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Abstract

Every living organism depends on functional macromolecules assembled in aqueous
solution via noncovalent interactions. Hydrophobic forces are particularly stable among other
noncovalent interactions, which led to the development of amphiphilic synthetic
(macro)molecules able to self-assemble into various structures for diverse applications ranging
from nanotechnology to medicine. Amphiphilic block copolymers are especially advantageous
due to the control over their properties achieved via tuning the chemical composition and
superior stability of the self-assembled structures compared to the ones formed by low molecular
weight surfactants and lipids. Particularly, structures formed by biocompatible and/or
biodegradable amphiphilic block copolymers possess required properties for drug delivery
applications.

Self-assembly of various AB (A — hydrophilic, B — hydrophobic) copolymers has been
explicitly investigated with respect to the packing geometry of individual polymer molecules and
conditions of self-assembly. Introduction of the third C block increases the level of complexity
of self-assembly behavior of ABC copolymers. ABC copolymers provide possibility for
developing programmable materials based on asymmetric structures with spatially separated
domains possessing different chemical and physical properties. For example, multicompartment
morphologies, i.e. assemblies bearing domains in the core, can be obtained in a solvent which
selectively solubilizes A block, whereas B and C blocks undergo phase separation in the core.
ABC copolymers with A and C soluble blocks are advantageous for creating structures with
surface bearing domains in the corona, but the principles of self-assembly of such systems still
lack deep understanding.

The ultimate goal of this thesis is to shed light on the complex morphological behavior of
linear amphiphilic ABC copolymers with A and C water-soluble blocks targeting for biomedical
applications. To approach this goal, synthesis of ABC copolymers bearing biocompatible blocks
(poly(ethylene oxide) PEO, poly(2-methyl-2-oxazoline) PMOXA), biodegradable blocks
(polycaprolactone PCL, poly(y-methyl-g-caprolactone) PMCL), and cationic block for
complexation of nucleic acids (poly(N,N-dimethylaminoethyl methacrylate) PDMAEMA) is
developed. Then, the complex self-assembly behavior of synthesized copolymers is investigated.
Details of the synthesis and self-assembly behavior are summarized in three publications and one

section of this thesis.



The first publication presents an optimization of the seemingly well-known synthesis of
PEO-b-PCL. The optimization was a necessary step for the development of the toxic-free
synthesis of PEO-b-PCL-b-PMOXA copolymers. The procedure for obtaining PEO-b-PCL with
narrow dispersity (Pum < 1.1), its o-tosylation, and the effect of aging of the catalyst, SnOct,, on
this polymerization is described. In addition, we have shown that lowering the dispersity of PEO-
b-PCL results in more uniform self-assembled structures.

The second publication describes the synthesis of PEO-b-PCL-b-PMOXA with fixed
PEO and different PCL and PMOXA lengths. The self-assembly of these polymers was tested in
aqueous solution using film rehydration method. PEO-b-PCL-b-PMOXA self-assembled into
various structures, including polymersomes. The polymersomes possessed asymmetric
membrane: a longer PEO block formed the outer corona, a shorter PMOXA block formed the
inner corona. The asymmetry of the membrane was proven by two independent methods.

The third publication aims to elucidate the general principles of aqueous self-assembly of
bis-hydrophilic PEO-b-PCL-6-PMOXA copolymers. Self-assembly was investigated with
respect to different PCL and PMOXA lengths using three different preparation methods: film
rehydration, solvent evaporation, and co-solvent. The diversity of the formed structures is
discussed in terms of the packing geometry and thermodynamic/kinetic control.

Finally, the fourth section describes synthesis and self-assembly of PEO-b-PRCL-b-
PDMAEMA copolymers, where R is methyl (M) or phenyl (Ph). The self-assembly regarding
the hydrophobicity of the middle block was investigated. Different hydrophobicity did not affect
the morphology of the assemblies, but led to the increased size of the structures formed by more
hydrophobic PEO-b-PPhCL-b-PDMAEMA compared to PEO-b-PMCL-b-PDMAEMA. These
polymers are of particular interest for gene delivery applications due to the presence of cationic

PDMAEMA block.
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Introduction

Aqueous self-assembly based on noncovalent interactions is essential for all living
organisms, and water is a unique’ medium for this process. Noncovalent interactions include
hydrophobic, hydrophilic, electrostatic, H-bond, van der Waals, and n-n interactions. In nature,
noncovalent interactions play a predominant role in the complex organization of functional
macromolecules. For instance, H-bonds are responsible for the formation of DNA duplexes;
hydrophobic interactions govern the formation of cell lipid membrane; electrostatic and
hydrophobic interactions are among the driving forces for the folding of proteins. Inspired by
nature, researchers have developed various synthetic amphiphilic (macro)molecules that self-
assemble in water into different structures relevant for applications in technology and medicine.
In particular, self-assembly of amphiphilic block copolymers, i.e. polymers consisting of
spatially separated hydrophilic and hydrophobic blocks, is driven by hydrophobic interactions.
Amphiphilic block copolymers are advantageous over low molecular weight surfactants and
lipids due to the facile design of a copolymer molecule and high stability of the self-assembled
structures,” and therefore structures assembled from amphiphilic block copolymers serve as a
promising platform for drug delivery applications.>”’

Poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO-b-
PPO-b-PEO), also known as Pluronics, are the first reported amphiphilic block copolymers and
are among the most studied block copolymers.® Pluronics are still used in various technological
processes, including pharmaceutical formulations.'"” Together with the development of
polymerization techniques, the number of different structures of the composing blocks increased
dramatically. Nowadays, the block copolymer architectures include linear, graft, star, dendritic,
and cyclic molecules.'' Modern polymerization techniques offer a powerful strategy for the
controlled synthesis of complex polymer architectures thanks to the vast variety of monomers
and functional groups. Depending on the block composition, amphiphilic block copolymers and
assemblies thereof can possess desired functions: biocompatibility, biodegradability, stimuli
responsiveness, surface charge, etc.

In the next sections, the main polymerization techniques used for the synthesis of

amphiphilic block copolymers and principles of their self-assembly are reviewed.



1. Polymerization techniques for synthesis of amphiphilic block

copolymers

12-13

Discovery of living anionic polymerization by Szwarc in 1956 and subsequent

117 ting opening,'® and controlled

development of living cationic,'* coordination,'” metathesis,
radical'’ polymerizations led to the enormous progress in polymer chemistry. Living
polymerization is defined as “a chain polymerization from which irreversible chain transfer and
irreversible chain termination (deactivation) are absent”.”’ In this chapter, I review living ring
opening and controlled radical polymerizations as the most relevant polymerization techniques

applied for the synthesis of amphiphilic block copolymers.

1.1.  Living ring opening polymerization (LROP)

Ring opening polymerization is “a polymerization in which cyclic monomer yields a
monomeric unit that is acyclic or contains fewer cycles than the monomer”.** LROP can be
anionic (i.e. kinetic chain carriers are anions), coordination (i.e. kinetic chain carriers coordinate
a monomer), and cationic (i.e. kinetic chain carriers are cations) polymerizations.

Anionic LROP of ethylene oxide resulting in PEO (also abbreviated as PEG) is one of the
most studied polymerizations. Elementary act of the chain growth proceeds via Sy2 nucleophilic
substitution at the carbon atom (Scheme 1). Already Flory®' pointed out that the molecular
weight of the resulting polymer is determined by the ratio of the consumed monomer to initiator

and exhibits Poisson distribution.

a
P W L g—’/oﬁ\/\oh\/o'

Scheme 1. Polymerization of ethylene oxide (counterion omitted).

Nowadays PEO is produced in large quantities for use in cosmetics, pharmaceutics, and
food industry. For laboratory purposes, various narrowly dispersed mono- and
(homo/hetero)bifunctional PEOs are commercially available. PEO is one of the most abundantly
used hydrophilic building blocks for amphiphilic block copolymers due to its high solubility in
water, biocompatibility, and protein-repellent properties. Examples of PEO-based amphiphilic
block copolymers include PEO-b-polycaprolactone (PEO-b-PCL),**** PEO-b-polybutadiene
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(PEO-b-PB),** PEO-b-polystyrene (PEO-b-PS),”> PEO-b-PCL-b-poly(acrylic acid) (PEO-b-
PCL-b-PAA),*® and many others.

Other examples of anionic LROP include polymerization of 1,2-propylene oxide (PO),"
cyclic siloxanes,”’ lactams,”™ N-carboxyanhydrides (NCAs),” and cyclic esters of phosphorous

. 30-31
acids.

PO polymerization is employed to obtain PEO-b-PPO-b-PEO. Cyclic siloxanes are
utilized to produce hydrophobic polydimethylsiloxanes (PDMS), highly flexible materials with
applications ranging from medical devices to food additives. PDMS is also used as a building
block in amphiphilic block copolymers, e.g. PDMS-b-poly(2-methyl-2-oxazoline) (PDMS-b-
PMOXA).” NCA polymerization results in polymers resembling natural proteins, and received
considerable attention in synthesis of amphiphilic block copolymers, for example PS-b-poly(Z-
L-lysine).”

Cyclic esters undergo coordination LROP resulting in biodegradable polyesters like PCL
and PLA. Such polymerization can be catalyzed by metal alkoxides and carboxylates, organic
species, and enzymes. Organocatalytic and enzyme-catalyzed ROP have major limitations in
yielding narrowly dispersed polymers with high molecular weights. Therefore, polymerization of
cyclic esters is usually performed in the presence of metal atoms. Homopolymerization of cyclic
esters was studied using metal alkoxides, e.g. R,AI(OR’)s.,, RyAI(OR’)3, Zr(OR)4, Ti(OR)y,
which initiate and catalyze ROP.**** To polymerize cyclic esters on macroinitiators, e.g. PEO,
polymerization is usually performed in the presence of triethylaluminum, AlEt;, or tin(Il) 2-
ethylhexanoate, SnOct,. SnOct; is FDA approved and the most frequently applied catalysts for
ROP of ¢-CL and L,L-lactide on various initiators, including macroinitiators bearing hydroxyl
group(s). The group of Prof. Penczek in Poland has extensively studied ROP of cyclic esters and
proposed the mechanism of polymerization of cyclic esters co-initiated by alcohols and SnOct;
(Scheme 2).***" The polymerization is initiated by reversible exchange between SnOct, and
ROH resulting in Oct-Sn-OR, which further catalyze the ring opening of the cyclic ester. PLA

41-42

and PCL possess biodegradability which makes them one of the most frequently applied

polymers for drug delivery applications. Examples of the amphiphilic block copolymers

22,43-45
| e

synthesized with the help of coordination ROP include already mentioned PEO-b-PC and

PEO-b-PLA,* and PCL-graft(SS)-PMOXA"".

11



SnOct, + ROH — OctSnOR + OctH
— 8Sn(OR), + OctH

OctSnOR + ROH
—Sn—OR JL

Scheme 2. Polymerization of e-CL co-initiated by SnOct,.

Polymerization of THF and 2-oxazolines are examples of cationic LROP. Polymerization
of THF is usually initiated by triflic acid or its esters, and the key feature of this polymerization
is similar reactivity of ions and ion pairs in the propagation step.**

Polymerization of various 2-oxazolines was first reported in 1960s independently by four

53-58

groups.**>* This polymerization was investigated by different groups in Japan, and the group

of Prof. Hoogenboom in Belgium is currently developing it further by applying microwave-

59-70

assisted synthesis. Polyoxazolines (POXs) have received significant interest in the past few

decades as they are considered to be an alternative to PEO which possess side effects partially
caused by its non-biodegradability.”" ">

Polymerization of 2-oxazolines can be initiated by a wide range of electrophiles and
proceeds via covalent or ionic propagation.” Ionic polymerization is more preferable over
covalent polymerization, since the latter possesses lower initiation and propagation rate
constants. The typical initiators which result in ionic polymerization are tosylates and triflates.
Tosylates are much more stable than triflates, but result in slower initiation. Recently a novel
initiator, nosylate, was proposed for polymerization of 2-oxazolines.® Due to the presence of
electrophilic nitro group at the para-position, nosylates result in faster polymerization compared
to tosylates, but at the same time nosylates possess higher stability than triflates.

Ionic polymerization of 2-oxazolines is initiated by electrophilic attack of the initiator to
3-position leading to the formation of oxazolinium cation (Scheme 3). The positive charge is
delocalized and partially present at the 5-position. This leads to the nucleophilic attack of another
monomer resulting in the ring opening involving isomerization of the imino group to the N-acyl
group. Typically this polymerization is performed in acetonitrile, but recently sulfolane has been

shown to accelerate drastically polymerization of different 2-oxazolines.*

12
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X - counterion
Nuc - nucleophilic terminating group
R - any alkyl or aryl group

Scheme 3. Polymerization of 2-oxazolines.

The backbone of POXs resembles peptide bond, and therefore POXs are often called
“pseudopeptides”. Depending on the nature of the side chain R, the corresponding POX can be
hydrophilic (methyl, ethyl) or hydrophobic (isopropyl, nonyl, phenyl). Therefore, amphiphilic
block copolymers can be composed of various POXs, for instance PMOXA-b-PEtOXA-b-
PPhOXA,* PEtOXA-b-PNonOXA.”” > POXs possess an excellent a- and w-group fidelity, as
well as the ability to obtain functional groups at the polymer backbone.’” In addition, the lower
critical solution temperature (LCST) of PiPrOXA is 38 °C, which is advantageous for its
biomedical applications as thermoresponsive (co)polymer.”* Meier and co-workers has published
a large number of works exploiting PDMS-6-PMOXA and PMOXA-b-PDMS-b6-PMOXA as

artificial membranes able to host membrane proteins.* >’

'%:8¢ and highly relevant for

LROP is used to produce various polymers on industrial scale
the development of polymeric platforms for biomedical applications, since the resulting
polymers are free of toxic compounds, possess narrow molecular weight distribution (MWD),
and biodegradable polymers (e.g. polyesters, polypeptoids) can be obtained. However, all three
types of LROP described above, i.e. anionic, coordination, and cationic, are very sensitive to
impurities, especially moisture, and are limited in achieving narrowly dispersed high molecular
weight (co)polymers due to the intra- and intermolecular chain transfer reactions.'™ *” These
issues become especially challenging when polymerization proceeds on macroinitiators.
Nevertheless, (co)polymers with the desired architecture can be obtained under kinetically
controlled conditions when the proper (macro)initiator is chosen, as has been outlined for e-CL

and MOXA polymerizations described in the two publications in this thesis (Publication 1 and

2).

13



1.2.  Controlled radical polymerization (CRP)

Conventional radical polymerization (i.e. kinetic chain carriers are radicals) is used to
produce various polymers on industrial scale, but the architectural control is very limited in this
case.” Development of the controlled radical polymerization, where “a certain kinetic feature of
polymerization or of a structural aspect of the polymer molecules formed, or both, is subject to
20

contro opened new routes to various polymers with controlled molecular architecture.

