[G3] = 32.8 mg/mL, [NB-amine]/[G3] = 10). *H-NMR (300 MHz, DMSO-ds) Mn, nmr = 2,500 g mol™,
DPpnB-amine) = 11. SEC (THF + 2% v/v NEt3) Mn, sec = 2,600 g mol™, Pw, sec = 1.22.

After ~3 min, aliquots of 8.3, 4.2, 2.8, 2.1, 1.7, and 1.2 uL of the P(NB-amine)11 macroinitiator solution
were transferred to six new vials equipped with 2x5 mm stir bars. The aliquots were then diluted to 50 uL
total volume using filtered THF. 450 pL of either solution (3a) or (3b) were then added via a pipette to
each of the six vials (PB/THF = 9:1, [NB-MEG] = 1 wt%). Each polymerization solution was thoroughly

mixed following this addition by drawing up the entire volume into the pipette tip and ejecting the liquid
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back into the vial (4x) and stirred at 1000 rpm for ~30 min prior to *H-NMR and SEC analyses. ROMPISA

solutions at 200x dilution in DI water were further characterized by DLS analysis and TEM imaging.

Synthesis of P(NB-PEG)11-b-P(NB-MEG)n Diblock Copolymer Nano-Objects via Aqueous Ring-
Opening Metathesis Polymerization-Induced Self-Assembly (ROMPISA)

A typical procedure for the synthesis of P(NB-PEG)11-b-P(NB-MEG)n (n = 40, 60, 120, 140, 180, 240,
260, and 300) diblock copolymer nano-objects via aqueous dispersion ROMPISA is described.? ® Three
stock solutions were first prepared: (1) a solution of 44.8 mg of NB-PEG in 100 pL of filtered THF; (2)
a solution of 6.6 mg of G3 in 100 pL of filtered THF; and (3) a 11.1 mg/mL solution of NB-MEG in
acidic phosphate buffer (pH = 2, PB 2). Then, solution (1) was added to a vial equipped with a stir bar.
Solution (2) was then added to the vial of solution (1) with rapid stirring for the synthesis of P(NB-PEG)
macroinitiator (final [NB-PEG] = 223.8 mg/mL, final [G3] = 32.8 mg/mL, [NB-PEG]/[G3] = 10). *H-
NMR (300 MHz, DMSO-ds) Mn, nmr = 5,500 g mol™t, DPpe-pec) = 11. SEC (THF + 2% v/v NEt3) My,
sec = 5,300 g mol ™2, Pwm sec = 1.20.

After ~3 min, aliquots of 12.5, 8.3, 4.2, 3.6, 2.8, 2.1, 1.9, and 1.7 uL of the P(NB-PEG)11 macroinitiator
solution were transferred to eight new vials equipped with 2x5 mm stir bars. The aliquots were then diluted
to 50 uL total volume using filtered THF. 450 uL of solution (3) were then added via a pipette to each of
the eight vials (PB/THF = 9:1, [NB-MEG] = 1 wt%). Each polymerization solution was thoroughly mixed
following this addition by drawing up the entire volume into the pipette tip and ejecting the liquid back
into the vial (4x) and stirred at 1000 rpm for ~30 min prior to *H-NMR and SEC analyses. ROMPISA
solutions at 200x dilution in DI water were further characterized by DLS analysis and TEM imaging. It
should be noted that ROMPISA polymerizations targeting DPpng-MEG) > 260 resulted in unstable nano-

object solutions that precipitated out of solution during or immediately after polymerization.

Kinetic Study of P(NB-amine)11 and P(NB-PEG)11 Macroinitiator Syntheses via Solution ROMP

A typical procedure for kinetics determination of P(NB-amine)z and P(NB-PEG)11 macroinitiator
syntheses via solution ROMP is described. A solution of 17.6 mg of NB-amine (or 37.3 mg of NB-PEG)
in 800 pL of filtered THF was first prepared in a vial equipped with a stir bar. In a second vial, 5.5 mg of

G3 were dissolved in 200 pL of filtered THF. Then, G3 solution was added to the monomer solution vial
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with rapid stirring for the synthesis of P(NB-amine) (or P(NB-PEG)) macroinitiator ([NB-amine]/[G3]
=10, [NB-PEG]/[G3] = 10). At 30 s time points over a period of 3 min, 100 uL aliquots were withdrawn
from the polymerization solution and were added into vials containing a few drops of ethyl vinyl ether for
polymerization quenching. Kinetic monitoring samples were diluted immediately after quenching using a
stock solution of CDCIs containing a known concentration of 1,3,5-trioxane as an external standard and

were analyzed by *H-NMR spectroscopy for monomer conversion calculation.

Kinetic Study of Aqueous ROMPISA for Preparation of P(NB-amine)11-b-P(NB-MEG)300 Diblock
Copolymer Nano-Objects

A typical kinetic monitoring procedure for synthesis of P(NB-amine)ii-b-P(NB-MEG)s00 diblock
copolymer nano-objects via aqueous dispersion ROMPISA is described.? 3 Three stock solutions were
first prepared: (1) a solution of 21.2 mg of NB-amine in 100 pL of filtered THF; (2) a solution of 6.6 mg
of G3 in 100 pL of filtered THF; and (3) a 11.1 mg/mL solution of NB-MEG in acidic phosphate buffer
(pH = 2, PB 2). Then, solution (1) was added to a vial equipped with a stir bar. Solution (2) was then
added to the vial of solution (1) with rapid stirring for the synthesis of P(NB-amine) macroinitiator (final
[NB-amine] = 105.8 mg/mL, final [G3] = 32.8 mg/mL, [NB-amine]/[G3] = 10).

After ~3 min, an aliquot of 13.6 pL of the P(NB-amine) macroinitiator solution was transferred to a new
vial equipped with a 2x5 mm stir bar. The aliquot was then diluted to 400 uL total volume using filtered
THF. 3.6 mL of solution (3) were then added via a pipette to the macroinitiator vial (PB/THF = 9:1, [NB-
MEG] = 1 wt%) and the resulting polymerization solution was thoroughly mixed following this addition
by drawing up the entire volume into the pipette tip and ejecting the liquid back into the vial (4x) and
stirred at 1000 rpm. At various time points over a period of 30 min, 200 pL aliquots were withdrawn from
the polymerization solution and were added into vials containing a few drops of ethyl vinyl ether for
polymerization quenching. Kinetic monitoring samples were diluted immediately after quenching using
either (a) a stock solution of DMSO-ds containing a known concentration of 1,3,5-trioxane as an external
standard and were analyzed by *H-NMR spectroscopy for monomer conversion calculation, (b) a solution
of THF + 2% v/v NEtz eluent for SEC analysis, or (c) DI water for further characterization by DLS analysis
and TEM imaging.
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Kinetic Study of Aqueous ROMPISA for Preparation of P(NB-PEG)11-b-P(NB-MEG)260 Diblock
Copolymer Nano-Objects

A typical Kkinetic monitoring procedure for synthesis of P(NB-PEG)11-b-P(NB-MEG)260 diblock
copolymer nano-objects via aqueous dispersion ROMPISA is described.? 3 Three stock solutions were
first prepared: (1) a solution of 44.8 mg of NB-PEG in 100 pL of filtered THF; (2) a solution of 6.6 mg
of G3 in 100 pL of filtered THF; and (3) a 11.1 mg/mL solution of NB-MEG in acidic phosphate buffer
(pH = 2, PB 2). Then, solution (1) was added to a vial equipped with a stir bar. Solution (2) was then
added to the vial of solution (1) with rapid stirring for the synthesis of P(NB-PEG) macroinitiator (final
[NB-PEG] = 223.8 mg/mL, final [G3] = 32.8 mg/mL, [NB-PEG]/[G3] = 10).

After ~3 min, an aliquot of 15.2 pL of the P(NB-PEG) macroinitiator solution was transferred to a new
vial equipped with a 2x5 mm stir bar. The aliquot was then diluted to 400 pL total volume using filtered
THF. 3.6 mL of solution (3) were then added via a pipette to the macroinitiator vial (PB/THF = 9:1, [NB-
MEG] = 1 wt%) and the resulting polymerization solution was thoroughly mixed following this addition
by drawing up the entire volume into the pipette tip and ejecting the liquid back into the vial (4x) and
stirred at 1000 rpm. At various time points over a period of 30 min, 200 pL aliquots were withdrawn from
the polymerization solution and were added into vials containing a few drops of ethyl vinyl ether for
polymerization quenching. Kinetic monitoring samples were diluted immediately after quenching using
either (a) a stock solution of DMSO-ds containing a known concentration of 1,3,5-trioxane as an external
standard and were analyzed by *H-NMR spectroscopy for monomer conversion calculation, (b) a solution
of THF + 2% v/v NEtz eluent for SEC analysis, or (c) DI water for further characterization by DLS analysis
and TEM imaging.

Aqueous ROMPISA Monitoring via In situ Turbidimetric Analysis for Preparation of P(NB-
amine)11-b-P(NB-MEG)s00 and P(NB-PEG)11-b-P(NB-MEG)260 Diblock Copolymer Nano-Objects

A typical procedure for in situ turbidimetric analysis during aqueous ROMPISA for synthesis of P(NB-
amine)11-b-P(NB-MEG)s00 (or P(NB-PEG)11-b-P(NB-MEG)260) diblock copolymer nano-objects is
described. Three stock solutions were first prepared: (1) a solution of 21.2 mg of NB-amine (or 44.8 mg
of NB-PEG) in 100 uL of filtered THF; (2) a solution of 6.6 mg of G3 in 100 pL of filtered THF; and (3)
a 11.1 mg/mL solution of NB-MEG in acidic phosphate buffer (pH = 2, PB 2). Then, solution (1) was

added to a vial equipped with a stir bar. Solution (2) was then added to the vial of solution (1) with rapid
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stirring for the synthesis of P(NB-amine) (or P(NB-PEG)) macroinitiator ([NB-amine]/[G3] = 10, [NB-
PEG]/[G3] = 10).

After ~3 min, an aliquot of 6.8 uL of the P(NB-amine) (or 7.6 pL of the P(NB-PEG)) macroinitiator
solution was transferred to a 10 mm path length quartz cuvette equipped with a 2x5 mm stir bar. The
aliquot was then diluted to 200 pL total volume using filtered THF. 1.8 mL of solution (3) were then added
via a pipette to the cuvette containing the macroinitiator solution (PB/THF = 9:1, [NB-MEG] = 1 wt%)
and the resulting polymerization solution was thoroughly mixed following this addition by drawing up the
entire volume into the pipette tip and ejecting the liquid back into the vial (4x). In situ ROMPISA
turbidimetric analysis was performed by monitoring changes in transmittance of each polymerization
solution at A = 550 nm every 6 s over a period of 20 min at 25 °C, using a UV-Vis spectrophotometer
equipped with a Peltier temperature controlling system (stir rate = 10). A solution of appropriately diluted
P(NB-amine) (or P(NB-PEG)) macroinitiator in phosphate buffer at pH = 2.0 (PB 2) was used as a

reference sample.

Self-Assembly of P(NB-PEG)11-b-P(NB-MEG)260 Diblock Copolymer Nano-Objects via Solvent-
Switch

First, the synthesis of P(NB-PEG)11-b-P(NB-MEG)260 diblock copolymer tubesomes was achieved via
aqueous ROMPISA following the above described procedure (final [polymer] = 10 mg/mL). The sample
was then centrifuged at 14,000 rpm and dried via lyophilization. Subsequently, 5 mg of P(NB-PEG)11-b-
P(NB-MEG)260 diblock copolymer were dissolved in 50 uL of filtered THF and stirred for 1 hour prior
to slow addition of 450 uL of DI water under rapid stirring using a syringe pump at a rate of 1 mL/h for
self-assembly of P(NB-PEG)11-b-P(NB-MEG)260 diblock copolymer nano-objects under thermodynamic
equilibrium (final volume ratio between water and organic solvent = 9:1). Nano-object dispersion solution
at 100x dilution in DI water was further characterized by TEM imaging.

Synthesis of FAM-NHS- and Cy5-NHS-Loaded P(NB-PEG)11-b-P(NB-MEG)240 Diblock Copolymer
Nano-Objects and Mixed Samples via Aqueous ROMPISA

A typical procedure for the synthesis of FAM-NHS- and Cy5-NHS-loaded P(NB-PEG)11-b-P(NB-
MEG)240 diblock copolymer nano-objects and their resulting mixed samples via aqueous dispersion
ROMPISA is described. Four stock solutions were first prepared: (1) a solution of 9.3 mg of NB-PEG in

S20



450 pL of filtered THF; (2) a solution of 1.4 mg of G3 in 50 uL of filtered THF; (3) a solution of 2.0
mg/mL of FAM-NHS (a) or Cy5-NHS (b) in filtered THF; and (4) a 11.1 mg/mL solution of NB-MEG
in acidic phosphate buffer (pH = 2, PB 2). Then, solution (1) was added to a vial equipped with a stir bar.
Solution (2) was then added to the vial of solution (1) with rapid stirring for the synthesis of P(NB-PEG)
macroinitiator ((NB-PEG]/[G3] = 10).

After ~3 min, 50 pL of either solution (3a) or (3b) were added to a new vial containing 50 pL of the
resulting macroinitiator solution equipped with a 2x5 mm stir bar. 900 uL of solution (4) were then added
via a pipette to the macroinitiator vial (PB/THF = 9:1, [NB-MEG] = 1 wt%) and the resulting
polymerization solution was thoroughly mixed following this addition by drawing up the entire volume
into the pipette tip and ejecting the liquid back into the vial (4x) and stirred at 1000 rpm for ~30 min (final
[FAM-NHS] = 0.1 mg/mL (= 0.21 mM), final [Cy5-NHS] = 0.1 mg/mL (= 0.15 mM)).

Diblock copolymer samples mixed during ROMPISA were prepared upon mixing 330 uL of FAM-NHS-
loaded P(NB-PEG)11-b-P(NB-MEG)240 with 330 pL of Cy5-NHS-loaded P(NB-PEG)11-b-P(NB-
MEG)240 after 1 min of polymerization time (ca. ~50% NB-MEG conversion) into a new vial equipped
with a 2x5 mm stir bar and stirring at 1000 rpm for ~30 min.

Pure and mixed samples were subsequently dialysed against DI water (dialysis membrane MWCO = 3.5
kDa) for approximately 14 h for removal of non-encapsulated dye molecules (final pH value of each

solutions was ~7.0) prior to TEM and confocal microscopy imaging.

Synthesis of P(NB-PEG)11-b-P(NB-ACM)m-b-P(NB-MEG)n and P(NB-PEG)11-b-P(NB-RhB)m/2-b-
P(NB-MEG)n Triblock Copolymer Nano-Objects and Mixed Samples via Aqueous ROMPISA

A typical procedure for the synthesis of P(NB-PEG)11-b-P(NB-ACM)m-b-P(NB-MEG)n and P(NB-
PEG)11-b-P(NB-RhB)m/2-b-P(NB-MEG)n (m = 0.12, n = 120, and m = 0.24, n = 240) triblock copolymer
nano-objects and their resulting mixed samples via aqueous dispersion ROMPISA is described. For the
synthesis of triblock copolymers with DPpne-meG) = 120, four stock solutions were first prepared: (1) a
solution of 18.7 mg of NB-PEG in 850 uL of filtered THF; (2) a solution of 2.7 mg of G3 in 100 pL of
filtered THF; (3) a solution of 3.0 mg/mL of NB-ACM (or 2.8 mg/mL of NB-RhB) in filtered THF; and
(4) a 11.1 mg/mL solution of NB-MEG in acidic phosphate buffer (pH = 2, PB 2). Then, solution (1) was
added to a vial equipped with a stir bar. Solution (2) was then added to the vial of solution (1) with rapid
stirring for the synthesis of P(NB-PEG) macroinitiator ((NB-PEG]/[G3] = 10). After ~3 min, 50 uL of
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solution (3) were added to the macroinitiator vial and stirred at 500 rpm for synthesis of P(NB-PEG)11-b-
P(NB-ACM)m (or P(NB-PEG)11-b-P(NB-RhB)m2) diblock macroinitiator ([NB-ACM]/[G3] = 0.12,
[NB-RhB]/[G3] = 0.06, NB-ACM/NB-RhB molar ratio = 2:1).