The key property of all CRP systems is the establishment of dynamic equilibrium
between propagating radicals and dormant species which can be accomplished in two ways.***
Radicals can be reversibly trapped in a deactivation/activation process (Scheme 4A), or they can
be involved in a reversible degenerative exchange process (Scheme 4B). The first approach is

based on persistent radical effect (PRE):"*”

propagating species P,  are trapped in the
deactivation process (ki.q.c) by persistent radicals X. The dormant species can be activated (ku)
spontaneously by light or catalyst and can propagate (k,) and undergo termination (k;), but
persistent radicals X cannot terminate with each other. Every act of irreversible radical-radical
termination is followed by accumulation of X leading to the decrease of the probability of the
radical recombination. The most studied examples of polymerizations obeying the PRE are
nitroxide mediated polymerization (NMP) and atom transfer radical polymerization (ATRP).'**
* NMP can be mediated by various stable nitroxides, e.g. TEMPO, DEPN, etc.”* ATRP employs
catalyst which is a complex of transition metal (M¢") with ligand (L). M{"-L cleaves alkyl-
halogen bond R—X which results in higher oxidation state of transition metal M¢""'-X/L and
organic radical R’. ATRP has been catalyzed by various metals, including Ti,95 Mo,96 Re,97 F e,98'
P Ry,'” 0s,'" Rh,102 Co,103 Ni,104 Pd,'® but Cu complexes have been found to be the most
efficient."” ® The group of Prof. Matyjaszewski made a great contribution into investigation of
ATRP and published a number of comprehensive reviews and books.'°''" ATRP is one of the
most powerful synthetic techniques due to its numerous advantages: variety of monomers can be
polymerized (except unprotected acids); ATRP reagents are commercially available; no
Trommsdorf (autoacceleration) effect; large range of temperatures can be employed; facile end-
functionalization. The main disadvantage of ATRP is the presence of toxic Cu catalyst which is

hard to remove completely from the resulting polymer. NMP, on the other hand, is purely

organic system and can be employed for polymerization of acidic monomers. However, it is

14



difficult to control the polymerization of disubstituted alkenes and introduce functional end-

group, and typically high temperatures are required for this polymerization."

. kdeact
/\M/Pn + X » N\/\/’Pn_
. act
@ k " kl
kp ‘\‘
B

Scheme 4. Dynamic equilibrium in CRP: A: radicals are trapped in a deactivation/activation

process; B: radicals are involved in exchange process.

The second approach in CRP (Scheme 4B) is not based on PRE. A steady state
concentration of radicals is determined by initiation and termination steps like in conventional
RP. Radicals undergo degenerative exchange with dormant species, and the exchange can
proceed via atom/group transfer or addition-fragmentation process. Reversible addition-
fragmentation chain transfer (RAFT) polymerization is one of the most successful examples of
such type of CRP due to the high number of available monomers and control over MW and
MWD of the resulting polymers.'”''*!"> RAFT polymerization is mediated by organic reagents.
However, the crucial limitations include poor stability of many transfer agents, incompatibility of
some functional groups with some chain transfer agents, and difficulty with end-group
functionalization."

Development of CRP gives access to a virtually unlimited number of polymeric materials
with designed architecture, composition, and functionality. The key advantages of CRP over
LROP are a wide range of polymerizable monomers, moderate sensitivity to impurities, and
ability to proceed in aqueous media. However, CRP often requires utilization of toxic reagents,
control over MWD is limited, and polymers with biodegradable backbone cannot be synthesized
via CRP. The latter limitation can be overcome by radical ring opening polymerization, but this

technique lacks control and systematic investigation.''®
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2. Self-assembly of amphiphilic block copolymers in solution

Structures assembled from amphiphilic block copolymers are particularly advantageous
for biomedical applications, such as drug delivery and tissue engineering, due to the facile design
of block copolymers allowing for the fine tuning of the morphology and properties of the
assemblies. In the next chapters the most important characterization techniques of the assemblies

and principles of self-assembly are reviewed.

2.1. Methods of characterization of self-assembled structures

The morphology and size of nanoscale (<1 um) self-assembled structures are
characterized in most cases by dynamic/static light scattering technique (DLS/SLS) and
(cryogenic) transmission/scanning electron microscopy ((cryo)TEM, SEM). DLS provides
information about hydrodynamic radius. Angular-dependent SLS allows determination of radius
of gyration, weight-average molecular weight, and particles shape. By combining DLS and SLS
it is possible to determine the structure of assemblies.''” Other scattering techniques, like small
angle neutron/X-ray scattering (SANS/SAXS), are used to study structure and interactions of

"8 TEM and cryoTEM are the most frequently applied techniques to

self-assembled structures.
determine the morphology of self-assembled structures due to the high resolution (1 nm)
allowing for visualization of fine details.'"” In some particular cases, NMR techniques are also
suitable for the characterization of assemblies. For example, Schlaad et al.'*® used 2D-NOESY
NMR to prove the asymmetry of the polymersome membrane.

Microscale (> 1 um) structures can be characterized via optical microscopy. Fluorescence
microscopy is the method of choice due to its high sensitivity and ability to visualize different
morphologies labeled with fluorescent dyes. For example, confocal laser scanning microscopy
(CLSM) enables visualization of the membrane and inner compartment of polymersomes when
different dyes used for encapsulation and labeling of the membrane.**" %!

Finally, techniques like atomic force microscopy (AFM) and fluorescence (cross-
)correlation spectroscopy (F(C)CS) are employed for additional characterization of self-
assembled structures. AFM can be used for investigation of assemblies immobilized on surfaces.
F(C)CS is a powerful method for studying both steady-state structures and monitoring dynamic

processes of fluorescently labeled structures.'”*'* This technique allows exploring diffusion,

binding events, and enzymatic reactions in time-resolved measurements.
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2.2.  Self-assembly of linear AB copolymers

Self-assembly of linear AB (A — hydrophilic, B — hydrophobic) diblock copolymers in
dilute aqueous solution depending on the block ratio and method of self-assembly has been
investigated for various systems. Packing parameter p, which depends on the volume v and
length /. of the hydrophobic chains and optimal area of the hydrophilic tail ay, is inversely
proportional to the hydrophilic weight fraction £.'** As a general rule, the morphology formed by
AB polymers changes in the row spherical micelles — elongated micelles — polymersomes (S—E—
P) with the increase of p (or decrease of f) (Scheme 5). Such tendency was reported for PAA-b-
PS,'” PEO-b-PS,'*® PEO-b-PB,** ' PEO-b-PMCL,'** and PMOXA-b-PDMS** copolymers.
PEO-b-PCL copolymers, however, do not fully obey this rule and self-assemble into microscale
structures, whereas other copolymers form nanoscale morphologies. Unique self-assembly
behavior of PEO-b-PCL is associated with semicrystalline nature of the PCL block. Self-
assembly requires temperatures above the melting point of PCL (T, = 60 °C) or the presence of
organic solvent. With the decrease of f'the morphology changes in the row spherical particles —
polymersomes — irregularly shaped particles/precipitate (S—P-I), and for some PEO-b-PCL the
transition follows S—I pattern.”* Perhaps such self-assembly behavior can be associated with

formation of spherulites by PCL block in the bulk phase.'”

17
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Scheme 5. Morphology of the self-assembled structures formed by AB copolymers in A-

selective solvent depending on the p. Adapted from ref.'*°

Apart from the length of the corresponding blocks, self-assembly of AB copolymers
depends on the method of self-assembly."”' Copolymer concentration has a dramatic effect on
the self-assembly: increase of the concentration has a similar effect as decrease of the corona
length A."**'* Tt can be explained by increase in the aggregation number Nygg = 2( c/cMO)'”?,
where C is a copolymer concentration and CMC is critical micellization concentration.'**
Increase of N,g, leads to an increase of the sizes of micelle cores, which is accompanied by an
increase of the degree of stretching of the hydrophobic chains. The higher degree of stretching of
the hydrophobic block means an increase in its length /., which is similar to a decrease in corona
length A.

Eisenberg and co-workers has extensively studied major factors influencing self-
assembly of PAA-b-PS copolymers. They applied a co-solvent method due to a glassy nature of
the PS block at room temperature (T, = 100 °C); in this method a polymer was dissolved first in a

common solvent, e.g. DMF, THF, dioxane, and then the selective solvent, water, was slowly
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134135 and the rate of water addition'*® influenced the

added."** In such mixtures water content
morphology. The effect of water content is ascribed to the change of N, and critical water
content (CWC) at which the micellization starts. The rate of water addition has a strong impact
on the ability of a system to reach the equilibrium state.'*® At low water content, the mobility of
polymer chains is high, and the morphological transition can be faster than increase of the water
content. On the other hand, at high water content the assemblies become kinetically frozen, and
the thermodynamic equilibrium cannot be reached on the experimental timescale. For systems
prepared using other self-assembly techniques it practically means that in the case of equilibrium
morphologies the size and structure of the assemblies should not depend on the details in
preparation procedure.'”> However, it is believed that global equilibrium is not achieved on
experimental time scales due to slow kinetics of high molecular weight polymers which hinders
structural evolution of the self-assembled morfologies."’

Nature of the common solvent has an effect on the morphology mainly because of the
two parameters: solubility of the PS block (J) and ionization of the PAA block which is
determined by dielectric constant (¢) of the solvent."*® Since the common solvent is present in the
hydrophobic domains during water addition, o0 determines the degree of swelling and mobility of
the PS chains. THF and dioxane result in higher PS mobility than DMF. Therefore, the presence
of THF and dioxane facilitates the growth of micelles and increases the range of water contents
in which the assemblies are still labile. The repulsive forces in the corona strongly depend on the
ionization of PAA, which is higher in a common solvent with a higher ¢, like DMF, than in THF
or dioxane. Stronger repulsion leads to an increase in the interfacial area ay occupied by
hydrophilic chains, which is similar to an increase in the corona length A. The presence of ions
and pH also contribute to the ionization and repulsion between the corona chains, possessing a

significant effect on the morphology.** '

2.3.  Self-assembly of linear ABC copolymers

ABC copolymers offer unique opportunities for development of sophisticated structures
which cannot be accessed with conventional AB copolymers. The presence of an additional C
block introduces a higher degree of complexity in self-assembly behavior. For example, ABC
copolymers are predicted to form a wide range of ordered structures in bulk phase.'**'*

Battaglia and co-workers'® have recently shown formation of stable patchy (i.e. domains in the
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corona) polymersomes which were obtained by mixing poly(methacryl phosphoryl choline)-
block-poly(diisopropylaminoethyl methacrylate) (PMPC-b6-PDPA) diblock copolymer with
(PEO/PMPC)-b-PDPA miktoarm star triblock copolymer. Miiller and co-workers reported about
various structures formed by linear ABC copolymers. For example, undulated rods were
obtained via self-assembly of ABC copolymers in (A, C)-selective solvents into patchy micelles
which further aggregated into rods due to the collapse of the C block by decreasing its
solubility."**'** Using similar self-assembly approach, different multicompartment (i.e. domains
in the core) nanostructures can be formed by linear ABC terpolymers in organic C-selective
solvent with phase separation of A/B blocks in the core."**'" The rational design of such self-
assembled structures was described based on polysterene-block-polybutadiene-block-poly(tert-
butyl methacrylate) (PS-b-PB-b-PT) model system in acetone/isopropanol mixtures, where PT is
always soluble, PB is insoluble, and the collapse of PS is controlled by the solvent composition
(Fig. 1). The corona length (Nt) determines micelle geometry, whereas length of PB (Np) is
responsible for the morphology of PB domains in the PS core. Such multicompartment structures
may serve as templates for nanooptics and nanoelectronics, and their analogues assembled in
aqueous solution can be used as smart drug delivery systems with controlled pharmacokinetic

release profiles.
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Figure 1 from ref.!*’ Classification of micelle geometry by compartment morphology: spheres-
on-spheres, spheres-on-cylinders, spheres-on-bilayer sheets and polymersomes; cylinders-on-
cylinders (double-helix compartment), cylinders-on-bilayer sheets and polymersomes; sheets and
polymersomes with bicontinuous membrane morphology; core—shell micelles, core-shell

cylinders, lamellar sheets and vesicles. Scale bars are 200 nm.

Linear ABC copolymers with soluble A and C blocks can form structures with mixed,
patchy, and Janus corona'*'*> 1% with diverse potential applications ranging from materials
science to biomedicine.'”>'*® Depending on the nature of A and C blocks, the domains on the
surface can possess different chemical and physical properties for selective -catalysis,
responsiveness to certain stimuli, immobilization of specific molecules, etc. Bis-hydrophilic
ABC copolymers, where A and C are water soluble blocks, self-assemble into polymersomes

with asymmetric membrane.*® '*!" 771 The shorter block forms the inner corona due to the
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preferred lower curvature, and the outer corona is composed by a longer block. Such
polymersomes may have inner and outer surfaces with different properties, for example different
affinity to protein absorption as was shown for PEO-5-PCL-b-PAA system.”® Miiller and co-
workers'”' studied aqueous self-assembly of some bis-hydrophilic ABC copolymers depending
on the preparation procedure and hydrophilic-to-hydrophobic balance, but there is still lack of
systematic investigation and mechanistic understanding of self-assembly of such systems in both

aqueous and organic (A, C)-selective medium.

3. Scope of this thesis

The emerging field of the complex aqueous self-assembly of linear AB and ABC (A, C —
hydrophilic, B — hydrophobic) copolymers has inspired and motivated the work presented in this
thesis. The following copolymers were chosen as model systems: poly(ethylene oxide)-block-
polycaprolactone (PEO-b-PCL), poly(ethylene oxide)-block-polycaprolactone-block-poly(2-
methyl-2-oxazoline) (PEO-b-PCL-6-PMOXA), and poly(ethylene oxide)-block-poly(y-R-¢-
caprolactone)-block-poly (N, N-dimethylaminoethyl methacrylate) (PEO-b-P(R)CL-b-
PDMAEMA, where R = methyl (M) or phenyl (Ph)). These copolymers are highly relevant for
potential biomedical applications due to biocompatible protein-repellent nature of hydrophilic
PEO and PMOXA, biodegradability of hydrophobic polyesters, and ability of cationic
PDMAEMA to complex nucleic acids. The synthesis has been achieved via a combination of
coordination LROP of ¢-CL/MCL/PhCL and microwave-assisted cationic LROP of MOXA or
ATRP of DMAEMA. Self-assembled structures were investigated via laser scanning
microscopy, transmission electron microscopy (TEM), and cryogenic TEM. Self-assembly was
tested under different conditions and explained in terms of packing geometry of individual
polymer molecules.

The main goals of this thesis have been approached via:

(1) optimization of the synthesis of PEO-b-PCL (Publication 1);

(11) development of the synthetic strategy for PEO-b-PCL-6-PMOXA (Publication 2);

(i)  investigation of the aqueous self-assembly of PEO-b-PCL and PEO-b-PCL-b-

PMOXA under different conditions (Publication 1 and 3);
(iv)  investigation of the effect of hydrophobicity of the middle block of PEO-b-PRCL-
b-PDMAEMA copolymers on their aqueous self-assembly (Section 4).
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Article history: Poly(ethylene oxide)-block-polycaprolactone (PEO-b-PCL) is one of the widely used bio-
Received 2 June 2016 compatible amphiphilic block copolymers which is able to self-assemble into a variety of

Received in revised form 5 August 2016
Accepted 12 August 2016
Available online 18 August 2016

3D structures, including polymersomes. Controlled self-assembly into a 3D structure with
a certain size and morphology might require uniform PEO-b-PCL (Py < 1.1), which has not
been possible to synthesize so far. In this work, we optimized the well-known synthesis of
PEO-b-PCL, catalyzed by SnOct,, leading to a low molecular-weight dispersity (< 1.1), and

I;E)(/)v_v;:_rga discussed the aging effects of SnOct; on the overall kinetics of the synthesis. To understand
SnOct, catalyst the effect of the dispersity of PEO-b-PCL on its self-assembly, we compared self-assembled
Dispersity structures formed by uniform PEO-b-PCL (Dy < 1.1) with the ones formed by non-uniform
Self-assembly analogues (Py > 1.1). Furthermore, we demonstrated the benefits of uniform PEO-b-PCL
Polymersomes when a high degree of end-group activation is required through m-tosylation.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Micelles and vesicles are a few examples from the large variety of 3D structures which can be formed by molecular self-
assembly. Among them, vesicles are of special interest due to the protected hydrophilic core where encapsulated drugs or
enzymes are shielded from the external media [1-3]. For this purpose, vesicles are typically formed from natural lipids or
amphiphilic synthetic block copolymers. Vesicles based on block copolymers, or polymersomes, exhibit higher mechanical
stability and more advanced functionalization capability, and thus are increasingly more preferred to lipid-based vesicles [4-
8]. The type of 3D structure strongly depends on the nature of the composing blocks and the hydrophilic weight fraction [9].
A prominent example of a biocompatible block copolymer forming polymersomes is poly(ethylene oxide)-block-
polycaprolactone (PEO-b-PCL), where PEO is a hydrophilic, biocompatible, protein repellent polyether which prolongs blood
circulation time of self-assembled structures [10], and PCL a hydrophobic, biodegradable polyester often used in drug deliv-
ery systems [11-14]. PEO-b-PCL self-assembles into a variety of meso- and nanoscale structures depending on the hydrophi-
lic weight fraction, block lengths, and the method of preparation [15-19]. In general, an increase of a copolymer molecular-
weight dispersity leads to the formation of a mixture of different self-assembled structures [20-23] and broadening of the
size distribution of the corresponding aggregates [23,24]. Consequently, the self-assembly of distinct and uniform 3D struc-
tures might require PEO-b-PCL with a certain block length and rather narrow molecular-weight dispersity. For example, PEO
(2K)-b-PCL(9.5K) with a dispersity of 1.14 forms predominantly mesoscale polymersomes [16], whereas the comparable
copolymer PEO(2K)-b-PCL(9K) with a higher dispersity of 1.42 forms mostly mesoscale worms [17] by film rehydration.