For the synthesis of triblock copolymers with DPpne-MeG) = 240, four stock solutions were first prepared:
(1) a solution of 9.3 mg of NB-PEG in 850 pL of filtered THF; (2) a solution of 1.4 mg of G3 in 100 uL
of filtered THF; (3) a solution of 3.0 mg/mL of NB-ACM (or 2.8 mg/mL of NB-RhB) in filtered THF;
and (4) a 11.1 mg/mL solution of NB-MEG in acidic phosphate buffer (pH = 2, PB 2). Then, solution (1)
was added to a vial equipped with a stir bar. Solution (2) was then added to the vial of solution (1) with
rapid stirring for the synthesis of P(NB-PEG) macroinitiator ([NB-PEG]/[G3] = 10). After ~3 min, 50
uL of solution (3) were added to the macroinitiator vial and stirred at 500 rpm for synthesis of P(NB-
PEG)11-b-P(NB-ACM)m (or P(NB-PEG)11-b-P(NB-RhB)m2) diblock macroinitiator ((NB-ACM]/[G3]
=0.24, [NB-RhB]/[G3] = 0.12, NB-ACM:NB-RhB molar ratio = 2:1).

After ~3 min, an aliquot of 100 pL of the P(NB-PEG)11-b-P(NB-ACM)m (or P(NB-PEG)11-b-P(NB-
RhB)ms2) diblock macroinitiator solution was transferred to a new vial equipped with a 2x5 mm stir bar.
900 pL of solution (4) were then added via a pipette to the macroinitiator vial (PB/THF = 9:1, [NB-MEG]
= 1 wt%) and the resulting polymerization solution was thoroughly mixed following this addition by
drawing up the entire volume into the pipette tip and ejecting the liquid back into the vial (4x) and stirred
at 1000 rpm for ~30 min prior to *H-NMR and SEC analyses. ROMPISA solutions at 200x dilution in DI
water were further characterized by DLS analysis and TEM imaging.

Triblock copolymer samples mixed during ROMPISA were prepared upon mixing 330 uL of P(NB-
PEG)11-b-P(NB-ACM)m-b-P(NB-MEG)n with 330 uL of P(NB-PEG)11-b-P(NB-RhB)m/2-b-P(NB-
MEG)n (m = 0.12, n = 120, and m = 0.24, n = 240) after 1 min of polymerization time (ca. ~50% NB-

MEG conversion) into a new vial equipped with a 2x5 mm stir bar and stirring at 1000 rpm for ~30 min.
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Supplementary Characterization Data for P(NB-MEG)1s0 Homopolymer

Table S1. Molecular characteristics of P(NB-MEG)1s0 homopolymer prepared via ROMP in DCM, as
determined by *H-NMR spectroscopy and SEC analysis.

[NB-MEG]/[G3]

% Conv.2

M, theo. (kDa)b Mn, sec (kDa)C

Dwm, sec®

180

>99

39.8

41.0

1.10

aMonomer conversion calculated from *H-NMR spectroscopy in CDCls. °Calculated from conversion.
‘Mn and Dwm values calculated from PS standards using THF + 2% v/v NEts as the eluent.
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Figure S6. (A) Normalized SEC RI molecular weight distribution for P(NB-MEG)1s0 homopolymer. (B)
DSC thermogram of P(NB-MEG)1so homopolymer (heating rate 10 °C/min). The endothermic peak
observed at ca. 118.2 °C corresponds to the Tq of the polymer.
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Supplementary Characterization Data for P(NB-amine).:-b-P(NB-MEG), Diblock
Copolymer Nano-Objects Developed by Aqueous ROMPISA

DMSO

5 4 3
f1 (ppm)
Figure S7. *H-NMR spectrum of P(NB-amine)11 macroinitiator in DMSO-ds.

2 1

Table S2. Molecular characteristics of P(NB-amine)11 macroinitiator prepared via ROMP in THF, as
determined by *H-NMR spectroscopy and SEC analysis.

[NB-amine]/[G3] | % Conv.2 | Mn, theo. (KDa)? | Mn, nvr (KDa)®
10 >99 2.3

1.22
aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds. "Calculated from conversion.

¢Calculated using end group analysis from *H-NMR spectroscopy. “Mn and Pw values calculated from PS
standards using THF + 2% v/v NEt; as the eluent.

Mn, sec (kDa)? | Pwm, sect

2.5 2.6
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Figure S8. Stacked *H-NMR spectra obtained during kinetic monitoring of P(NB-amine)11 macroinitiator
synthesis via solution ROMP as a function of polymerization time (solvent: CDCls + 1,3,5-trioxane). The

red circle denotes the NB-amine monomer peak at 6.30 ppm.
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Figure S9. (A) Monomer conversion vs. polymerization time, and (B) In([M]o/[M]) vs. polymerization
time Kinetic plots for synthesis of P(NB-amine)11 macroinitiator via solution ROMP, as determined by

'H-NMR spectroscopy in CDCls + 1,3,5-trioxane.
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Figure S10. *H-NMR spectrum of P(NB-amine)11-b-P(NB-MEG)1s0 diblock copolymer in DMSO-ds.
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Table S3. Molecular characteristics of P(NB-amine)11-b-P(NB-MEG)n diblock copolymers prepared via
aqueous ROMPISA using different initial [NB-MEG]/[G3] ratios, as determined by H-NMR

spectroscopy and SEC analysis.

[NB-MEG]/[G3] | % Conv.2 | Mn, theo. (KDA)® | M, sec (kDa)® Dw, sec®
60 >99 15.8 16.2 1.14
120 >99 29.1 27.3 1.12
180 >99 42.4 35.5 1.12
240 >99 55.6 41.0 1.12
300 >99 68.9 48.8 1.12
420 >99 95.4 75.3 1.13

aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds. Calculated from conversion.
“‘Mn and Dwm values calculated from PS standards using THF + 2% v/v NEts as the eluent.
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- || 0=\ "o
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2 min M‘Lﬂl
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7.0 6.5 6.0 55 5.0 45
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Figure S11. Stacked *H-NMR spectra obtained during kinetic monitoring of P(NB-amine)11-b-P(NB-

MEG)s00 diblock copolymer synthesis via aqueous ROMPISA as a function of polymerization time
(solvent: DMSO-ds + 1,3,5-trioxane). The red circle denotes the NB-MEG monomer peak at 6.28 ppm.
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Figure S12. (A) Monomer conversion vs. polymerization time, and (B) In([M]o/[M]) vs. polymerization

time kinetic plots for synthesis of P(NB-amine)i1-b-P(NB-MEG)s00 diblock copolymers via aqueous
ROMPISA, as determined by *H-NMR spectroscopy in DMSO-ds + 1,3,5-trioxane.

Table S4. Evolution of molecular characteristics with increasing NB-MEG conversion for P(NB-

amine)11-b-P(NB-MEG)300 diblock copolymers prepared via aqueous ROMPISA, as determined by 'H-

NMR spectroscopic and SEC kinetic analysis.

% Conv.2 Calc. DP® |  Mn, theo. (kDa)® Mn, sec (kDa)® Pwm, sect
42.5 128 30.9 28.4 1.05
64 192 45.0 41.7 1.06
79.5 239 55.4 51.0 1.06
87.5 263 60.7 55.9 1.06
100 300 68.9 63.2 1.07

aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds + 1,3,5-trioxane. °Calculated
from conversion. “Mn and Pwm values calculated from PS standards using THF + 2% v/v NEtz as the eluent.
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Figure S13. (A) Normalized SEC RI molecular weight distributions, and (B) evolution of My (filled
circles) and Hm (empty circles) values with increasing NB-MEG conversion calculated from SEC kinetic
analysis for synthesis of P(NB-amine)11-b-P(NB-MEG)z00 diblock copolymers via aqgueous ROMPISA.

Mn and Dw values were calculated from PS standards using THF + 2% v/v NEts as the eluent.

Table S5. Summary of Dy, PD and zeta potential values and observed morphologies for P(NB-amine)ia-
b-P(NB-MEG)n diblock copolymer nano-objects prepared via aqueous ROMPISA, as determined by
DLS, microelectrophoretic analysis and dry-state TEM imaging, respectively.

[NI?[(I;/:I)’I]EG] Dn (nm)* PD*® averlgggns:]t)(/nm)a ZEta(r%C\);;’ntlal Morphology*
60 123.6 £22.8 | 0.21 +£0.02 152.2 + 83.2 +24.25+3.11 W+V
120 419+11 | 0.21+0.03 38.6+0.6 +21.28+1.81 W+V
180 478+1.7 | 0.23+0.02 438+1.1 +25.03+0.91 V
240 59.9+0.3 [ 0.28+0.06 52.7+3.1 +21.37+2.51 V
300 61.4+12 | 0.25+0.02 54.6 +0.8 +25.17 + 0.66 V
420 83.2+0.9 [ 0.21+0.01 84.7+1.6 +28.13+2.35 | ill-defined V+T

4Dy and PD values measured from DLS analysis (the error shows the standard deviation from 4 repeat
measurements). °Zeta potential values measured from microelectrophoretic analysis at pH = 2.0, using PB
2 (the error shows the standard deviation from at least 3 repeat measurements). “Morphologies observed
from dry-state TEM imaging, using 1 wt% uranyl acetate (UA) solution for staining (Key: W —worm-like
micelles, V — vesicles, T — tubesomes).
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Figure S14. Representative dry-state TEM images of P(NB-amine)11-b-P(NB-MEG)n (n = 120, 180, 240,
300, and 420) diblock copolymer nano-objects developed via aqueous ROMPISA, stained with 1 wt%
UA solution.
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Figure S15. Summary of dry-state TEM image analysis results for P(NB-amine)i1-b-P(NB-MEG)n (n =

180, 240, 300, and 420) diblock copolymer nano-objects developed via aqueous ROMPISA, as determined

by image processing using ImageJ analysis software.
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Figure S16. Box plots showing the size distribution of maximum dimension (S) with increasing DPp(ns-
mec) for P(NB-amine)i1-b-P(NB-MEG)n (n = 180, 240, 300, and 420) diblock copolymer nano-objects
developed via aqueous ROMPISA, as determined by dry-state TEM image analysis (the horizontal line

within each box indicates the median).

Figure S17. Representative cryo-TEM images of P(NB-amine)11-b-P(NB-MEG)n (n = 180, 240, 300,
and 420) diblock copolymer nano-objects developed via aqueous ROMPISA.
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Figure S18. (A) Evolution of intensity-average Dy as a function of polymerization time for synthesis of
P(NB-amine)i1-b-P(NB-MEG)s00 diblock copolymer nano-objects via aqueous ROMPISA, as
determined by DLS analysis of nano-object aliquots withdrawn during kinetic monitoring. (B) Normalized
absorbance as a function of polymerization time for synthesis of P(NB-amine)ii-b-P(NB-MEG)s00
diblock copolymer nano-objects via aqgueous ROMPISA, as determined by in situ turbidimetric analysis

during polymerization.
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Figure S19. Representative dry-state TEM images of original P(NB-amine)11-b-P(NB-MEG)n (n = 180,
and 300) diblock copolymer nano-objects developed via aqgueous ROMPISA and samples after aging for
4 weeks, stained with 1 wt% UA solution, along with summary of dry-state TEM image analysis results
for aged P(NB-amine)i1-b-P(NB-MEG)n diblock copolymer nano-objects, as determined by image

processing using ImageJ analysis software.
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Supplementary Characterization Data for P(NB-amine).:-b-P(NB-MEG), Diblock
Copolymer Nano-Objects Developed by Aqueous ROMPISA in the Presence of NaCl

Table S6. Molecular characteristics of P(NB-amine)11-b-P(NB-MEG)n diblock copolymers prepared via
aqueous ROMPISA in the presence of 100 mM NaCl using different initial [NB-MEG]/[G3] ratios, as

determined by *H-NMR spectroscopy and SEC analysis.

[NB-MEG]/[G3] | % Conv.2 | Mn, theo. (kDa)? | M, sec (kDa)® D, sect
60 >99 15.8 15.7 1.14
120 >99 29.1 26.5 1.12
180 >99 42.4 37.7 111
240 >99 55.6 43.4 1.12
300 >99 68.9 494 1.11
420 >99 95.4 74.9 1.12

aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds. "Calculated from conversion.
‘Mn and Dwm values calculated from PS standards using THF + 2% v/v NEts as the eluent.
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Figure S20. (A) Normalized SEC RI molecular weight distributions for P(NB-amine)11-b-P(NB-MEG)n
diblock copolymers (n = 60, 120, 180, 240, 300, and 420). (B) Evolution of My (filled circles) and Pwm
(empty circles) values with increasing targeted DPp(ne-meG) calculated from SEC analysis for P(NB-
amine)11-b-P(NB-MEG)n diblock copolymers prepared via aqueous ROMPISA in the presence of 100

mM NaCl. M, and Dwm values were calculated from PS standards using THF + 2% v/v NEt;z as the eluent.
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Table S7. Summary of Dy, PD and zeta potential values and observed morphologies for P(NB-amine)u1-

b-P(NB-MEG)n diblock copolymer nano-objects prepared via aqueous ROMPISA in the presence of 100

mM NaCl, as determined by DLS, microelectrophoretic analysis and dry-state TEM imaging, respectively.

" E/B[CI\;/!%I]EG] Dn (nm)? PD* averlgégns:]t)(/nm)a Zeta(r;])x;eptlal Morphology®
60 34.0+0.6 0.26 +0.01 32.1+05 +19.00 + 1.08 V
120 53.8+7.1 0.19 £ 0.05 475+ 4.3 +14.44 £ 4.11 V
180 57.2+0.9 0.20 £ 0.04 57.8+1.8 +18.13 £ 1.47 Vv
240 140.3+24 | 0.25+0.01 186.5+4.1 +19.27 £ 2.99 V+T
300 100.8+1.5 [ 0.17+0.03 1104 +2.3 +16.43+0.90 V+T
420 1025 + 90 0.41 + 0.04 1157 + 218 +20.10 + 0.50 T+L

4Dy and PD values measured from DLS analysis (the error shows the standard deviation from 4 repeat
measurements). °Zeta potential values measured from microelectrophoretic analysis at pH = 2.0, using PB
2 + 100 mM NaCl (the error shows the standard deviation from at least 3 repeat measurements).
‘Morphologies observed from dry-state TEM imaging, using 1 wt% uranyl acetate (UA) solution for
staining (Key: V — vesicles, T — tubesomes, L — lamellae).
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Figure S21. (A) Normalized intensity-weighted size distributions obtained by DLS for P(NB-amine)ai-

b-P(NB-MEG)n diblock copolymer nano-objects developed via aqueous ROMPISA in the presence of
100 mM NaCl. (B) Zeta potential values for P(NB-amine)11-b-P(NB-MEG)n diblock copolymer nano-
objects measured from microelectrophoretic analysis under aqueous ROMPISA-mimicking conditions
(pH =2 + 100 mM NacCl).
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Figure S22. Representative dry-state TEM images of P(NB-amine)11-b-P(NB-MEG)n (n = 60, 120, 180,
240, 300, and 420) diblock copolymer nano-objects developed via aqueous ROMPISA in the presence of
100 mM NacCl, stained with 1 wt% UA solution.
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Figure S23. Summary of dry-state TEM image analysis results for P(NB-amine)11-b-P(NB-MEG)n (n =
60, 120, 180, 240, and 300) diblock copolymer nano-objects developed via aqueous ROMPISA in the

presence of 100 mM NacCl, as determined by image processing using ImageJ analysis software.
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Figure S24. Box plots showing the size distribution of maximum dimension (S) with increasing DPp(ns-
mec) for P(NB-amine)i1-b-P(NB-MEG)n (n = 60, 120, 180, 240, and 300) diblock copolymer nano-
objects developed via agueous ROMPISA in the presence of 100 mM NaCl, as determined by dry-state

TEM image analysis (the horizontal line within each box indicates the median).