* Corresponding author.
E-mail address: wolfgang.meier@unibas.ch (W. Meier).
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The synthesis of PEO-b-PCL diblock copolymers is usually performed using PEO as a macroinitiator for the polymerization
of e-caprolactone (e-CL) with either tin(Il) 2-ethylhexanoate (SnOct;) as a catalyst [15-17,25-28] or triethylaluminium as a
precursor [29,30]. e-CL polymerization performed with triethylaluminium requires an excess of the precursor (~ 1.1 eq. with
respect to PEO). For biomedical and food applications the residual aluminum has to be removed [31], which is usually done
by quenching the polymerization with hydrochloric acid, which might lead to the degradation of the polyester backbone. To
avoid intensive acidic purification, SnOct;, an FDA approved catalyst [31] can be used, since PEO-b-PCL synthesis in this case
requires only trace amount of the catalyst. Unfortunately, Dy, values scatter in a wide range (1.1-1.6) for PEO-b-PCL copoly-
mers when the synthesis is catalyzed by SnOct,. It is known that at short polymerization times during the homopolymer-
ization of &-CL the obtained polymers exhibit a rather narrow dispersity (< 1.1). After long polymerization times,
however, side processes result in a broadening of the polymer molecular weight distribution [32]. In this work, we investi-
gated the kinetics of a PEO-b-PCL synthesis catalyzed by SnOct; in order to clarify the rise of the PEO-b-PCL dispersity, and
consequently optimized the synthesis towards uniform PEO-b-PCL block copolymers. We compared mesoscale self-
assembled structures of synthesized uniform PEO-b-PCL (Py; < 1.1) with the ones assembled from its non-uniform analogues
(Pm > 1.1), to gain insight into the effect of dispersity on the self-assembly process. Furthermore, we showed how to tosylate
the PCL end of PEO-b-PCL for further modifications, and thus to expand the functionalization capability of PEO-b-PCL copoly-
mers and their self-assembled structures.

2. Experimental section
2.1. Materials

All glassware was dried overnight at 120 °C prior to use. All chemicals were obtained from Sigma-Aldrich and used as
received unless otherwise mentioned. Milli-Q water with a resistivity of 15 MQ cm was used from a Purelab Option-R
7/15 system (ELGA). Poly(ethylene oxide) monomethyl ether (PEO) with a molar mass of 2000 g mol~! was dissolved in
water and then lyophilized to obtain the polymer in a form of a dry powder. e-Caprolactone (e-CL) was dried under reduced
pressure over CaH, for at least 12 h. e-CL was purified by vacuum distillation and stored under argon atmosphere (not longer
than 2 days). Toluene was dried over CaH, and distilled under argon atmosphere prior to use. Just before use tin(Il) 2-
ethylhexanoate (SnOct,) was purified by vacuum distillation. Bodipy 630/650 NHS ester was purchased from Thermo Fisher
Scientific Inc.

2.2. Nuclear magnetic resonance spectroscopy

'H NMR spectra were recorded at 295 K in CDCl; on a Bruker Avance III NMR spectrometer operating at 400.13 MHz pro-
ton frequency. The instrument was equipped with a direct observe 5-mm BBFO smart probe. Chemical shifts are reported in
ppm relative to tetramethylsilane. ''°Sn NMR, diffusion-ordered NMR spectroscopy (DOSY), and '°Sn-HMBC (heteronuclear
multiple bond correlation) experiments were performed in CD,Cl, on a Bruker Avance IIl NMR spectrometer operating at
600.13 MHz proton frequency. The instrument was equipped with a direct observe 5-mm BBFO smart probe. The experi-
ments were performed at 298 K and the temperature was calibrated using a methanol standard showing accuracy within
+0.2 K. The external reference for 1'°Sn was tetramethyl tin at 0 ppm. NMR spectra were processed with MestReNova soft-
ware, DOSY NMR experiments were processed with TopSpin software.

2.3. Gel permeation chromatography

GPC traces were analyzed and recorded in WinGPC (v 8.20 build 4815, PSS systems). The chloroform GPC system was
equipped with 2 PSS SDV columns (1000 A and 100,000 A, each 30 cm long, 5 pm particles, 0.8 cm diameter) and a refractive
index (RI), UV-vis, and viscosity detectors ran at 35 °C and 1 ml min~!. The system was calibrated against narrow distributed
polystyrene standards.

2.4. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)

Molecular weight and end groups of PEO starting material were determined by MALDI-TOF. The data was acquired on a
Bruker microflex LT instrument equipped with a 337 nm pulsed nitrogen laser in linear mode. The samples were prepared
using multiple-layer spotting approach [33]. First, the matrix (0.5 pl of saturated dithranol in CHCl;) was spotted on the
MALDI target. Then 0.5 pl of Nal saturated in acetone was applied followed by 0.5 ul of 25 mg ml~! of a polymer. The data
analysis and predictions were performed using the Bruker DataAnalysis software.

2.5. Laser scanning microscopy

LSM images were recorded on an inverted Zeiss LSM510 META/ConfoCor 2 FCS microscope using a Zeiss Plan-Apochromat
100x/1.4 QOil DIC objective. Bodipy 630/650 and calcein disodium salt were excited by the 633 nm He—Ne laser line (10 %
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output) and by the 488 nm Argon laser line (11 % output), respectively. The excitation light was passed through a HFT UV
488/543/633 beam splitter. The emission light was passed through a NFT 545 beam splitter and a BP 474-525 band pass
filter for the signal from calcein disodium salt, and through a LP 650 long pass filter for the signal from Bodipy 630/650.
The fluorescence signals were recorded on the LSM photomultiplier tubes (PMT). The transmittance signal was recorded
simultaneously on a T-PMT detector. Twelve bit images of 1024 x 1024 pixels were acquired at a scan speed of 51.20 ps
per pixel. The pinholes for the respective laser lines were > 10 pm to record maximum signal intensities. 5 pul of a stained
sample were placed onto a glass cover slip (22 mm x 50 mm), covered with a round (@ 12 mm) cover slip. To prevent sample
evaporation, the samples were sealed with nail polish. The images were processed with Image] (ver. 1.50B) and its LSM tool-
box plug-in (ver. 4.1.1). The average diameter of polymersomes was determined as an average Feret’s diameter based on at
least three different images (~ 600 objects in total).

2.6. Transmission electron microscopy

5 ul of a sample were adsorbed on a glow discharged copper grid (formvar coated, 200 mesh) and blotted off after 1 min.
Two times 5 pl of H,O were applied to the grid and blotted off right away to remove residual salts. This was repeated with
5 ul of 2 % aqueous uranyl acetate where the sample was stained for 10 s in the last step. The prepared grids were air dried
for at least 10 min before imaging on a Philips CM100 transmission electron microscope at an acceleration voltage of 80 kV.

2.7. Synthesis of PEO-b-PCL diblock copolymers

PEO-b-PCL was synthetized via SnOct, catalyzed coordination-insertion ring-opening polymerization of ¢-CL using PEO as
a macroinitiator. In a representative experiment, PEO (1 eq., 1.0 g, 0.5 mmol) was mixed with ¢-CL (500 eq., 28.5 g, 0.25 mol)
and toluene (33.5 ml) in a three-neck flask equipped with a Teflon-coated stir bar. One of the necks was covered with a sep-
tum to allow sample aspiration for '"H NMR and GPC analysis; the second neck was equipped with a condenser, the third was
covered with a valve allowing exchange of atmosphere in the flask. The mixture was degassed with three freeze-pump-thaw
cycles and backfilled with argon. Freshly distilled SnOct; (0.1 eq., 0.5 ml (0.1 M solution in toluene)) was added to the reac-
tion mixture followed by three freeze-pump-thaw cycles. The polymerization was carried out at 110 °C. The reaction time
varied depending on the targeted length of the PCL block. When the desired degree of polymerization was reached, the flask
with a clear viscous liquid was cooled to room temperature and precipitated 3 times in cold diethyl ether to remove residual
monomers. The white precipitate was collected by filtration and dried under vacuum. PEO(2K)-b-PCL(16.0K) (Py; = 1.23) was
obtained in similar conditions, but in the presence of 150 eq. of e-CL, the reaction was carried out for 24 h. PEO(2K)-b-PCL
(16.3K) (Pm = 1.55) was synthesized like PEO(2K)-b-PCL(16.0K), but in the presence of 0.6 eq. of SnOct,. The block ratio
was determined by integrating the peak from the terminal methyl group of PEO at 3.36 ppm and the peaks of the PCL back-
bone at 2.31 and 4.06 ppm. The polymers were also characterized by CHCl; GPC. 'H NMR (400.13 MHz, §, CDCl5): 1.38 ppm
(m, O=C—CH,—CH,—CH>—CH,—CH,—0—), 1.65 ppm (m, O=C—CH,—CH>—CH,—CH,—CH,—0—), 2.31 ppm (t, J=7.1 Hz,
0=C—CH»—CH,—CH,—CH,—CH,—0—), 3.38 ppm (s, CH;—0—), 3.65 ppm (s, —O—CH>—CH,—0—), 4.06 ppm (t, ] = 6.5 Hz,
0=C—CH,—CH,—CH,—CH,—CH,—0—).

2.8. Synthesis of PEO-b-PCL-OTs

PEO-b-PCL was w-functionalized with p-toluenesulfonyl chloride (TsCl). In a typical experiment, PEO-b-PCL (1 eq., 2 g,
0.15 mmol) and TsCI (100 eq., 2.81 g, 15 mmol) were added into a two-neck flask equipped with a Teflon-coated stir bar.
The mixture was dissolved in anhydrous CH,Cl, (28.6 ml). The solution was degassed by three freeze-pump-thaw cycles,
backfilled with argon and allowed to stir for 15 min at room temperature. Anhydrous pyridine (10 eq., 0.12 ml, 1.5 mmol)
was added and the reaction was left stirring overnight at room temperature. The mixture was precipitated 3 times in cold
diethyl ether to remove the excess of TsCl. The precipitate was dissolved in CH,Cl, (30 ml) and washed with Milli-Q water
(3 x 10 ml) to remove residual pyridine and pyridinium salts. The polymer containing organic phase was dried over MgSO,
overnight. The solution was filtered and the filtrate was dried under vacuum to give PEO-b-PCL-OTs as white solid. The per-
centage of m-modification was determined by integrating the peak from the terminal methyl group of PEO at 3.36 ppm and
the aromatic doublets at 7.35 and 7.79 ppm originating from the covalently attached tosyl group. 'H NMR (400.13 MHz, 4,
CDCl3): 138 ppm (m, O=C—CH,—CH,—CH,—CH,—CH,—0—), 1.65ppm (m, O=C—CH,—CH>—CH,—CH>—CH,—0—),
2.31 ppm (t, J= 7.1 Hz, 0=C—CH,—CH,—CH,—CH,—CH,—0—), 2.45 ppm (s, CH3—Ph), 3.38 ppm (s, CH;—0—), 3.65 ppm (s,
—0—CH,—CH»—0—), 4.02 ppm (t, J = 6.5 Hz, —CH»—OTs), 4.06 ppm (t, J = 6.5 Hz, O=C—CH,—CH,—CH,—CH,—CH>—0—),
7.35 ppm (d, J = 8.1 Hz, Ph), 7.79 ppm (d, J = 8.3 Hz, Ph).

2.9. Self-assembly

Four methods of self-assembly have been employed to obtain mesoscale structures of PEO-b-PCL copolymers: co-solvent,
film rehydration, solvent switch, and solvent evaporation.

For the co-solvent method, 2 mg of polymer were dissolved in 200 pl THF and added dropwise (~200 ul min~') into a
stirred solution of 800 pl Milli-Q water. The mixture was stirred at 350 rpm overnight at 25 °C.
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Film rehydration method was performed using two different substrates: a non-roughened glass and a roughened Teflon
surface. 2 mg of polymer were dissolved in 200 pl of CH,Cl, and placed in the glass round-bottom flask or onto the round
Teflon plate (@ ~ 12 mm). In the case of the glass flask, the organic solvent was removed by rotary evaporation followed
by vacuum evaporation for 12 h to get a dry polymer film. The Teflon plate with a polymer film was placed into a round-
bottom flask and connected to the vacuum line for 12 h. After the addition of 1 ml of Milli-Q water the samples were stirred
(350 rpm) for 24 h at 60 °C.

For the solvent-switch method, 2 mg of polymer were dissolved in 1 ml of THF, the solution was transferred into a regen-
erated cellulose dialysis tube (MWCO 3.5-5 kDa, SpectraPor) and dialyzed for 2 days against 1L of Milli-Q water at 25 °C
(water was exchanged 4 times).

The solvent evaporation method was performed at 25 and 60 °C. 2 mg of polymer were dissolved in 200 pl of CH,Cl, and
added in one shot to 1 ml of a solution of Milli-Q water stirred at 350 rpm. The organic solvent was left to evaporate while
stirring at 350 rpm for 12 h at 25 °C, or for 0.5 h at 60 °C.

For the encapsulation experiments a 10 mM aqueous solution of calcein sodium salt was used during the assembly. After
the self-assembly the samples were dialyzed for three days against Milli-Q water (water was exchanged 7 times). Solutions
of the mesoscale structures (50 pl) were stained with 0.5 pl of 0.72 uM Bodipy 630/650 dye and visualized by LSM.