S39



Supplementary Characterization Data for P(NB-PEG)1:-b-P(NB-MEG). Diblock
Copolymer Nano-Objects Developed by Aqueous ROMPISA
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Figure S25. *H-NMR spectrum of P(NB-PEG)11 macroinitiator in DMSO-ds.

Table S8. Molecular characteristics of P(NB-PEG)11 macroinitiator prepared via ROMP in THF, as
determined by *H-NMR spectroscopy and SEC analysis.

[NB-PEG]/[G3] | % Conv.2 | Mn, theo. (KDa)? | Mn, nvr (KDa)® | Mn, sec (kDa)? | Pwm, sec?
10 >99 5.0 5.5 5.3 1.20

aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds. "Calculated from conversion.

“Calculated using end group analysis from *H-NMR spectroscopy. “Mn and Pw values calculated from PS
standards using THF + 2% v/v NEt; as the eluent.
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Figure S26. Stacked *H-NMR spectra obtained during kinetic monitoring of P(NB-PEG)11 macroinitiator
synthesis via solution ROMP as a function of polymerization time (solvent: CDCls + 1,3,5-trioxane). The

red circle denotes the NB-PEG monomer peak at 6.30 ppm.
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Figure S27. (A) Monomer conversion vs. polymerization time, and (B) In([M]o/[M]) vs. polymerization
time kinetic plots for synthesis of P(NB-PEG)11 macroinitiator via solution ROMP, as determined by *H-

NMR spectroscopy in CDCl3 + 1,3,5-trioxane.
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Figure S28. *H-NMR spectrum of P(NB-PEG)11-b-P(NB-MEG)1s0 diblock copolymer in DMSO-de.
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Table S9. Molecular characteristics of P(NB-PEG)11-b-P(NB-MEG)n diblock copolymers prepared via
aqueous ROMPISA using different initial [NB-MEG]/[G3] ratios, as determined by H-NMR
spectroscopy and SEC analysis.

[NB-MEG]/[G3] | % Conv.2 | Mn, theo. (KDA)® | M, sec (kDa)® Dw, sec®
40 >99 14.3 14.4 1.15
60 >99 18.7 20.5 1.14
120 >99 32.0 31.6 1.16
140 >99 36.4 32.9 1.11
180 >99 45.2 415 1.11
240 >99 58.5 49.2 1.12
260 >99 63.0 52.6 1.12
300 >99 71.7 61.9 1.12

aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds. "Calculated from conversion.
“‘Mn and Dwm values calculated from PS standards using THF + 2% v/v NEts as the eluent.
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Figure S29. Stacked 'H-NMR spectra obtained during kinetic monitoring of P(NB-PEG)11-b-P(NB-
MEG)260 diblock copolymer synthesis via aqueous ROMPISA as a function of polymerization time
(solvent: DMSO-ds + 1,3,5-trioxane). The red circle denotes the NB-MEG monomer peak at 6.28 ppm.
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Figure S30. (A) Monomer conversion vs. polymerization time, and (B) In([M]o/[M]) vs. polymerization
time kinetic plots for synthesis of P(NB-PEG)11-b-P(NB-MEG)260 diblock copolymers via aqueous
ROMPISA, as determined by *H-NMR spectroscopy in DMSO-ds + 1,3,5-trioxane.

Table S10. Evolution of molecular characteristics with increasing NB-MEG conversion for P(NB-
PEG)11-b-P(NB-MEG)260 diblock copolymers prepared via aqueous ROMPISA, as determined by *H-
NMR spectroscopic and SEC kinetic analysis.

% Conv.2 Calc. DP? |  Mn, theo. (kDa)® Mn, sec (kDa)® DPwm, sect
42.5 111 30.0 25.9 1.09
50.5 131 34.5 33.7 1.06

68 177 44.6 45.5 1.06
94 244 59.4 60.0 1.08
100 260 63.0 63.6 1.08

aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds + 1,3,5-trioxane. °Calculated
from conversion. “Mn and Pw values calculated from PS standards using THF + 2% v/v NEtz as the eluent.
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Figure S31. (A) Normalized SEC RI molecular weight distributions, and (B) evolution of M, (filled
circles) and Hwm (empty circles) values with increasing NB-MEG conversion calculated from SEC kinetic
analysis for synthesis of P(NB-PEG)11-b-P(NB-MEG)260 diblock copolymers via aqueous ROMPISA.

Mn and Dw values were calculated from PS standards using THF + 2% v/v NEtz as the eluent.

Table S11. Summary of Dy, PD and zeta potential values and observed morphologies for P(NB-PEG)11-
b-P(NB-MEG)n diblock copolymer nano-objects prepared via aqueous ROMPISA, as determined by

DLS, microelectrophoretic analysis and dry-state TEM imaging, respectively.

[N?[CI\;/I?EG] Dn (nM)° PD? Interg;tz/nﬁ;/)grage Zetaz r|?](i;)eg1t|al Morphology®

40 25.9+1.9 0.09 £0.01 25.8+1.3 +0.64 + 3.93 V

60 34.9+3.6 0.18 £0.04 31.9+0.6 -0.14+1.70 \Y/

120 475+x1.1 0.10 £ 0.01 476+ 1.1 -2.94+£1.49 V

140 54.6 +0.9 0.19£0.01 57.1+1.0 -2.72 £ 3.03 V

180 69.6 + 1.8 0.14 +0.03 69.9 + 3.4 -0.04+1.29 V+T
240 95.6 +1.3 0.08 £ 0.02 958+ 1.5 +0.61+1.77 V+T
260 191.4 + 8.6 0.34 +£0.02 153.8 +4.3 -3.09 +2.49 T

300 Macroscopic precipitation — Unstable particles

2Dy and PD values measured from DLS analysis (the error shows the standard deviation from 4 repeat
measurements). °Zeta potential values measured from microelectrophoretic analysis at pH = 2.0, using PB
2 (the error shows the standard deviation from at least 3 repeat measurements). “Morphologies observed
from dry-state TEM imaging, using 1 wt% uranyl acetate (UA) solution for staining (Key: V — vesicles,
T — tubesomes).
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Table S12. Summary of Rn, Ry and Nagg Vvalues for spherical P(NB-PEG)i1-b-P(NB-MEG)n
polymersomes prepared via aqueous ROMPISA, as determined by multiple angle DLS and SLS analysis.

[NB-MEG] dn/dc Rh, 173 Rh, multiple c d
1[G3] (ML g) (nm)? (my | Re@m)® | Ro/Rn Nagg
20 01210003 | 120207 | 147207 | 127206 | 087 239

60 01160003 | 175%18 | 19410 | 15008 | 0.82 827

®Rn values measured from DLS analysis at a fixed angle of 173° (the error shows the standard deviation
from 4 repeat measurements). °R values calculated from multiple angle DLS analysis using the Stokes-
Einstein equation (mean * 5%). °Rq values calculated from multiple angle SLS analysis (mean + 5%).
9INagq values calculated from multiple angle SLS analysis.
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Figure S32. Multiple angle dynamic (A) and static (B) light scattering analysis of spherical P(NB-
PEG)11-b-P(NB-MEG)40 polymersomes at 0.1 mg mL™.
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Figure S33. Multiple angle dynamic (A) and static (B) light scattering analysis of spherical P(NB-
PEG)11-b-P(NB-MEG)so polymersomes at 0.1 mg mL™.
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Figure S34. Guinier plot from SAXS data acquired for P(NB-PEG)11-b-P(NB-MEG)s0 polymersomes,

giving Rq = 130 A. For spherical particles, the resulting diameter is 31.8 nm.
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Figure S35. Representative dry-state TEM images of P(NB-PEG)11-b-P(NB-MEG)n (n = 40, 60, 120,
140, 180, 240, and 260) diblock copolymer nano-objects developed via aqgueous ROMPISA, stained with
1 wt% UA solution.
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Figure S36. Summary of dry-state TEM image analysis results for P(NB-PEG)11-b-P(NB-MEG)n (n =
60, 120, 140, 180, and 240) diblock copolymer nano-objects developed via aqueous ROMPISA, as
determined by image processing using ImageJ analysis software.
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Figure S37. Box plots showing the size distribution of maximum dimension (S) with increasing DPp(ns-
mec) for P(NB-PEG)11-b-P(NB-MEG)n (n = 60, 120, 140, 180, 240, and 260) diblock copolymer nano-
objects developed via aqueous ROMPISA, as determined by dry-state TEM image analysis (the horizontal

line within each box indicates the median).

Figure S38. Representative cryo-TEM images of P(NB-PEG)11-b-P(NB-MEG)n (n = 60, 120, 140, 180,
240, and 260) diblock copolymer nano-objects developed via aqgueous ROMPISA.
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Figure S39. (A) Evolution of intensity-average Dy as a function of polymerization time for synthesis of
P(NB-PEG)11-b-P(NB-MEG)260 diblock copolymer nano-objects via aqueous ROMPISA, as determined
by DLS analysis of nano-object aliquots withdrawn during kinetic monitoring. (B) Normalized absorbance
as a function of polymerization time for synthesis of P(NB-PEG)11-b-P(NB-MEG)260 diblock copolymer
nano-objects via aqueous ROMPISA, as determined by in situ turbidimetric analysis during

polymerization.
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Figure S40. Representative dry-state TEM images of P(NB-PEG)i1-b-P(NB-MEG)240 diblock
copolymer nano-objects developed via agueous ROMPISA, stained with 1 wt% UA solution, showing

various intermediate stages of polymerization-induced polymersome fusion.
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Figure S41. Representative dry-state TEM images of Kinetically favored P(NB-PEG)i1-b-P(NB-
MEG)260 diblock copolymer tubesomes developed via aqueous ROMPISA (left), and resulting
thermodynamically favored P(NB-PEG)11-b-P(NB-MEG)260 diblock copolymer nano-objects developed

either via solvent-switch or upon treatment with plasticizing EVE molecules (right).
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Figure S42. Representative dry-state TEM images of original P(NB-PEG)11-b-P(NB-MEG)n (n = 120,
and 240) diblock copolymer nano-objects developed via aqgueous ROMPISA and samples after aging for

4 weeks, stained with 1 wt% UA solution, along with summary of dry-state TEM image analysis results

for aged P(NB-PEG)11-b-P(NB-MEG)n diblock copolymer nano-objects, as determined by image
processing using ImageJ analysis software.
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Figure S43. Representative dry-state TEM images of FAM-NHS- and Cy5-NHS-loaded P(NB-PEG)11-

b-P(NB-MEG)240 diblock copolymer nano-objects developed via aqueous ROMPISA and resulting M-
12h and Mg mixed samples, stained with 1 wt% UA solution.
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Supplementary Characterization Data for P(NB-PEG)1:-b-P(NB-ACM)m-b-P(NB-
MEG)n and P(NB-PEG)11-b-P(NB-RhB)m2-b-P(NB-MEG)n Triblock Copolymer
Nano-Objects Developed by Aqueous ROMPISA and Mixed Samples

Sample
P(NB-PEG)11-b-P(NB-ACM)m-b-P(NB-MEG)n (n = 120, and 240)
P(NB-PEG)11-b-P(NB-RhB)m/2-b-P(NB-MEG)n (n = 120, and 240)
Samples ACMn+RhB mixed during aqueous ROMPISA after 1 min
Samples ACM,+RhB, mixed after aqueous ROMPISA for 2 hours
Samples ACMn+RhB, mixed after aqueous ROMPISA for 24 hours

Abbreviation
ACM,

RhB,
ACMn+Rth My
ACMn+Rth Ma-Zh
ACMn"'Rth Ma-24n

H,O DMSO
b
c a a \
c 11.\-Q-/7;4
c \
07N~ 0 of-j\N/t'?o
S ¢
o) H
{Lb N\"f’ —0
O&’\NH
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f1 (ppm)

Figure S44. 'H-NMR spectrum of P(NB-PEG)11-b-P(NB-ACM)o.24 diblock copolymer macroinitiator in

DMSO-ds.
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Figure S45. *H-NMR spectrum of P(NB-PEG)11-b-P(NB-RhB)o.12 diblock copolymer macroinitiator in

DMSO-ds.

Table S13. Molecular characteristics of P(NB-PEG)11-b-P(NB-ACM)m and P(NB-PEG)11-b-P(NB-
RhB)m2 (m = 0.12, and 0.24) diblock copolymer macroinitiators prepared via ROMP in THF, as

determined by *H-NMR spectroscopy and SEC analysis.

[NB-PEG]/[G3] | [NB-ACM]/[G3] | [NB-RhB]/[G3] | % Conv.2 'X'(’Bt;;g- 'X'(”DZE)S P, sec®
10 0.12 - >09 5.0 5.1 1.17
10 0.24 - >09 5.0 5.7 1.16
10 - 0.06 >99 5.0 5.3 1.17
10 - 0.12 >09 5.0 5.8 1.16

aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds. "Calculated from conversion.
‘Mn and Dwm values calculated from PS standards using THF + 2% v/v NEts as the eluent.
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Figure S46. 'H-NMR spectrum of
copolymer in DMSO-de.

P(NB-PEG)11-b-P(NB-ACM)o0.24-b-P(NB-MEG)240 triblock
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Figure S47. 'H-NMR spectrum of P(NB-PEG)ii-b-P(NB-RhB)o.12-b-P(NB-MEG)240 triblock

copolymer in DMSO-de.
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Table S14. Molecular characteristics of P(NB-PEG)i1-b-P(NB-ACM)m-b-P(NB-MEG)n and P(NB-
PEG)11-b-P(NB-RhB)m/2-b-P(NB-MEG)n triblock copolymers and resulting Mg mixed triblock
copolymers prepared via aqueous ROMPISA using different initial [NB-MEG]/[G3] ratios, as determined
by *H-NMR spectroscopy and SEC analysis.

Sample [NB-MEG]/[G3] | % Conv.2 | Mn, theo. (KDa)? | Mn,sec (kDa)° | Pwm, sec’
ACM120 120 >99 32.0 25.0 1.18
ACMa240 240 >99 58.5 47.4 1.23
RhB120 120 >09 32.0 24.6 1.16
RhB240 240 >09 58.5 46.6 1.24
ACM120+RhB120 My 120 >99 32.0 24.2 1.19
ACM240+RhB240 Mg 240 >09 58.5 44.8 1.22

aMonomer conversion calculated from *H-NMR spectroscopy in DMSO-ds. "Calculated from conversion.
‘Mn and Pwm values calculated from PS standards using THF + 2% v/v NEts as the eluent (with UV
detection at Aacm = 360 nm or Arng = 545 nm).
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Figure S48. Normalized SEC molecular weight distributions for P(NB-PEG)11-b-P(NB-ACM)m diblock
copolymer macroinitiators and P(NB-PEG)11-b-P(NB-ACM)m-b-P(NB-MEG)n triblock copolymers (A-
B), P(NB-PEG)11-b-P(NB-RhB)mp2 diblock copolymer macroinitiators and P(NB-PEG)i1-b-P(NB-
RhB)m2-b-P(NB-MEG)n triblock copolymers (C-D) (m = 0.12, n = 120, and m = 0.24, n = 240), and
resulting Mg mixed triblock copolymers (E) prepared via solution ROMP and aqueous ROMPISA,
respectively. M, and Pw values were calculated from PS standards using THF + 2% v/v NEtz as the eluent
(with UV detection at Aacm = 360 nm or Arne = 545 nm).