3. Results and discussion
3.1. End-group modifiable PEO-b-PCL diblock copolymers

Due to its low price and easy handling SnOct, is the most commonly used catalyst for the production of polyesters. This
catalyst is also frequently applied for the polymerization of e-CL, using PEO as a macroinitiator to produce amphiphilic PEO-
b-PCL diblock copolymers. Polymerization of PEO-b-PCL is typically performed in two ways: (1) without any solvent (bulk
polymerization) or (2) in a solvent, typically toluene. In both ways, the polymerization is often performed until 100 % con-
version of &-CL is reached. In our experiments, during bulk polymerization, the colorless polymerization mixture often
turned yellow or brown depending on both the amount of catalyst and the reaction time, whereas polymerizations in
toluene always proceeded colorlessly. "TH NMR and GPC analysis did not reveal any significant differences between these
brown (bulk synthesized) and white (solvent synthesized) PEO-b-PCL copolymers. The observed change in color during bulk
polymerization most likely corresponded to the formation of SnO species [34]. The color could not be removed or reduced
neither by precipitation in ether or hexanes, nor by filtration over silica, celite, or aluminum oxide. The brown color disap-
peared and returned to white only after incubation with 0.025 M HCI, but simultaneously led to an increase of dispersity of
the polymer from 1.20 to 2.03 due to the acidic degradation of the polyester backbone (Fig. S1). Since we do not know the
effect of the color on further experiments, the polymerization was always performed in toluene to obtain white copolymers.

The increase of the dispersity of polymers typically occurs due to terminating reactions during polymerization, which is
often caused by impurities. Since the purity of PEO (see Fig. S2 for MALDI-TOF MS) and e-CL was assessed carefully before
each polymerization, we concluded, that the source of contamination was in the catalyst, as in most cases reported in liter-
ature and initially in this work, commercial SnOct; has been used for the polymerizations as received [15-17,25-28]. Poly-
merizations performed with distilled SnOct, resulted in polymers exhibiting lower Dy (<1.2) compared to the
polymerization with as-received SnOct; (Py > 1.2) (Fig. 1). In addition, PEO-b-PCL copolymers obtained using distilled cat-
alyst exhibited a pronounced high molecular weight shoulder (Fig. 1, red curve). '"H NMR spectra of these polymers were
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Fig. 1. GPC (CHCl3) traces of PEO (black curve, Dy = 1.08), PEO-b-PCL (blue curve, Dy = 1.42) obtained by polymerization using as-received SnOct,, and PEO-
b-PCL (red curve, Dy = 1.19) obtained by polymerization using freshly distilled SnOct;. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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identical to those obtained with non-distilled catalyst and showed all of the typical features of a PEO-b-PCL copolymer. We
believe that these high molecular weight species are also present in diblock copolymers, obtained in the presence of as-
received catalyst, but due to the rather large width of the GPC peaks they have not been distinguished in the corresponding
elugrams reported previously in the literature (see e.g., Fig. 1, blue curve). Although the catalyst is typically used in very
small amounts, its purification seems to drastically affect the PEO-b-PCL molecular weight distribution. For the details about
impurities in SnOct, see subsection 3.3.

Tosylation is a frequently utilized w-modification in polymer chemistry, since it allows further substitution of the tosyl
group to an azide, allowing fast and convenient click reactions. In addition, tosylated PEO-b-PCL copolymers may serve as a
platform for subsequent 2-alkyl-2-oxazoline polymerization [35] resulting in triblock copolymers. We observed that PEO-b-
PCL copolymers obtained after 100 % conversion in the presence of distilled or as-received catalyst were quite passive against
modifications at the PCL terminus, at least using p-toluenesulfonyl chloride. The percentage of tosylation of PEO-b-PCL
diblock copolymers was determined by integrating the aromatic doublets at 7.35 ppm and 7.79 ppm on 'H NMR spectra,
which correspond to the covalently attached tosyl group (Fig. S3A). The triplet at 4.02 ppm can also serve as an indication
of tosylation, since it corresponds to the terminal —CH,— group of the PCL block attached to the tosyl group. w-
Modification using 0.55 M p-toluenesulfonyl chloride resulted in <50 % tosylation after 24 h. Perhaps an esterification of
the end —OH groups by impurities and the catalyst is responsible for such passivation of PEO-b-PCL copolymers [36-38].
Interestingly, the relative amount of high molecular weight species in a PEO-b-PCL copolymer (shoulder area in the corre-
sponding elugram) is inversely proportional to the level of PEO-b-PCL tosylation. The degree of polymer tosylation with a
relative shoulder species concentration of 26 % reached about 50 % after 24 h, whereas tosylation of polymers with a relative
shoulder species concentration of 4 % reached 100 % already after 12 h (Fig. S3B). Such a correlation encouraged us to reveal
the possible origin of the high molecular weight shoulder in order to find ways to minimize its formation during polymer-
ization and consequently, to enable the end-group modification of PEO-b-PCL diblock copolymers.

3.2. High molecular weight shoulder: origin and suppression

To investigate how the high molecular weight shoulder changes over the reaction time, we took samples during the poly-
merization of e-CL using PEO macroinitiator and analyzed them by means of 'H NMR and GPC. As can be seen from Fig. 2A,
this high molecular weight shoulder increases over the reaction time, and at 100 % of conversion the relative amount of these
species reach about 26 % (Fig. 2D, blue curve). DOSY NMR experiments also confirmed the presence of high molecular weight
species. The data for 5 different peaks with the highest intensities were fitted with one and two component fits (equations
and representative fitting curves are in Fig. S4). The one component fit for PEO-b-PCL with a big shoulder (Fig. 2D, blue curve)
gives the diffusion coefficient (6.81+0.15)-10" ! m-s~2, whereas the two component fit gives the diffusion coefficients
(9.14%0.71)-10""" m-s~2 and (5.46 £ 0.29)-10~ ! m-s~2 confirming the presence of two distinctly different species. In the
case of the polymer with a small shoulder (Fig. 2D, red curve) both one and two component fits give similar values of the
diffusion coefficient: (9.83 +0.13)-10~"" m-s~2 and (10.02 + 0.28)-10~'" m-s~2, respectively. In the latter case the intensity
of the second component was negligible or even negative, and therefore the second diffusion coefficient was poorly repro-
ducible for 3 different peaks (relative error about 50 %), or did not have a meaningful value (Table S1).

The formation of high molecular weight species can be explained by side transesterification reactions [39,40] and/or by
the polymerization of -CL on coupled PEO-0-Sn-O-PEO or PEO-b-PCL-O-Sn-O-PCL-b-PEO species [41]. However, the latter
mechanism seems to be unlikely, as our ''°Sn-HMBC experiments did not detect any tin bound to the polymer chains. There-
fore, we assume that intra- and intermolecular transesterification reactions are responsible for the formation of the high
molecular weight shoulder. Depending on the type of the molecules which undergo this process, transesterification side
reactions can result in the formation of PCL homopolymer, PEO-b-PCL with shorter and longer PCL chain lengths, PEO-b-
PCL-b-PEO, and cyclic molecules. However, as determined by GPC, the molecular weight of the shoulder species is double
the molecular weight of the main peak, at least during the first 5 h (Fig. 2B). Therefore, we assume that the shoulder mainly
consists of PEO-b-PCL-b-PEO species. MALDI-TOF MS analysis is generally a very advantageous method for the end-group
characterization and helpful for the investigation of the mechanism of a polymerization [37]. However, we were not able
to record reliable MS spectra for the end-group analysis of PEO-b-PCL using multiple-layer spotting approach [33]. This issue
was also pointed out by Meier et al. [26].

Two different reaction mechanisms are responsible for the formation of the PEO-b-PCL copolymer and the shoulder spe-
cies. According to Fig. 2A, the rate constant of these reactions seems to differ significantly. Therefore, by changing the reac-
tion conditions one could change the relative rate of these reactions to minimize the growth of the shoulder.

The molecular weight increase of the diblock copolymer for different monomer concentrations is shown in Fig. 2C. The
polymerization was investigated in the presence of 100, 300, and 500 equivalents of e-CL. As can be seen, the increase in
the monomer concentration boosts the formation of PEO-b-PCL copolymer. The concentration of the shoulder increases over
the reaction time, and the rate of its accumulation is proportional to the monomer concentration (Fig. 2C). The concentration
of the high molecular weight shoulder was determined as a ratio between the area under the shoulder of the Gauss fitted
peak to the total area. Note that the point at 0 h, which corresponds to PEO, does not follow the trend, since the shoulder
present in the initiator has a different origin. Obviously, the earlier the polymerization is terminated, the less side products
are generated. Therefore, to minimize the formation of the shoulder species an excess of ¢-CL can be used for the synthesis of
PEO-b-PCL diblock copolymers with a targeted number of PCL units. For instance, if the targeted length of the PCL block is
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Fig. 2. (A) GPC (CHCl3) traces at various time points during the polymerization of 100 equivalents of e-CL with respect to PEO; (B) M, versus polymerization
time (500 eq. of e-CL) determined by 'H NMR (CDCls) spectroscopy (@), GPC (CHCl5) (@ ); M,, of the high molecular weight shoulder determined by GPC (4 );
M, of the diblock copolymer determined by GPC and multiplied by a factor of 2 (0); (C) M, and relative area of high molecular weight shoulder versus
polymerization time for 100, 300, and 500 equivalents of e-CL; D: GPC (CHCls) traces of PEO, two PEO-b-PCL diblock copolymers with similar molecular
weights (~ 13.4 kDa) obtained by running the reaction until 100 % of conversion (24 h, blue curve) and by terminating the reaction at 20 % of conversion
(5 h, red curve). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

100 units, which corresponds to the molecular weight of the diblock copolymer being 13.4 kDa, the polymerization should
be stopped after 24, 7, or 5 h when 100, 300, or 500 equivalents of e-CL are used, respectively. Moreover, the dispersity of the
main peak without the high molecular weight shoulder remains constant during the polymerization (Fig. S5). Elugrams of
two copolymers with similar molecular weights (~ 13.4 kDa), determined by 'H NMR spectroscopy, are illustrated in
Fig. 2D. As can be seen, a significant decrease (from 26 to 4 %) of the shoulder products can be achieved by using the excess
(500 equivalents) of e-CL for the polymerization. The dispersity of PEO-b-PCL copolymer synthesized under these conditions
is similar to that of the starting material, PEO, and does not exceed the value of 1.1. A low dispersity of PEO-b-PCL diblock
copolymer, which often serve as a platform for amphiphilic triblock copolymers [42-48], is very advantageous for obtaining
well-defined triblock copolymers, since the subsequent polymerization or coupling may result in the increase of the
dispersity.

Therefore, to obtain a PEO-b-PCL diblock copolymer with the targeted number of PCL units and with a low dispersity
(< 1.1), the polymerization should be carried out in the presence of an excess of monomer (depending on the targeted num-
ber of PCL units) and terminated at a certain time point. However, sometimes we observed different behavior of polymer-
ization, e.g., slower non-linear increase of the molecular weight during polymerization (Fig. S6A). Since the purity of PEO
and &-CL was confirmed by means of '"H NMR (e-CL, PEO), GPC (PEO), and MALDI-TOF MS (PEO), we assumed the cause of
these observations was SnOct,. From the one hand, if the catalyst was used just after its distillation, the growth of polymer
chain was linear and reproducible. From the other hand, if distilled SnOct, (stored under vacuum at room temperature) was
used more than 5 days after its distillation, the polymerization proceeded differently. In addition, the formation of species
with a molecular weight lower than the one of the PEO initiator was observed (Fig. S6B). This fact can be attributed to
the hydrolysis of SnOct, to Oct—Sn—OH or of Sn(IV) to Sn(IV)—OH [49,50], which can initiate the polymerization of &-CL
by itself. These observations encouraged us to investigate the changes of SnOct, catalyst under different storage conditions.

3.3. SnOct; catalyst: transformation during storage

Commercial SnOct; contains some 2-ethylhexanoic acid which can act as a terminating agent [51], and can contribute to
an increase in Dy, of the respective polymer. This acid can be partially removed by distillation (Fig. S7). Commercial SnOct,
also contains an organic impurity completely removable by distillation. This impurity is presumably toluene (Fig. S7), since
the chemical shifts are identical to the ones reported for toluene in CD,Cl, [52]. We also hypothesized that the catalyst con-
tains some amount of stabilizer (antioxidant) preventing oxidation of Sn(Il) to Sn(IV), since ''®Sn NMR spectra of SnOct,
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stored under different conditions showed different features (Fig. 3). If the impurities contain hydroxyl or amino groups (typ-
ical for antioxidants), they can also, apart from PEO, initiate the polymerization of e-CL and increase the Dy of the product.
Besides, as can be seen from the ''°Sn NMR spectra (Fig. 3A), non-purified catalyst contains some tin species at —704 ppm
and —708 ppm, which can be associated with hydrolyzed Sn(Il) and Sn(IV) species [49]. These compounds may also con-
tribute to the increase of Dy, since the Sn(II/IV)—OH species can initiate homopolymerization of e-CL.

Even when stored under vacuum, the distilled catalyst undergoes some changes, causing different polymerization behav-
ior over time (Fig. S6). "H NMR spectra of the catalyst during its storage showed no significant difference. To investigate the
changes of the catalyst after its purification and during its storage, '°Sn NMR spectra were recorded. On the basis of '1°Sn,
13C NMR and ''9Sn Méssbauer spectroscopies Labouriau et al. [49] have associated the peak at —528 ppm with SnOct,. How-
ever, we observed peaks at —539 ppm (commercial, non-distilled catalyst, Fig. 3A) and —519 ppm (freshly distilled catalyst,
Fig. 3B). These differences can mainly be explained by different concentrations of the samples. In addition, impurities (e.g.,
H-0, alcohols, amines, etc.) can result in different coordination of Sn(Il), since Sn(II) is known to have a tricoordinate pyra-
midal structure [53]. Furthermore, the peak at —708 ppm (Fig. 3A) can be associated with Sn(IV) [49], and tin carboxylates
with mixed oxidation states Sn(II) and Sn(IV) are known to form compounds with carboxylate ligand bridging Sn(Il) and Sn
(IV) atoms [54]. Thus, after distillation of the catalyst coordination of Sn(Il) atoms can be strongly influenced. Distilled cat-
alyst, stored 2 months under argon, has only one peak at —522 ppm (Fig. 3C), whereas freshly distilled catalyst, stored one
day in air, exhibits peaks only at —704 ppm and —708 ppm (Fig. 3D), which are associated with hydrolyzed Sn(Il) and Sn(IV)
species [49]. Moreover, commercial catalyst, stored one year under ambient conditions, also showed these peaks (Fig. 3E).
Distilled catalyst, stored one year in air, showed completely different features (Fig. 3F).

Hence, '1°Sn NMR spectra of SnOct, confirmed transformation of the catalyst during its storage under different condi-
tions. These data support our hypothesis that the catalyst contains some additive which inhibits the changes of the commer-
cial catalyst. However, the additive does not prevent the catalyst completely from its transformation (Fig. 3E). Therefore, for
reproducible polymerization kinetics the commercial SnOct, must be stored under inert conditions and distilled just before
use, or verified by 1'9Sn NMR spectroscopy prior to use.