Table S15. Summary of Dn and PD values and observed morphologies for P(NB-PEG)11-b-P(NB-
ACM)m-b-P(NB-MEG)n and P(NB-PEG)i1-b-P(NB-RhB)m2-b-P(NB-MEG)n triblock copolymer
nano-objects prepared via aqueous ROMPISA and resulting Ma-24n and Mg mixed samples, as determined

by DLS analysis and dry-state TEM imaging, respectively.

Sample Dn (nm)2 PD? Inter;:tz/r;?r:/)irage Morphology®
ACMai20 47.7+0.9 0.10 £ 0.01 52.2+1.3 V
ACMa240 152.1+2.2 0.18 £ 0.03 161.9+5.7 V+T
RhB120 488+ 1.9 0.20 + 0.06 492 +2.6 V
RhB24o 464.9 +13.3 0.32+£0.05 189.2 + 23.6 V+T
ACMai20+RhB120 Ma-24n 48.8 £ 0.8 0.17 £ 0.03 50.8+1.2 V
ACM240+RhB240 Ma-24n 280.4+45 0.39+0.05 183.4+21.1 V+T
ACMai20+RhB120 Mg 49.6+1.6 0.17 £ 0.02 51924 V
ACM240+RhB240 Mg 649.9 £ 18.5 0.48 £ 0.03 190.2+£41.9 V+T

4Dy and PD values measured from DLS analysis (the error shows the standard deviation from 4 repeat
measurements. "Morphologies observed from dry-state TEM imaging, using 1 wt% uranyl acetate (UA)
solution for staining (Key: V — vesicles, T — tubesomes).

ACM+RhB M, _,,, ACM+RhB M,

o e
$8.9% DP=120
b < "‘. -_’.,"‘—‘
0(,‘.':}; .\“

s

e iva%

Figure S49. Representative dry-state TEM images of P(NB-PEG)11-b-P(NB-ACM)m-b-P(NB-MEG)n
and P(NB-PEG)11-b-P(NB-RhB)m/2-b-P(NB-MEG)n (m = 0.12, and 0.24, n = 120, and 240) triblock
copolymer nano-objects developed via aqueous ROMPISA and resulting Ma-24n and Mg mixed samples,
stained with 1 wt% UA solution.
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Figure S50. Fluorescence emission spectra of P(NB-PEG)i1-b-P(NB-ACM)m-b-P(NB-MEG)n and
P(NB-PEG)11-b-P(NB-RhB)m2-b-P(NB-MEG)n ((A) n = 120, and (B) n = 240) triblock copolymer nano-
objects developed via aqueous ROMPISA and resulting Mg, Ma-2h, and Ma.2an mixed samples (dex. = 360

nm, slit width ex. = 2.5 nm, slit width em. = 2.5 nm).
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Table S16. Summary of fitted parameters and intensity-average fluorescence lifetime (tavi) and
amplitude-average fluorescence lifetime (tav,a) values for P(NB-PEG)ii-b-P(NB-ACM)m-b-P(NB-
MEG)n triblock copolymer nano-objects and resulting Ma-2h, Ma-2an, and Mg samples upon mixing with
P(NB-PEG)11-b-P(NB-RhB)m2-b-P(NB-MEG)n triblock copolymer nano-objects, calculated from

fluorescence lifetime spectroscopy.

Value | Std.D. o ) Std. D. Std. D.
Sample Param. (ns) (ns) Rel.% | px TAV,I (ns) TAV,A (ns)
T 1.00 005 | 672
ACM 12 5.30 011 1 4147 | 555 | 1701 | 011 | 952 | 011
120 13 1401 | 012 | 51.81
T4 - - -
T 0.22 001 | 985
ACM 12 3.55 005 | 3149 | 195 | 1173 | 006 |874| 006
240 3 12.96 0.07 | 58.66 8 3 8
T4 - - -
T 0.20 001 | 679
ACM120+RhB120 T2 3.43 0.04 35.65
i - oor | oos | evee | 190 | 1120 | 005 |845| 005
T4 o - -
T 0.17 0.01 | 15.05
ACM240+RhB240 T2 3.10 0.05 30.83
1 11.04 | o. 7. .
Ma2h 13 1223 | 007 | 54.12 93 041 006 60| 0.0
T4 - - -
T 0.05 0.00 | 14.38
ACM20+RhBio | 12 3.02 0.05 | 30.42
1.72 | 1089 | 006 |754| 005
Ma.24n 13 11.99 | 007 | 55.20
T4 o - -
T 0.05 0.00 | 15.81
ACM240+RhB240 T2 3.10 0.05 30.99
1.72 | 10.87 o7 |7 .
Ma.24n 13 12.05 | 008 | 53.21 0871 0.0 38| 006
T4 - - -
T 0.22 001 | 697
ACMai20+RhB120 T2 3.41 0.04 34.88
197 | 11.06 | 005 |839| 005
My 13 1235 | 006 | 58.15
T4 = - -
T 0.16 0.01 | 2093
ACMa240+RhB240 ™2 2.89 0.05 28.20
227 | 1071 | 007 |687| 006
My T3 11.83 0.08 50.87
T4 - - -
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Figure S51. (A) Images of ACM;, RhBn, ACMy+RhBy Mg, and ACMy+RhBh Ma-2n (n = 120, and 240)
triblock copolymer nano-object solutions under UV light exposure (1 = 365 nm). For ACM;,, ACMn+RhB,,
Ma-2n, and ACMn+RhB» Ma-24n triblock copolymer nano-objects: (B) Counts ratio of the donor (Aem. acm =
485 nm) and acceptor (dem. rne = 590 nm) fluorescence emission peaks. (C) Fluorescence lifetime decay
profiles of (1) n = 120, and (I1) n = 240 samples. (D) Comparison of average fluorescence lifetime values,
expressed as % difference relative to the pure ACM, nano-objects, obtained using (I) tav,1, and (II) tav,a

fitting models.
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Chapter 5

Additional Discussion on Characterization Data

As discussed in Section 4.2, investigations to develop a methodology that would allow
for controlled aqueous ROMP at neutral pH carried out in our group after the publication
of the articles included in Chapters 4 and 5 have revealed that Ru-based catalysts are
susceptible to deactivation upon chloride ligand displacement by OH™ or H>O species

when in aqueous media (see https://pubs.acs.org/doi/abs/10.1021/jacs.0c05499 for

further details). Importantly, both CI- concentration and pH value of the reaction medium
have been shown to drastically affect final monomer conversion and polymerization
control. In Figures S12 and S30 of Chapter 5, two distinct regimes are observed in the
semi-logarithmic kinetic plots constructed upon monitoring of ROMPISA reactions in
acidic aqueous media. In the first regime from 0 to ~ 0.5 min, ROMP occurs in solution
with an apparent faster turnover being observed. However, G3 deactivation is inevitably
taking place to some extent even in acidified aqueous media by OH/H2O resulting in a
rate retardation in the second regime from 0.5 to 10 min. During this second regime,
catalyst decomposition is markedly slower and the polymerization rate remains constant,
suggesting the effective protection of the active chain ends from the solvent molecules by

the developed nano-object hydrophobic cores.

In Figure S11, the quadruplet peak visible at approx. 6.5 ppm is attributed to EVE that
was used for quenching the polymerization at different time points during kinetic
monitoring of ROMPISA reactions. This peak is absent in the stacked spectra shown in
Figure S29 due to EVE evaporation from the quenched kinetic samples prior to NMR

analysis.
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Chapter 6. Conclusions and Outlook
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Chapter 6

The overall aim of this thesis was to introduce simple, yet efficient, strategies for
controlling the physical and chemical membrane properties of block copolymer vesicles
(polymersomes) prepared via aqueous polymerization-induced self-assembly (PISA). In
this Chapter, the key findings and emerging trends identified herein will be briefly
highlighted, while important considerations and directions for potential future studies

based on the original work discussed in this thesis will be also presented.

Over recent years, PISA has attracted tremendous research interest owing to its numerous
advantages over traditional self-assembly procedures and has been successfully employed
in various industrial and biomedical applications. Nevertheless, the projects discussed in
this thesis have been amongst the pioneering studies in this rapidly expanding field
focused on the development of polymersomes with tunable characteristics that could be
further used as artificial biomembrane-mimicking models for the investigation of
fundamental cellular and subcellular processes (e.g., compartmentalization, transport,

diffusion, fusion, etc).

In particular, this thesis initially explored adaptable approaches to regulate the non-
specific passive diffusion of small molecules across hydrophobic polymethacrylate-based
membranes by either enhancing or reducing the permeability of polymersome
nanoreactors prepared by aqueous RAFT-mediated photo-PISA. This was respectively
achieved either via the surfactant-directed insertion of channel-forming protein OmpF
within the membrane of PEG-b-PHPMA polymersomes during their formation via photo-
PISA (Chapter 2), or by increasing the membrane thickness and hydrophobicity of PEG-
b-P(HPMA-co-GlyMA) polymersomes through a post-PISA membrane functionalization
approach based on epoxide ring-opening reactions using a series of primary amines

(Chapter 3). In both cases, a model hydrophilic enzyme, HRP, was encapsulated within
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the interior aqueous lumen of the polymersomes in order to provide a read-out of the
nanoreactor catalytic activity and, as an extent, their membrane permeability upon
monitoring the rate of an HRP-catalyzed reaction, in line with previous studies carried

out by our group and others.

Furthermore, the one-pot methodology described in Chapter 2 presents an efficient
alternative to existing processes that rely upon the energetically unfavored incorporation
of membrane proteins into preformed bilayered formulations. This study could be also
used as a general guide for the facile reconstitution of other functional membrane proteins
or hydrophobic (macro)molecules within polymersome nanostructures in order to impart
such bio-mimicking systems with higher complexity and selectivity and provide deeper
insight into basic membrane trafficking and communication mechanisms. Inspired by the
original membrane modification concept explored in Chapter 3, innovative strategies are
expected to be developed in the next-generation PISA formulations that would allow for
reversible manipulation over the polymersome membrane permeability based on the
responsiveness of the core-forming block to various externally applied stimuli. This, in
turn, will aid the occurrence of reactions or release of cargo on an “on-demand” fashion
depending on the surrounding microenvironment of the nanostructures and promote the
potential use of such advanced systems in targeted drug delivery and selective catalysis.
However, it is expected to be rather difficult to follow similar permeability determination
procedures entailing the encapsulation of hydrophilic enzymes into polymersome
nanoreactors with stimuli-responsive membranes, since any microenvironment changes
would simultaneously affect both the membrane diffusivity, as well as the enzymatic
activity leading to misinterpretation of the apparent polymersome permeability. As such,

new spectroscopic or chromatographic characterization methods should be also
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established that would provide accurate measurement of the membrane diffusivity in

these cases (ideally covering a wide range of small molecules and ions).

Building upon the knowledge acquired in Chapters 2 and 3 of this thesis and the evident
relationships identified between the polymersome membrane hydration, porosity,
thickness and observed permeability toward small molecules, an alternative mild PISA
approach mediated by living ring-opening metathesis polymerization (ROMP) in acidic
aqueous media was explored in Chapters 4 and 5 that allowed for preparation of a diverse
set of polynorbornene-based polymersomes with conceivably more hydrophobic and,
thus, less permeable membranes, which could be further employed in biocatalysis and

nanomedicine applications.

In Chapter 4, a wide range of functional NB-based core-forming monomers for use in
ROMPISA formulations were identified through computational oligomer hydrophobicity
calculations that, in turn, were successfully utilized for the development of diblock
copolymer nano-objects of controllable morphology and core domain composition.
Interestingly, the majority of newly predicted monomers contained reactive pendant
groups, such as alcohols, esters and ethers, that could potentially be utilized in subsequent
post-PISA membrane modification reactions in a similar manner to the strategy followed
in Chapter 3 to introduce specifically designed functionalities within their structure for
certain bio-related applications. In Chapter 5, it was demonstrated that the uniquely small
nanostructures obtained via aqueous ROMPISA were indeed “kinetically-frozen”,
exhibiting limited unimer rearrangement and exchange within or between particles due to
the rapid polymerization kinetics achieved and the increased rigidity and Tq of constituent
polymer chains. These intriguing characteristics of PNB-based nano-objects were further

exploited for the in situ preparation of tubular polymersomes during ROMPISA, driven
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by the inherent built-up of membrane tension exerted by the growing polymer chains and
the occurrence of step-wise intervesicular fusion events as a way for the system to release
its high membrane bending energy. Importantly, the presence or absence of positive
charges within the particle coronae was shown to restrict or facilitate the polymerization-
induced polymersome fusion, respectively. Moreover, initial findings discussed in
Chapter 5 suggested that the membranes of these polymersomes were near impermeable
toward hydrophilic small molecule encapsulates over prolonged periods of time, although
a more thorough investigation on this preliminary results is deemed of particular

significance for future studies using these nanostructures in biomimicry.

Considering the limited knowledge that currently exists in the literature on the
interactions of PNB-based nanostructures with biological systems, future research is
expected to be directed toward the assessment of the pharmacokinetics of these
formulations that would provide valuable insight into the biodistribution, internalization
profile, immune response and clearance pathways of assemblies with different
characteristics (e.g., cationic vs neutral, spherical vs tubular). In addition, the universal
character of the intriguing self-assembly behavior identified in Chapter 5 for direct access
to tubesomes could be explored in other PISA systems that fulfill the requirements
highlighted above (i.e., “glassy” and rigid block copolymers, fast polymerization and self-
assembly procedures) and could provide deeper understanding of fundamental natural
processes involving the fusion and fission of biological membranes for transport of cargo
across cells (e.g., endo- and exocytosis mechanisms). Nonetheless, it should be mentioned
that the main limitation of our aqgueous ROMPISA methodology in its present state is the
requirement of acidic additives to prevent rapid catalyst decomposition by OH" species

and achieve living polymerization processes, rendering the systems incompatible with the
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majority of pH-sensitive proteins and enzymes. New synthetic protocols that would allow
for controlled ROMP in neutral aqueous media without considerably affecting the
polymerization kinetics and catalyst decomposition rate are currently being developed
within our group and are expected to significantly broaden the application scope of such

assemblies.

Ultimately, preparation of multi-compartmentalized vesicular nanoreactors has yet to be
realized in PISA despite its well-documented procedural simplicity and versatility. Such
synthetic “nanofactories” would more closely resemble the hierarchical organization
found within a cell and its containing organelles and would better mimic interactions
occurring in natural systems (i.e. enzymatic cascade reactions in confined environments).
To this end, this thesis is expected to open new avenues toward the design of enzyme-
loaded multivesicular polymersomes with high structural complexity via a PISA-in-PISA
strategy upon exploiting the orthogonality between RAFT-mediated photo-PISA and
ROMPISA, as well as the markedly different polymersome sizes typically obtained by

the two techniques.
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