3.4. Effect of the dispersity of PEO-b-PCL on size and morphology of the self-assembled structures

Amphiphilic PEO-b-PCL diblock copolymers have received considerable interest due to their ability to form nano- and
mesoscale objects depending on the hydrophilic weight fraction, the length of PEO and PCL blocks, and the method of prepa-
ration used for self-assembly [15,16]. To investigate how the method of preparation influences the self-assembly process, we
have employed four techniques: co-solvent, film rehydration on glass or Teflon surface, solvent evaporation at 25 °C or 60 °C,
and solvent switch. We have particularly focused on two model polymers for self-assembly: PEO(2K)-b-PCL(17.4K)
(Pm=1.08) and PEO(2K)-b-PCL(11.6K) (Py=1.08) (elugrams Fig. S8). The representative LSM images of the self-
assembled structures of PEO(2K)-b-PCL(17.4K) are presented in Fig. 4, and the images of PEO(2K)-b-PCL(11.6K) structures
are depicted in Fig. S9. For both polymers the co-solvent method yielded small structures which could not be visualized
by optical microscopy. Therefore, self-assembled structures were visualized via TEM. As can be seen from Figs. 4A and
S9A, the samples mainly consist of a continuous polymeric phase with some rods and particles. Therefore, the co-solvent
method results in partial dissolution of the polymers. In all the other methods, both polymers formed mesoscale structures,
which were stained with hydrophobic Bodipy 630/650 dye. In the case of PEO(2K)-b-PCL(11.6K) all methods resulted mostly
in the formation of spherical particles with diameter <2 pm (Fig. SO9B-F). TEM image of particles prepared by solvent evap-
oration technique at 60 °C showed the presence of rods and solid particles composed of separate domains (Fig. S10A). Inter-
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Fig. 3. 1'9Sn NMR (CD,Cl,) spectra of SnOct, stored under different conditions: (A) just bought as-received; (B) just bought, distilled and stored one day

under argon; (C) just bought, distilled and stored two months under argon; (D) just bought, distilled and stored one day exposed to air; (E) 1-year old (after
purchase) non-distilled; (F) stored 1 year in air after distillation.
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Fig. 4. Self-assembled structures formed by PEO(2K)-b-PCL(17.4K) (Py = 1.08) polymer using different preparation methods: TEM image (A) co-solvent
method, scale bar is 2 pm; LSM images (B) solvent switch method; (C) solvent evaporation at 25 °C; (D) solvent evaporation at 60 °C; (E) film rehydration on
Teflon surface at 60 °C; (F) film rehydration on glass surface at 60 °C. Inset in the left lower corner represents a vesicle with encapsulated hydrophilic dye
calcein. Microscale structures were stained with Bodipy 630/650 dye. Scale bars for LSM images are 5 um.

estingly, these particles are able to encapsulate the hydrophilic dye calcein, which stayed entrapped even after 3 days of dial-
ysis (Fig. S10B). In the case of a polymer with a longer PCL block, PEO(2K)-b-PCL(17.4K), most of the preparation methods
resulted in the formation of solid particles and some polymersomes (Fig. 4B-E). However, film rehydration method on glass
surface yielded small uniform polymersomes, which are also able to entrap the hydrophilic dye calcein (Fig. 4F). Therefore,
we applied this technique for further investigation of self-assembly properties of PEO-b-PCL polymers.

We have shown that the film rehydration method, in the case of PEO(2K)-b-PCL(17.4K), results in the formation of poly-
mersomes with diameters ranging from 1 to 2.5 pm. Our results, however, are not in complete agreement with those
obtained by film rehydration method [15-17]. This could be explained by differences in the calculation of PEO-b-PCL block
ratios used in our work: we took the peak at 3.36 ppm (terminal methyl group of PEO) as a reference, whereas the authors
[15-17] used the methylene protons of PEO backbone as a reference (3.65 ppm). We believe that the reference peak at
3.36 ppm gives more precise and reproducible integrals of the other peaks, because PEO synthesis is initiated by CH50K,
and, therefore, all molecules contain a terminal methyl group (Fig. S2). The disagreement could also be explained by some
differences in the preparation procedures of the self-assembled structures. However, we hypothesize the main reason to be
the dispersity of PEO-b-PCL, as the polymers reported here exhibited rather low Dy (1.08), whereas the ones with similar
molecular weights and block ratios reported by Therien et al. [15,16] have dispersity around 1.2, and reported by Discher
et al. [17] around 1.6. The influence of the dispersity of the diblock copolymers on the morphology [20-23] and size distri-
bution [23,24] of nanoscale self-assemblies was shown for different systems and supported by computer simulations [55,56].

To test the hypothesis of the influence of the dispersity on the self-assembly of PEO-b-PCL diblock copolymers, we took
three different PEO-b-PCL polymers with similar molecular weights, block ratios, and identical chemical structures as deter-
mined by 'H NMR spectroscopy (Fig. S11): PEO(2K)-b-PCL(17.4K), PEO(2K)-b-PCL(16.0K), PEO(2K)-b-PCL(16.3K), but with
different Dy, and studied their self-assembly using film rehydration method at 60 °C on glass surfaces. The Dy, in this case
represents the dispersity of the hydrophobic block, since side transesterification reactions affect only polyester backbone as
discussed earlier.

All three polymers self-assemble into mesoscale structures. The morphology and size of the self-assembled structures dif-
fer dramatically for polymers with different Dy, (Fig. 5). The polymer with the lowest Dy, gives the most uniform self-
assembly. The polymersomes have diameter 1.6 £ 0.5 pum. Interestingly, the polymer with a Dy of 1.23 gives mostly poly-
mersomes which are very similar to those obtained by Therien et al. [15,16]. The obtained polymersomes are much bigger
and less uniform (4.1 £ 2.5 pm) compared to those formed by the polymer with a by = 1.08. The polymer with the highest
Py = 1.55 forms two types of morphologies: polymersomes and aggregates. The polymersomes in this case exhibit a variety
of shapes, including elongated polymersomes, multicompartment polymersomes with a few polymersomes inside, etc.
(Fig. S12).
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Fig. 5. Elugrams of PEO-b-PCL polymers and LSM images of the corresponding self-assembled structures formed using film rehydration on a glass surface:
(A) PEO(2K)-b-PCL(17.4K), Dy = 1.08; (B) PEO(2K)-b-PCL(16.0K), Dy = 1.23; (C) PEO(2K)-b-PCL(16.3K), Dy = 1.55. Self-assembled structures were stained
with Bodipy 630/650 dye. Scale bars are 5 pm.

To investigate the effect of PEO-b-PCL dispersity on its nanoscale self-assemblies, we applied the method described in
[16]. However, the polymers discussed here mostly precipitated under the tested self-assembly conditions. This fact is
not very surprising, since phase diagrams for meso- and nanoscale structures formed by PEO-b-PCL do not entirely match
[16]. Nevertheless, the data discussed in this article support the hypothesis that the lower the PEO-b-PCL dispersity is,
the more uniform are the mesoscale self-assembled structures in size and shape. This conclusion is based on 3-4 self-
assembly experiments which resulted in the formation of similar structures. Generalization of the hypothesis would require
additional studies investigating the effect of the copolymer dispersity on nanoassemblies of PEO-b-PCL and self-assembled
structures of other amphiphilic block copolymers.

4. Conclusions

The optimization of the synthesis of PEO-b-PCL diblock copolymers catalyzed by SnOct, yielded a robust and reproducible
strategy to obtain block copolymers with tunable length of the PCL block while maintaining a low dispersity (Dy < 1.1). We
demonstrated the importance of SnOct, purification prior to the polymerization, and investigated its degradation during
storage under different conditions. Furthermore, the tosylation of PCL end of PEO-b-PCL copolymers was discussed and out-
lined. The application of PEO-b-PCL-OTs as a macroinitiator for the polymerization of 2-alkyl-2-oxazolines will be addressed
elsewhere.

The comparison of the mesoscale self-assembled structures formed by PEO-b-PCL diblock copolymers suggests that uni-
form polymers are beneficial for the self-assembly of distinct and uniform 3D structures. However, further experimental and
theoretical studies are required to make this conclusion more solid.

The obtained copolymers and the assemblies thereof might serve as platform to study the effect of the dispersity on dif-
ferent processes, for example, on the insertion of membrane proteins into thick polymeric membranes. Such a system is dou-
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bly beneficial, since it is believed that two factors are responsible for the successful incorporation of a protein: polymer chain
flexibility and contraction around the membrane protein, and/or arrangement of shorter polymer chains around the protein
[57,58]. If the latter hypothesis plays a predominant role, then the dispersity of a polymer can drastically affect the incor-
poration of a functional membrane protein into such polymeric membrane.
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Figure S1. GPC (CHCI) traces of PEO (black curve), PEO-b-PCL diblock copolymers (M, =
12.4 kDa, blue curve) and the same polymer treated with 0.025 M HCI for 1h at room
temperature (red curve).

44 amu

Wl
1000 2000 3000
m/z

Figure S2. MALDI-TOF MS spectrum of PEO. [M +Na'] calculated 2036.39, observed
2034.57.
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Figure S4. Representative one (A) and two (B) component fits for a peak at 2.28 ppm for the
polymer with a big shoulder.

Table S1. Diffusion coefficients for two PEO-b-PCL polymers (M, ~ 13.4 kDa) with big and
small shoulders.

Chemical One component fit Two component fit
shift, > 2 2
ppm D, m-s Iy D, ms los Dy, m:s loo
1.36 6.76-10™" 1.017 9.90-10™" 0.36 5.69-10™"" 0.67
5
g 1.62 6.81-10™" 1.014 9.57-10™" 0.41 5.59-10™" 0.61
o=
oG 2.28 6.72-10™" 1.019 8.76-10™" 0.51 5.32-10™" 0.51
w =
a2 3.59 7.06-10™" 1.026 9.34-10™" 0.49 5.66-10™"" 0.54
4.02 6.68-10™" 1.023 8.12-10™ 0.64 5.02-10™" 0.39
average | (6.81%0.15)-10"" | 1.020£0.005 | (9.14+0.71)-10™"" | 0.48+0.11 | (5.46£0.29)-10™"" | 0.54+0.11
1.36 9.80-10"" 1.031 9.99-10" 1.02 3.11-10™" 0.01
o 1.62 9.91-10™" 1.026 1.05-107"° 0.94 5.66-10™" 0.08
=3
O E 2.28 9.76:10™"" 1.032 9.88-10™"" 1.03 2.41-10™" 0.01
& <
o2 3.59 1.00-107"° 1.041 1.00-107"° 1.04 1.42-107 -0.04
w <
o g 4.02 9.69-10" 1.035 9.74-10™" 1.03 1.41-10® -0.72
average | (9.83+0.13)-10"" | 1.033+0.006 | (10.02+0.28)-107"" | 1.01+0.04
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Figure S6. A: Kinetic plot of M, (PEO-b-PCL) versus polymerization time when freshly
distilled SnOct, was used (®), and the same catalyst stored for 5 days under vacuum at room
temperature (®); B: distinct GPC (CHCI;) traces at various time points corresponding to A (e).
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Figure S7. '"H NMR (CD,CL,) spectra of commercial (lower) and distilled (upper) SnOct,. 'H
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Figure S8. GPC (CHCI;) traces of two PEO-b-PCL diblock copolymers.
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Figure S9. Self-assembled structures formed by PEO(2K)-b-PCL(11.6K) (Py = 1.08) polymer
using different preparation methods: TEM image A: co-solvent method, scale bar 2 pm; LSM
images B: solvent switch method; C: solvent evaporation at 25 °C; D: solvent evaporation at
60 °C; E: film rehydration on Teflon surface; F: film rehydration on glass surface. Scale bars for

LSM images are 5 um.

Figure S10. Self-assembled structures formed by PEO(2K)-b-PCL(11.6K) (By = 1.08) polymer
using solvent evaporation method at 60 °C: TEM image A, scale bar is 1 um; LSM images B
(from the left to the right) of entrapped calcein, particles stained with Bodipy 630/650 dye, and
their overlay. Scale bar is 3 pm.
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Figure S11. '"H NMR (CDCls) spectra of: A: PEO(2K)-b-PCL(17.4K), Py = 1.08; B: PEO(2K)-
b-PCL(16.0K), Dy = 1.23; C: PEO(2K)-b-PCL(16.3K), Dy = 1.55.

Figure S12. Different self-assembled polymersomes formed by PEO(2K)-b-PCL(16.3K) (B =
1.55) polymer using film rehydration method. Scale bars are 5 um.
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ABSTRACT: We report a new family of amphiphilic ABC triblock
copolymers: poly(ethylene oxide)-block-polycaprolactone-block-poly(2-
methyl-2-oxazoline) (PEO-b-PCL-b-PMOXA). The synthesis is free of
toxic reagents, well-controlled and results in polymers with Dy; < 1.25
and PMOXA length up to 25 units (2 kDa). We compare the self-
assembly of PEO-b-PCL-b-PMOXA with PEO-b-PCL depending on
PCL length and hydrophilic weight fraction (f) using the film
rehydration method. Polymers self-assemble into different microscale
structures, including polymersomes, which were studied by laser
scanning microscopy. We proved the asymmetry of polymersome
membrane by two independent methods, which confirmed the presence
of a longer PEO block and the absence of a shorter PMOXA block on

.va

O¢

self- assembly

PMOXA

bg/\/\/\l/l/o\/}OH

\‘

the outer surface of polymersomes.

B INTRODUCTION

Nature provides a vast variety of fascinating complex structures
assembled from different macromolecules. Structures of such
assemblies determine their function. A prominent example is a
lipid bilayer, which functions as a membrane confining
biochemical reactions within a living cell. Artificial membranes
assembled from amphiphilic block copolymers exhibit higher
chemical and mechanical stability,' opening new routes for
various bioapplications like drug delivery and nanoreactors.”””
Most of the investigated copolymers have AB or ABA
structures, where A = hydrophilic and B = hydrophobic blocks,
which self-assemble into symmetric membranes. Recently
developed ABC triblock copolymers consisting of two different
hydrophilic (A, C) blocks can self-assemble into asymmetric
membranes that increases the functionality and flexibility in the
design of membranes for bioapplications. For example, ABC
membrane induces the directed insertion of membrane
proteins” and enhances the delivery of some drugs.”~"' Only
few studies report the synthesis of ABC asymmetric
copolymers."'~"” Most of them are obtained via atom transfer
radical polymerization'"*~"” requiring toxic copper catalyst
that may limit bioapplications of such polymers.

In this work, we present a novel asymmetric triblock
copolymer consisting of biocompatible blocks: poly(ethylene
oxide)-block-polycaprolactone-block-poly(2-methyl-2-oxazo-
line) (PEO-b-PCL-b-PMOXA). The synthesis is free of toxic
agents and well-controlled, yielding polymers with Dy < 1.25
and PMOXA length up to 25 units (2 kDa). Furthermore, we
present the self-assembly of the synthesized polymers depend-
ing on both PCL length and hydrophilic weight fraction (f)
using the film rehydration method. The polymers form

-4 ACS Publications  © 2017 American Chemical Society
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microscale structures, including polymersomes, which were
characterized by laser scanning microscopy. We confirm, for the
first time, the complete membrane asymmetry of ABC
polymersomes. We show by two independent methods that
only the PEO block, which is longer than PMOXA, composes
mainly the outer surface of the polymersome membrane.

B EXPERIMENTAL SECTION

Materials. Glassware for polymerization was dried overnight at 120
°C prior to use. Chemicals were obtained from Sigma-Aldrich and
used as received unless otherwise mentioned. Milli-Q water (15 MQ-
cm) was used from ELGA Purelab Option-R 7/15 system.
Poly(ethylene oxide) monomethyl ether (PEO, 2000 g mol™") and
bifunctional HC=C-CH,-O-PEO-OH (Alkyne-PEO, 2000 g mol ™,
Laysan Bio) were dissolved in water and then lyophilized. e-
Caprolactone (¢-CL) was dried over CaH, and distilled under
reduced pressure. Toluene was dried over CaH, and distilled under an
argon atmosphere prior to use. Tin(II) 2-ethylhexanoate (SnOct,) was
distilled under reduced pressure. 2-Methyl-2-oxazoline (MOXA) was
dried under an argon atmosphere over CaH, for at least 12 h and
distilled prior to use. Sulfolane was dried over CaH, for 24 h under
reduced pressure at 35 °C, distilled, and stored in the glovebox. 2-
Methyl p-toluenesulfonate (MeOTs) was dried under vacuum over
CaH, for at least 12 h and distilled prior to use. Bodipy 630/650 NHS
ester was purchased from Thermo Fisher Scientific Inc. Sulfo-
Cyanine3 azide and Sulfo-Cyanine3 alkyne were purchased from
Lumiprobe.

Microwave-Assisted Synthesis. Microwave polymerization was
performed on a Biotage Initiator System equipped with Robot Eight.
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The microwave synthesizer operated at a constant set temperature
monitored by the IR sensor.

Nuclear Magnetic Resonance Spectroscopy (NMR). '"H NMR
spectra were recorded in CDCl; (0.05% tetramethylsilane) on a
Bruker Avance IIl NMR spectrometer (400.13 MHz). Spectra were
processed with MestReNova software, and chemical shifts are reported
in ppm.

Gel Permeation Chromatography (GPC). GPC traces were
analyzed and recorded in WinGPC (v 8.20 build 4815, PSS systems).
The DMF (20 mM LiBr) GPC system was equipped with three PSS
GRAM columns (one 30 A, two 1000 A, each 30 cm long, 10 um
particles, 0.8 cm diameter) and a Viscotek TDA 30S detector system
including refractive index (RI), triple UV—vis operating at different
wavelengths (189—506 nm), light scattering at 90° (LS 90°, 670 nm),
and viscosity (DP) detectors. The samples were measured at 60 °C
with the flow rate of 1 mL min~". The system was calibrated against
narrowly distributed poly(methyl methacrylate) (PMMA) standards.

Laser Scanning Microscopy (LSM). LSM images were recorded
on a Zeiss LSMS510 META/ConfoCor 2 FCS microscope using a Zeiss
Plan-Apochromat 100X/1.4 Oil DIC objective lens. Bodipy 630/650
was excited by the 633 nm He—Ne laser line (10% output). Sulfo-Cy3
was excited by the 514 nm argon laser line (10% output). Calcein was
excited by the 488 nm argon laser line (10% output). The excitation
light was passed through a HFT UV 488/543/633 or HFT 405/514
beam splitter. The emission light from Bodipy 630/650 was passed
through a LP 650 long pass filter. The emission light from Sulfo-Cy3
was passed through a LP 560 long pass filter. The emission light from
calcein was passed through a NFT 545 beam splitter and a BP 474-525
band-pass filter. The fluorescence signals were recorded on the
photomultiplier tubes. 12-bit images with the resolution of 1024 X
1024 pixels were acquired at a scan speed of 51.20 us per pixel. The
pinholes were adjusted accordingly to record maximum signal
intensity. S uL of a sample was placed onto a glass coverslip (22
mm X S0 mm) and covered with a round coverslip (¢» 13 mm) which
was sealed with nail polish. The images were processed with Image]J
(ver. 1.50B) software.

Synthesis of PEO-b-PCL Diblock Copolymers. PEO-b-PCL was
synthesized using an optimized procedure described in our previous
work.'® Briefly, PEO (1 equiv, 1.0 g, 0.5 mmol) was mixed with e-CL
(500 equiv, 28.5 g, 0.25 mol) and toluene (33.5 mL) in a three-neck
flask. Freshly distilled SnOct, (0.1 equiv, 0.5 mL (0.1 M solution in
toluene)) was added to the reaction mixture, and the mixture was
degassed by three freeze—pump—thaw cycles. The polymerization was
carried out at 110 °C, and the reaction time varied depending on the
targeted length of the PCL block. PEO-b-PCL copolymer was
precipitated three times in cold diethyl ether, and the precipitate was
collected by filtration and dried under vacuum. The block ratio was
determined by integrating the peak from the terminal methyl group of
PEO at 3.38 ppm and the peaks of the PCL backbone at 2.31 and 4.06
ppm. The polymers were also characterized by DMF GPC. '"H NMR
(400.13 MHz, 8, CDCLy): 1.38 ppm (m, (O)C-CH,-CH,-CH,-CH,-
CH,-0-), 1.65 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-0-), 2.31
ppm (t, ] = 7.1 Hz, (O)C-CH,-CH,-CH,-CH,-CH,-O-), 3.38 ppm (s,
CH;-0-), 3.65 ppm (s, -O-CH,-CH,-O-), 4.06 ppm (t, ] = 6.5 Hz,
(O)C-CH,-CH,-CH,-CH,-CH,-O-).

Synthesis of PEO-b-PCL-OTs Macroinitiator. PEO-b-PCL-OTs
was synthesized using an optimized procedure described in our
previous work.'® In a representative experiment, PEO-b-PCL (1 equiv,
2 g, 0.15 mmol) and p-toluenesulfonyl chloride (TsCl) (100 equiv,
2.81 g, 15 mmol) were added into a two-neck flask, and the mixture
was dissolved in anhydrous CH,Cl, (28.6 mL). The solution was
degassed with three freeze—pump—thaw cycles and backfilled with
argon. Then anhydrous pyridine (10 equiv, 0.12 mL, 1.5 mmol) was
added, and the reaction was carried out for 12 h at 25 °C. The mixture
was precipitated three times in cold diethyl ether; the final precipitate
was dissolved in CH,Cl, (30 mL) and washed with Milli-Q water (3 X
10 mL). The CH,Cl, phase was dried over MgSO, overnight and
filtered, and the filtrate was dried under vacuum. The percentage of
tosylation was determined by integrating the peak from terminal
methyl group of PEO at 3.38 ppm and the aromatic doublets at 7.35
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and 7.79 ppm. The polymers were also characterized by DMF GPC.
'"H NMR (400.13 MHz, §, CDCl,): 1.38 ppm (m, (O)C-CH,-CH,-
CH,-CH,-CH,-O-), 1.65 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-
0-), 231 ppm (t, J = 7.1 Hz, (O)C-CH,-CH,-CH,-CH,-CH,-O-),
245 ppm (s, CH;-Ph), 3.38 ppm (s, CH;-O-), 3.65 ppm (s, -O-CH,-
CH,-0-), 4.02 ppm (t, ] = 6.5 Hz, -CH,-OTs), 4.06 ppm (t, ] = 6.5
Hz, (O)C-CH,-CH,-CH,-CH,—CH,-0O-), 7.35 ppm (d, ] = 8.1 Hz,
Ph), 7.79 ppm (d, J = 8.3 Hz, Ph).

Synthesis of PEO-b-PCL-b-PMOXA Triblock Copolymers.
PEO-b-PCL-b-PMOXA was synthesized using PEO-b-PCL-OTs
macroinitiator for cationic ring-opening polymerization of MOXA by
microwave-assisted synthesis. PEO-b-PCL-OTs (1 equiv, 0.5 g, 0.04
mmol) was dissolved in a freshly distilled MOXA (2500 equiv, 7.9 mL,
93 mmol), and sulfolane (10 g) was added in the glovebox. The
desired volume of the solution was transferred into microwave vials.
The vials were sealed in the glovebox under an argon atmosphere prior
to the transfer to the microwave reactor. After the microwave
irradiation at 100 °C the polymerization mixture was cooled down to
room temperature. To get the desired PMOXA length, the reaction
time was varied from 3 to 15 min. To remove sulfolane and residual
monomer, the polymerization mixture was placed into a regenerated
cellulose dialysis membrane (MWCO 3.5—5 kDa, SpectraPor) and
dialyzed against THF:H,O (9:1) mixture for 2 days and THF:CH,Cl,
(9:1) mixture for 1 day (solution was exchanged 7 times). The block
ratio was determined by integrating the peak from terminal methyl
group of PEO at 3.38 ppm and peaks of PMOXA backbone at 2.12
and 3.46 ppm. The polymers were also characterized by DMF GPC.
'H NMR (400.13 MHz, 8, CDCL,): 1.38 ppm (m, (O)C-CH,-CH,-
CH,-CH,-CH,-O-), 1.65 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-
0-), 2.12 ppm (m, (-N(C(O)CH,;)-), 2.31 ppm (t, ] = 7.1 Hz, (O)C-
CH,-CH,-CH,-CH,-CH,-0-), 3.38 ppm (s, CH;-O-), 3.46 ppm (m,
-N(C(O)CH,;)-CH,-CH,-), 3.65 ppm (s, -O-CH,-CH,-O-), 4.06 ppm
(t J = 6.5 Hz, (O)C-CH,-CH,-CH,-CH,-CH,-O-).

Synthesis of Alkyne-PEO-b-PCL-b-PMOXA and PEO-b-PCL-b-
PMOXA-Azide Triblock Copolymers. Alkyne-PEO-b-PCL-b-
PMOXA was synthesized using the same procedure as for PEO-b-
PCL-b-PMOXA, except Alkyne-PEO was used as a macroinitiator. To
obtain PEO-b-PCL-b-PMOXA-Azide, 0.1 g of NaNj; in 1 mL of DMF
was added to the 10 mL solution of polymerization mixture after
microwave-assisted synthesis, and the mixture was incubated for 12 h
at room temperature and dialyzed as described above. 'H NMR
Alkyne-PEO-b-PCL-b-PMOXA (400.13 MHz, 5, CDCL): 1.38 ppm
(m, (O)C-CH,-CH,-CH,-CH,-CH,-O-), 1.65 ppm (m, (O)C-CH,-
CH,-CH,-CH,-CH,-0-), 2.12 ppm (m, (-N(C(O)CH;)-), 2.31 ppm
(t, J = 7.1 Hz, (O)C-CH,-CH,-CH,-CH,-CH,-O-), 346 ppm (m,
-N(C(O)CH;)-CH,-CH,-), 3.65 ppm (s, -O-CH,-CH,-O-), 4.06
ppm (t, J = 6.5 Hz, (O)C-CH,-CH,-CH,-CH,-CH,-O-), 4.21 ppm (d,
J = 2.4 Hz, HC=C-CH,-O-). '"H NMR PEO-b-PCL-b-PMOXA-Azide
(400.13 MHz, 8, CDCl,): 1.38 ppm (m, (O)C-CH,-CH,-CH,-CH,-
CH,-0-), 1.65 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-0O-), 2.12
ppm (m, (-N(C(O)CHj;)-), 2.31 ppm (t, ] = 7.1 Hz, (O)C-CH,-CH,-
CH,-CH,-CH,-0-), 3.28 ppm (t, ] = 6.9 Hz, -N(C(O)CH,)-CH,-
CH,-N3), 3.38 ppm (s, CH;-O-), 3.46 ppm (m, -N(C(O)CH,)-CH,-
CH,-), 3.65 ppm (s, -O-CH,-CH,-O-), 4.06 ppm (t, ] = 6.5 Hz, (O)C-
CH,-CH,-CH,-CH,-CH,-O-).

Reaction between Alkyne-PEO-b-PCL-b-PMOXA/PEO-b-PCL-
b-PMOXA-Azide Containing Polymersomes and Sulfo-Cya-
nine3 Azide/Sulfo-Cyanine3 Alkyne. Polymersomes were pre-
pared by mixing in a round-bottom flask 0.2 mL of 17 mg mL™
PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) dissolved in CH,CI,
with 0.1 mL of 2 mg mL™" Alkyne-PEO(2.0K)-b-PCL(11.4K)-b-
PMOXA(0.3K) or PEO(2.0K)-b-PCL(11.7K)-b-PMOXA(0.3K)-
Azide dissolved in CH,Cl, to yield a final concentration of a modified
polymer 15%. CH,Cl, solvent was removed by rotary evaporation.
After addition of 1 mL of Milli-Q water the samples were stirred at 350
rpm for 24 h at 60 °C. After cooling the mixture to 25 °C, 30 uL of 7
mM aqueous solution of Sulfo-Cy3-Alkyne or Sulfo-Cy3-Azide was
added to Azide- or Alkyne-containing polymersomes, respectively.
Then S0 uL of aqueous solution of 10 mM Cu(II)—bathocuproine-
disulfonic acid and 100 pL of freshly prepared aqueous solution of S
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mM sodium ascorbate were added, followed by three freeze—pump—
thaw cycles and backfilling with argon. The reaction was carried out for
48 h at 25 °C. After 48 h approximately 300 yuL of a reaction mixture
was placed into a round-bottom flask, water was removed by rotary
evaporation, and the sample was dissolved in DMF (20 mM LiBr) to a
final concentration of 2 mg mL™", filtered using 0.2 ym PTFE filter,
and analyzed by DMF GPC.

Synthesis of PMOXA Homopolymers. MeOTs (1 equiv, 0.1
mL, 0.66 mmol), the desired amount of freshly distilled MOXA (S or
45 equiv), and sulfolane (10 g) were mixed in the glovebox. The
desired volume of the solution was transferred into microwave vials.
The vials were sealed in the glovebox under an argon atmosphere prior
to the transfer to the microwave reactor. After the microwave
irradiation at 80 °C for 10 min (PMOXA;) or 30 min (PMOXA,;) the
polymerization mixture was cooled down to room temperature, and
the polymers were precipitated twice in cold diethyl ether. The block
ratio was determined by integrating the peak from terminal methyl
group at 2.35 ppm and peaks of PMOXA backbone at 2.12 and 3.46
ppm. The polymers were also characterized by DMF GPC:
D(PMOXA,) = 1.13, D(PMOXA,;) = 1.21. 'H NMR (400.13 MHz,
5, CDCL): 2.12 ppm (m, (-N(C(O)CH,)-), 2.35 ppm (s, CH,-
N(C(0)CH,)-CH,-CH,-), 3.46 ppm (m, -N(C(O)CH,)-CH,-CH,-).

Self-Assembly. Microscale structures of PEO-b-PCL and PEO-b-
PCL-b-PMOXA copolymers were obtained using film rehydration
method. 2 mg of a polymer was dissolved in 200 L of CH,Cl, and
placed in the glass round-bottom flask. CH,Cl, was removed by rotary
evaporation, and then 1 mL of Milli-Q water was added. The samples
were stirred at 350 rpm for 24 h at 60 °C. For the encapsulation
experiments we used 10 mM aqueous solution of calcein disodium salt.
After self-assembly in the presence of calcein the solution was dialyzed
(cellulose ester membrane, MWCO 100 kDa, SpectraPor) for 3 days
against Milli-Q water (solution was exchanged 9 times). Solutions of
the structures (S0 yL) were stained with 0.5 uL of 0.72 uM Bodipy
630/650 dye and characterized by LSM.

Bicinhoninic Acid Assay (BCA). 50 L of 15 mg mL™" (1 mM)
polymer samples was incubated with 400 yL of BCA solution in a 2.5
mL vial at 25 °C (500 rpm). After incubating for 2 or 8 h the samples
containing polymers were centrifuged at 13000g for 10 min. Then 300
uL of a supernatant was transferred into 96-well plate, and the
absorbance at 562 nm was measured. Each series consisted of 10
samples.

B RESULTS AND DISCUSSION

Synthesis of PEO-b-PCL-b-PMOXA Triblock Copoly-
mers. PEO-b-PCL-b-PMOXA represents a new family of
asymmetric triblock copolymers consisting of well-known
biocompatible (PEO, PCL, PMOXA) and biodegradable
(PCL) blocks, and its synthesis is free of toxic reagents.
PEO-b-PCL and PEO-b-PCL-OTs were synthesized using an
optimized procedure described in our previous work.'® We
chose PEO-b-PCL-OTs as a macroinitiator for polymerization
of MOXA (Scheme 1), since tosylates are stable, initiate ionic
type of polymerization, and result in polymers with a narrow
size distribution.'”~*" Tosylation was performed for 12 h at 25

Scheme 1. Synthetic Strategy for PEO-b-PCL-b-PMOXA
Copolymers
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°C using 100-fold excess of TsCl, since 10-fold excess resulted
only in ~10% of w-modification. Interestingly, the order of
mixing of the compounds played a dramatic role: when we
dissolved the polymer first and then added the solution of TsCl,
tosylation reached only 50%, whereas when we mixed the
polymer and TsCl first and then added the solvent, tosylation
reached 100%. Utilization of triethylamine as a base did not
result in the tosylated diblock copolymer and led to an increase
of high molecular weight shoulder on GPC elugram which was
also observed in the case of PCL.** Utilization of pyridine
resulted in tosylation, but the solution often turned yellow after
addition of pyridine, presumably due to the formation of
unstable pyridine radical anion™’ formed because of the residual
tin(I) left after polymerization of &-CL. After ~30 min the
color always disappeared.

We performed MOXA polymerization in a microwave
reactor. According to Hoogenboom and co-workers, the
microwave-assisted synthesis is advantageous over conventional
heating for the polymerization of 2-alkyl-2-oxazolines initiated
by alkyl tosylates.”"”**~*” The formation of PMOXA backbone
was confirmed by appearance of the peaks at 2.12 and 3.46 ppm
in the "H NMR spectra (Figure 1A). We optimized the reaction
varying the solvent, temperature, reaction time, and MOXA
concentration. Sulfolane was more preferable over acetonitrile,
a commonly used solvent for MOXA polymerization, since the
latter resulted in the slower initiation: the "H NMR spectrum
exhibited the presence of both covalently attached tosyl group

0
o b d f o ¢ e
a/ {\b/\OH c' e g )IY(V\ d f /g
A i~ o

T T 1

25 30 35
Elution volume (ml)

Figure 1. (A) Representative '"H NMR (CDCl;) spectrum of PEO-b-
PCL-b-PMOXA triblock copolymer. (B) Representative GPC (DMF)
traces of PEO (blue, Dy, = 1.08), PEO-b-PCL (green, By = 1.08),
PEO-b-PCL-OTs (black, By, = 1.11), and PEO-b-PCL-b-PMOXA
(red, By = 1.14).
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and tosyl anion (Figure S1). Furthermore, sulfolane accelerates
the polymerization of 2-alkyl-2-oxazolines.”®

High temperatures (140, 160, and 180 °C) at short reaction
times (5—60 s) resulted in the broadening of the corresponding
peak on the elugram (Figure S2). This tendency was observed
for all tested MOXA concentrations (0.092, 0.46, 0.92, 2.3,
11.5, and 11.8 M (pure MOXA)). The broadening was a result
of two side processes: tailing from low molecular weight side
(formation of PMOXA homopolymer) and shouldering from
high molecular weight side due to the chain transfer reactions.”
The high molecular weight shoulder mainly consists of PEO-b-
PCL-b-PEO formed during polymerization of e-CL, as we have
shown earlier.'® It also might contain some amounts of PEO-b-
PCL-b-PMOXA-b-PCL-b-PEO because analogues coupling
species were observed in polymerization of 2-alkyl-2-oxazo-
lines.”" At 120 and 100 °C side reactions were also observed
(Figure S3), but after longer reaction times (>15 min). At 120
°C side products accumulated faster compared to 100 °C (data
not shown). Low temperatures (60 and 80 °C) did not result in
the polymerization even after 2—6 h, but induced the growth of
high molecular weight shoulder. Consequently, 100 °C and
reaction time up to 15 min were found to be an optimal
temperature and time for the synthesis of PMOXA block due to
a relatively low amount of the side products (Figure 1B).

The concentration and storage of MOXA had a big influence
on the polymerization kinetics and accumulation of side
products. The reaction was much slower when MOXA was
stored over CaH, for ~6 months prior to distillation compared
to 12 h storage (Figure S4). The effect of MOXA storage on
overall kinetics of the polymerization is not clear for us,
especially since "H NMR spectra of MOXA did not reveal any
difference (data not shown). Therefore, we used only freshly
distilled MOXA stored <24 h over CaH,. Increase of MOXA
concentration in the polymerization mixture up to 11.5 M
(2500 equiv) led to the decrease of the amount of high
molecular weight shoulder and homopolymer. With further
increase of MOXA concentration (11.8 M, pure MOXA)
polymerization rate approached zero presumably due to the low
solubility of PMOXA block.”® Therefore, all triblock copoly-
mers were obtained by microwave-assisted synthesis in
sulfolane using 11.5 M MOXA at 100 °C with reaction times
up to 15 min.

The discussed above synthesis has a limitation for obtaining
triblock copolymers with PMOXA block length longer than 25
units (2 kDa) while maintaining relatively narrow dispersity
(Py < 1.25). The synthesis could be improved by using an
alternative to tosylated diblock copolymer—nosylated (Nos)
macroinitiator, as nosylates result in faster initiation.’’
However, we were not able to purify PEO-b-PCL-ONos
while maintaining attached the active end group.

Combining the previously optimized synthesis of PEO-b-
PCL-OTs'® and newly developed polymerization of MOXA on
this macroinitiator, we synthesized a library of narrowly
dispersed (D) = 1.10—1.24, Table 1) PEO-b-PCL-b-PMOXA
copolymers with different PCL and PMOXA lengths to further
investigate their self-assembly in aqueous solution.

Microscale Self-Assembled Structures of PEO-b-PCL-
b-PMOXA Triblock Copolymers in Aqueous Solution.
Amphiphilic AB diblock copolymers self-assemble into various
structures depending on the length of the hydrophobic B block
and hydrophilic weight fraction (f).*'~>° However, very little is
known about self-assembly of ABC triblock copolymers. To
investigate how self-assembly of ABC copolymers depends on
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Table 1. Characterization of PEO-b-PCL and PEO-b-PCL-b-
PMOXA Copolymers and Their Microscale Self-Assembled
Structures

copolymer” DMb f (%) morphologyd

PEO(2.0K)-b-PCL(5.5K) 1.19 27 S, D

PEO(2.0K)-b-PCL(5.5K)-b-PMOXA(0.2K)  1.16 29 S, D

PEO(2.0K)-b-PCL(5.5K)-b-PMOXA(0.6K)  1.21 32 S, D

PEO(2.0K)-b-PCL(7.5K) 115 21 S

PEO(2.0K)-b-PCL(7.5K)-b-PMOXA(0.4K)  1.11 24 P, S

PEO(2.0K)-b-PCL(11.7K) 1.05 15 S

PEO(2.0K)-b-PCL(11.7K)-b- 1.14 16 P, S
PMOXA(0.3K)

PEO(2.0K)-b-PCL(11.7K)-b- 1.12 20 P, S A
PMOXA(1.0K)

PEO(2.0K)-b-PCL(11.7K)-b- 1.13 23 A
PMOXA(1.4K)

PEO(2.0K)-b-PCL(12.5K) 1.06 14 S

PEO(2.0K)-b-PCL(12.5K)-b- 1.12 16
PMOXA(0.3K)

PEO(2.0K)-b-PCL(15.4K) 115 11 S

PEO(2.0K)-b-PCL(15.4K)-b- 1.22 13 P, S
PMOXA(0.3K)

PEO(2.0K)-b-PCL(15.4K)-b- 1.22 15 S, P
PMOXA(0.8K)

PEO(2.0K)-b-PCL(15.4K)-b- 1.23 19 ADPS
PMOXA(1.7K)

PEO(2.0K)-b-PCL(15.4K)-b- 1.24 21 ADPS
PMOXA(2.1K)

PEO(2.0K)-b-PCL(16.8K) 1.09 11 S, P

PEO(2.0K)-b-PCL(16.8K)-b- 1.10 12 S, P 1
PMOXA(0.3K)

PEO(2.0K)-b-PCL(16.8K)-b- 1.12 14 LS P
PMOXA(0.8K)

PEO(2.0K)-b-PCL(16.8K)-b- 1.11 17 LS P
PMOXA(1.5K)

PEO(2.0K)-b-PCL(17.4K) 1.08 10 P

PEO(2.0K)-b-PCL(17.4K)-b- 1.13 12 LS P
PMOXA(0.3K)

PEO(2.0K)-b-PCL(17.4K)-b- 1.15 14 S, E
PMOXA(0.9K)

“Number-average molecular weight of copolymers was determined by
'H NMR spectroscopy. “Dispersity was determined from RI data of
samples analyzed by DMF GPC using PMMA calibration.
“Hydrophilic weight fraction of PEO (diblocks) and PEO +
PMOXA (triblocks) was calculated from 'H NMR data. “S = spherical
particles, P = polymersomes, I = irregularly shaped particles, E =
elongated particles, A = loosely packed aggregates, and D = partial
dissolution.

B length and f, we synthesized polymers with one PEO (2 kDa)
and different PCL (5.5—17.4 kDa) and PMOXA (0.2—2.1 kDa)
block lengths and tested their self-assembly in aqueous solution
using the film rehydration method. We also compared the
structures formed by di- and triblock copolymers to study how
addition of the hydrophilic PMOXA block influences self-
assembly of the corresponding PEO-b-PCL precursors (Figure
2A, Figure SS, and Table 1). The polymers self-assembled into
microscale structures which were visualized using LSM. Self-
assembly in this case requires high temperatures (~60 °C) due
to the semicrystalline nature of the PCL block. Film
rehydration at 25 °C did not result in self-assembly even
after a week of incubation.

As discussed in the section Synthesis of PEO-b-PCL-b-
PMOXA Triblock Copolymers, polymers contain high molecular
weight side species which might affect self-assembly process.
However, the amount of these species is rather low (~15%),
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Figure 2. (A) Phase diagram of microscale self-assembled structures
formed by PEO-b-PCL (points on the dashed line) and PEO-b-PCL-b-
PMOXA (points above the dashed line) copolymers using film
rehydration method at 60 °C. S spherical particles, P =
polymersomes, A = aggregates, and I = irregularly shaped particles.
Morphologies were determined qualitatively from LSM images. Most
of the systems exhibited mixed morphologies, but to simplify the
scheme, only the major component is reported. For more detailed
information see Table 1. (B) LSM image of polymersomes formed by
PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K). Polymersomes were
stained with Bodipy 630/650 dye; scale bar is S pm. Inset in the
right upper corner represents polymersomes with encapsulated
hydrophilic dye calcein; scale bar is 2 ym.

and they are present in each triblock copolymer. We assume
that the effect of these species on self-assembly, if present, is
not prevalent over change in PMOXA block length.

The majority of PEO-b-PCL copolymers self-assembled into
solid spherical particles. Most of PEO-b-PCL-b-PMOXA
copolymers formed a mixture of different structures, and the
major morphology depends on f, suggesting a strong effect of
the PMOXA block length on self-assembly. PEO-b-PCL-b-
PMOXA copolymers with the shortest PCL (5.5 kDa) formed
predominantly solid spherical particles. The triblock copoly-
mers with PCL ranging from 7.5 to 15.4 kDa self-assembled
mainly into polymersomes (Figure 2B and Figure SSA—F).
However, with the increase of PMOXA block length, and
therefore f, the triblock copolymers formed loosely packed
aggregates, suggesting the tendency of a polymer to dissolve
(Figure SSC). The triblock copolymers with the largest PCL
(16.8—17.4 kDa) formed predominantly spherical and
irregularly shaped particles and some polymersomes (Figure
S5G,J). Only one of the diblock copolymers, PEO(2.0K)-b-
PCL(17.4K), formed polymersomes (Figure SSH), but they
were much smaller (¢) < 2 um) compared to the ones formed
by the triblock copolymers (¢) ~ S ym). We assume that this
fact can be explained by different membrane structure of
polymersomes: the diblock copolymer formed a bilayer
membrane, whereas the triblock copolymers assembled into a
monolayer. This could be proven by difference in the
membrane thickness determined from cryoTEM, but in this
case assemblies could not be visualized due to the problems

1516

with sample preparation caused by the large size of polymer-
somes.

Among the obtained self-assembled structures, polymer-
somes are of a particular interest due to the ability of their
membrane to confine aqueous media. As has been shown for
symmetric AB- and ABA-based membranes, microscale
polymersomes are advantageous for studying the properties
of such membranes.”’ ABC microscale polymersomes are
especially intriguing due to the possibility to have an
asymmetric membrane. To test the asymmetry in the case of
PEO-b-PCL-b-PMOXA polymersomes, we took PEO(2.0K)-b-
PCL(12.5K)-b-PMOXA(0.3K) as it yielded the most robust
formation of polymersomes (Figure 2B and Figure SSD), which
were stable after 6 months of storage at room temperature.

Orientation of PEO-b-PCL-b-PMOXA Chains in the
Membrane of Polymersomes. Polymersomes formed by
ABC copolymers with two different hydrophilic blocks (4, C)
can potentially have three different orientations of hydrophilic
blocks: A outside, C outside, and mixed A and C (Scheme 2).

Scheme 2. Possible Composition of the Membrane of
Polymersomes Formed by ABC Copolymer: (a) A Outside;
(b) C Outside; (c) A and C Form a Mixed Membrane

T2
®

a

When A and C blocks have different lengths, the longer one
should prefer to segregate on the outer surface of the
membrane due to a larger radius of curvature, and the shorter
one should be inside. Such orientation of A and C blocks leads
to an asymmetric membrane. There were few methods reported
for testing the asymmetry of a polymersome membrane.
Measurement of { potential at different pH can be a suitable
method when one of the blocks, A or C, is charged.g’n’m_15
However, this method does not exclude the possibility to have a
membrane with a mixture of both hydrophilic blocks inside and
outside (Scheme 2c). "H NOESY NMR was used to determine
3D spatial correlations and hydrogen bonding interactions
between two hydrophilic blocks in the case of nanoscale
polymersomes,'”** but for our system the latter method did
not give a reliable signal presumably because of the micrometer
size of polymersomes. To show the presence of a longer
PMOXA block on the surface of PEO-b-PDMS-b-PMOXA
polymersomes, the polymer was modified before its self-
assembly with a fluorescent dye on PMOXA end, and the
quencher of the fluorescent dye was added to the solution of
aggregates after self-assembly.'” However, this approach did not
exclude the presence of PEO outside and the possibility of the
inversion of PMOXA block by a bulky dye. To avoid these
issues and prove the asymmetry of PEO-b-PCL-b-PMOXA
microscale polymersomes, we used a reaction between
polymersomes with functional end-groups on PEO or
PMOXA sides and a fluorescent dye. We chose Cu-catalyzed
alkyne—azide coupling reaction, as it proceeds under ambient
conditions. To get the alkyne group on the PEO side, we used
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Figure 3. GPC (DMF) traces recorded on DP/LS 90° (A, B) and RI/UV—vis (300 nm) (C, D) detectors of a mixture after reaction between
alkyne/azide containing polymersomes and azide/alkyne-dye: (A, C) 85% PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) + 15% PEO(2.0K)-b-
PCL(11.7K)-b-PMOXA(0.3K)-Azide + Sulfo-Cy3-Alkyne; (B, D) 85% PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) + 15% Alkyne-PEO(2.0K)-b-
PCL(11.4K)-b-PMOXA(0.3K) + Sulfo-Cy3-Azide. “Controls” were obtained from the reaction mixture which did not contain Cu(Il) complex and
sodium ascorbate. “Samples” corresponded to the reaction mixture which contained Cu(II) complex and sodium ascorbate. The samples for GPC
analysis were prepared by removing water from the reaction mixture and dissolving them in DMF (20 mM LiBr) to a final concentration of 2 mg

mL™! followed by filtration.

bifunctional Alkyne-PEO as a precursor for triblock copolymer,
since alkyne group was inert in the subsequent steps of the
synthesis. The Azide functionality on PMOXA terminus was
obtained by quenching the polymerization of MOXA with
NaN;. The end-group modifications did not affect the
dispersity of polymers (Figure S6), and alkyne/azide groups
were stable under self-assembly conditions (Figure S7). As a
reactive fluorescent dye, we chose Sulfo-Cy3-Alkyne/Azide as it
is highly soluble in water and does not pass through a
semicrystalline hydrophobic polymersome membrane due to
the presence of charged sulfo groups (Figure S8).
PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) was chosen to
test the orientation of polymer molecules in the membrane of
polymersomes as it yielded the most robust formation of
polymersomes (Figure 2B and Figure SSD). The polymer was
mixed with 15% of Alkyne-PEO(2.0K)-b-PCL(11.4K)-b-
PMOXA(0.3K) or PEO(2.0K)-b-PCL(11.7K)-b-PMOXA-
(0.3K)-Azide, which by itself formed a mixture of polymer-
somes and spherical particles. The final mixtures yielded
polymersomes, suggesting that the addition of the alkyne/
azide-modified polymers did not disturb the self-assembly
(Figure S9). After the reaction between polymersomes and a
dye, we were not able to remove the free dye completely by
dialysis, SEC on sepharose column, or centrifugal filtration. To
check whether the polymersomes reacted with a dye, water was
removed by rotary evaporation and the mixture was dissolved
in DMF (20 mM LiBr) solvent for GPC analysis. The elugrams
were analyzed using different detectors. RI and DP detectors
were chosen as reference detectors, since they should not be
sensitive to such a low concentration of the attached dye. On
the contrary, LS 90° and UV—vis detectors should give an
increased response in the case of the covalently attached dye.
Figure 3A,C corresponds to the ABC-Azide containing
polymersomes and Figure 3B,D to the Alkyne-ABC containing
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polymersomes. In the case of ABC-Azide containing polymer
both sample (reaction mixture) and control (reaction mixture
without a catalyst) showed similar detector responses (Figure
3A,C and Figure S10A), which indicates that PMOXA forms
the inner side of polymersomes (Scheme 2a). The Alkyne-ABC
sample showed major differences between the sample and the
control on LS 90° detector (Figure 3B), UV—vis 300 nm
(Figure 3D), and UV—vis 506 nm (Figure S10B), suggesting
the presence of PEO on the outer surface of polymersomes
(Scheme 2a). The increase in the LS 90° signal is caused by the
fluorescence of the covalently attached dye. Note that LS 90°
signal fluctuates from injection to injection even for the same
sample, and the difference between sample and control is not
significant in the case of Figure 3A. On the contrary, UV—vis
detector gives a reproducible signal, and the difference between
samples is significant. The reaction was performed the second
time, and the results were identical (Figure S11). Since no
increase in the detector response was observed for the ABC-
Azide containing polymersomes after reaction with the dye as
compared to the increase in signal for the Alkyne-ABC
containing polymersomes, the PEO block shows to be
preferentially oriented on the outer surface of the polymer-
somes.

To check whether this reaction can be more favorable in the
case of Alkyne-ABC compared to ABC-Azide containing
polymersomes, we prepared mixtures containing 50% of
Alkyne-ABC or ABC-Azide and incubated them at 60 °C for
24 h before the reaction with a dye. The reaction in both cases
yielded the polymer with a covalently attached dye (Figure
S12), thus excluding the assumption of a more favorable
reaction conditions for alkyne-containing polymersomes.

In addition to the approach discussed above, we tested the
asymmetry using a difference in the chemical structures of PEO
and PMOXA. We chose bicinhoninic acid assay (BCA) used for
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measuring peptide concentration” to detect PMOXA, since
PMOXA, like peptides, contains amide bonds. This assay is
based on the reduction of Cu®" to Cu'* by a peptide bond in
alkaline medium and its further complexation with bicinhoninic
acid yielding a purple complex with a maximum of absorbance
at 562 nm. Incubation of PEO and PMOXA containing similar
number of repeating units (~4S) with BCA solution for 24 h at
25 °C resulted in much higher signal of PMOXA,s samples
compared to PEQ,s (Figure S13A). The response of PMOXA,
(which corresponds to the length of PMOXA block in the
triblock copolymer) is much lower compared to PMOXA,q
(Figure S13B), which can be explained by the necessity of the
presence of a few amide bonds to coordinate Cu ions. At the
low concentrations (0.1—-5 mM) of PMOXA; and PEO,
(which corresponds to the length of PEO block in the triblock
copolymer), PMOXA; yielded higher signal compared to
PEQ,;, whereas at higher concentrations (>25 mM) PEO,q
resulted in higher absorbance values. Therefore, 1 mM (15 mg
mL™") ABC concentration was chosen to determine if PMOXA
block formed inner or outer part of the membrane of
polymersomes. We incubated AB suspension, ABC polymer-
somes, and ABC suspension with BCA solution for 2 h at 25
°C, since polymersomes were not stable already after 8 h
(Figure 4D), and the absorbance of 1 mM PMOXA; sample

Figure 4. Absorbance (562 nm) of the supernatant after incubation of
S0 uL of 15 mg mL™" (1 mM) samples with 400 uL of BCA solution
at 25 °C. AB: suspension of PEO(2.0K)-b-PCL(12.5K); ABC
polymersomes: polymersomes formed by PEO(2.0K)-b-PCL(12.5K)-
b-PMOXA(0.3K); ABC suspension: suspension of PEO(2.0K)-b-
PCL(12.5K)-b-PMOXA(0.3K). Incubation time: (A) 2 h; (B) 8 h.
LSM images of the aggregates after incubation with BCA solution for
(C) 2 h and (D) 8 h. Scale bars are 5 ym.

(0.123 + 0.002) was still higher than that of 1 mM PEO,q
(0.115 + 0.004) under these conditions. We compared the
absorbance of the supernatant of the samples without the
background subtraction, since our aim was to determine only a
difference between the samples. The sample with ABC
suspension after 2 h exhibited higher absorbance value (0.226
+ 0.031) than PMOXA; (0.123 + 0.002), which can be
explained by more efficient coordination of Cu ions by
“concentrated” PMOXA chains in the case of nonsoluble

1518

ABC suspension. The sample with ABC polymersomes had
higher absorbance than AB suspension but lower than ABC
suspension. The latter can be explained by two possible
reasons: either some of the PMOXA chains are located on the
outer surface of the polymersomes, or the polymersomes get
partially permeabilized under these conditions. The latter
hypothesis seemed to play a predominant role, since polymer-
somes might be destabilized due to the osmotic pressure, and
polymer (presumably PCL block) is slightly hydrolyzed under
these conditions (Figure S14). Based on the Student’s ¢ test, the
mean values of the samples with ABC polymersomes and ABC
suspension after 2 h were significantly different, whereas after 8
h the mean absorbance was comparable (Table S1).

Based on two independent methods, the data support that
PEO-b-PCL-b-PMOXA with a longer PEO block forms
microscale polymersomes with asymmetric membrane contain-
ing a shorter PMOXA block inside. Asymmetry might be
affected by the presence of high molecular weight species in the
polymer, but since their concentration is rather low (~15%),
we do not expect a significant impact on the orientation of the
polymer molecules in the membrane of polymersomes. The
reactions between polymersomes with reactive groups and
fluorescent dyes showed not only the presence of PEO block
on the outer surface of polymersomes but also the absence of
PMOXA block outside. The data were also confirmed by BCA
assay, which was based on the difference in the chemical
composition of PEO and PMOXA blocks.

B CONCLUSIONS

A series of novel amphiphilic asymmetric PEO-b-PCL-b-
PMOXA triblock copolymers with different PCL and
PMOXA block lengths were synthesized by the combination
of coordination—insertion ring-opening polymerization of &-CL
followed by cationic ring-opening polymerization of MOXA.
The synthesis is free of toxic agents and well-controlled,
yielding narrowly dispersed (Py; < 1.25) polymers with
PMOXA block length up to 25 units (2 kDa). We
demonstrated the difference in self-assembly behavior of di-
and triblock copolymers and showed that PEO-b-PCL-b-
PMOXA copolymers self-assembled into different microscale
structures, including polymersomes, depending on both PCL
length and f Self-assembly required 60 °C due to a
semicrystalline nature of the PCL block, which limits the
compatibility of the self-assembly process with biomolecules.
To overcome this drawback, PCL can be replaced with its
amorphous analogue, poly(y-methyl-¢-caprolactone) (PMCL),
since self-assembly in the case of PEO-b-PMCL proceeds under
ambient conditions.*”*" In addition, PEO-b-PMCL-b-PMOXA
should presumably form nanoscale structures, since the
aggregates assembled from PEO-b-PMCL have nanometer
size range.4o Preparation of the nanoscale structures from PEO-
b-PCL-b-PMOXA using the method described for PEO-b-
PCL*' resulted only in the precipitation of the polymers.

Microscale polymersomes assembled from PEO-b-PCL-b-
PMOXA exhibited an asymmetric orientation of the membrane,
which was proven by two independent methods. This creates
the possibility to have different functional groups from both
sides of the membrane, opening new opportunities toward
targeted localization of the desired molecules on the specific
side of the polymersome.
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Figure S1. '"H NMR (CDCl;) spectra of: A: PEO(2.0K)-b-PCL(11.7K)-OTs; B: PEO(2.0K)-b-
PCL(11.7K)-b-PMOXA(0.3K) synthesized in acetonitrile; C: PEO(2.0K)-b-PCL(11.7K)-b-
PMOXA(0.3K) synthesized in sulfolane. The triblock copolymers were obtained by microwave-
assisted synthesis using 0.92 M MOXA at 100 °C after 1 h.
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Figure S2. GPC (DMF) traces of PEO(2.0K)-b-PCL(12.5K)-OTs (black) and PEO(2.0K)-b-

PCL(12.5K)-b-PMOXA(xK) (red) obtained by microwave-assisted synthesis using 2.3 M
MOXA at 180 °C after 10 seconds.
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Figure S3. GPC (DMF) traces of PEO(2.0K)-b-PCL(11.7K)-OTs (black) and PEO(2.0K)-b-
PCL(11.7K)-b-PMOXA(xK) (red) obtained by microwave-assisted synthesis using 11.5 M
MOXA at 100 °C after 2 h.
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Figure S4. GPC (DMF) traces of PEO(2.0K)-b-PCL(11.7K)-OTs (black), PEO(2.0K)-b-
PCL(11.7K)-b-PMOXA(xK) obtained after polymerization in the microwave reactor at 100 °C
after 40 min using different MOXA: stored ~6 months over CaH, and distilled prior to use (red),
stored ~12 h over CaH; and distilled prior to use (blue).
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Figure S5. LSM images of the self-assembled structures formed by: A: PEO(2.0K)-b-
PCL(7.5K)-b-PMOXA(0.4K); B: PEO(2.0K)-b-PCL(11.7K)-b-PMOXA(0.3K); C: PEO(2.0K)-
b-PCL(11.7K)-b-PMOXA(1.4K);  D:  PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K);  E:
PEO(2.0K)-b-PCL(15.4K)-b-PMOXA(0.3K); F: PEO(2.0K)-b-PCL(15.4K)-b-PMOXA(2.1K);
G: PEO(2.0K)-b-PCL(16.8K)-b-PMOXA(1.5K); H: PEO(2.0K)-b-PCL(17.4K); J: PEO(2.0K)-b-
PCL(17.4K)-b-PMOXA(0.9K). Structures were stained with Bodipy 630/650 dye. Scale bars are
S pm.
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Figure S6. GPC (DMF) traces of: A: PEO(2.0K)-b-PCL(11.7K)-b-PMOXA(0.3K)-Azide; B:
Alkyne-PEO(2K) (blue), Alkyne-PEO(2.0K)-b-PCL(11.4K) (green), Alkyne-PEO(2.0K)-b-
PCL(11.4K)-b-PMOXA(0.3K) (red).
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Figure S7. "H NMR (CDCls) spectra after incubation at 60 °C for 24 h in aqueous solution of:
A:  Alkyne-PEO(2.0K)-b-PCL(11.4K)-b-PMOXA(1.7K); B: PEO(2.0K)-b-PCL(11.7K)-b-
PMOXA(0.8K)-Azide.



Figure S8. LSM images of polymersomes formed by PEO(2.0K)-b-PCL(12.5K)-b-
PMOXA(0.3K) with Sulfo-Cy3 (final concentration 0.2 mM) added externally: A: in aqueous
solution; B: after addition of 10x PBS buffer (final concentration of salts is 150 mM). Due to the
high accumulation of Sulfo-Cy3 on the outer surface of polymersomes analysis was conducted in
the presence of electrolyte which shields Coulomb interactions between hydrophilic corona and
the dye thus preventing it from accumulation. Scale bars are 5 pm.

Figure S9. LSM images of the self-assembled structures formed by: A: 85 % PEO(2.0K)-b-
PCL(12.5K)-b-PMOXA(0.3K) + 15 % Alkyne-PEO(2.0K)-b-PCL(11.4K)-b-PMOXA(0.3K); B:
85 % PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) + 15% PEO(2.0K)-b-PCL(11.7K)-b-
PMOXA(0.3K)-Azide. Structures were stained with Bodipy 630/650 dye. Scale bars are 5 pm.
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Figure S10. GPC (DMF) traces recorded on RI/UV-Vis (506 nm) detectors of a mixture after
reaction between alkyne/azide containing polymersomes and azide/alkyne-dye: A: 85 %
PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) + 15 % PEO(2.0K)-b-PCL(11.7K)-b-
PMOXA(0.3K)-Azide +  Sulfo-Cy3-Alkyne; B: 85% PEO(2.0K)-b-PCL(12.5K)-b-
PMOXA(0.3K) + 15% Alkyne-PEO(2.0K)-b-PCL(11.4K)-b-PMOXA(0.3K) + Sulfo-Cy3-
Azide. “Controls” were obtained from the reaction mixture which did not contain Cu(IT) complex
and sodium ascorbate. “Samples” corresponded to the reaction mixture which contained Cu(II)
complex and sodium ascorbate. The samples for GPC analysis were prepared by removing water
from the reaction mixture and dissolving them in DMF (20 mM LiBr) to a final concentration of
2 mg-ml” followed by filtration.
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Figure S11. Repetition of the reaction between 15 % alkyne/azide containing polymersomes and
Sulfo-Cy3-azide/alkyne. GPC (DMF) traces: A: RI/UV-Vis signals; B: DP-LS 90° signals. ABC-
Azide: 85 % PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) + 15 % PEO(2.0K)-b-PCL(11.7K)-b-
PMOXA(0.3K)-Azide; Alkyne-ABC: 85 % PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) + 15 %
Alkyne-PEO(2.0K)-b-PCL(11.4K)-b-PMOXA(0.3K). The samples for GPC analysis were
prepared by removing water from the reaction mixture and dissolving them in DMF (20 mM
LiBr) to a final concentration of 5 mg-ml™.
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Figure S14. GPC (DMF) traces of PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) after incubation
of its polymersomes with BCA solution at 25 °C at various time points.

Table S1. Absorbance (562 nm) of the supernatant after incubation of 50 ul of 15 mg-ml™
sample with 400 ul of BCA solution at 25 °C at various time points. Each series consisted of 10
samples. The outliers were determined using Dixon’s Q-test.'

Sample 2h 8h
Background 0.130+0.006 0.158+0.007
PEO(2.0K)-b-PCL(12.5K) suspension 0.145+0.007 0.195+0.017
PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) 0.18640.007 0.22740.014
polymersomes
PEO(2.0K)—b—PCL(12.5K)—b—PMOXA(O.3K) 0.22640.031 0.26240.060
suspension

To test the hypothesis if the samples with ABC polymersomes and ABC suspension have
different mean values, Student’s t-test was applied.

ton(i6; 0.99) = 3.336 > te(16; 0.99) = 2.921. Consequently, the mean values are significantly different.
tan(is; 0.99) = 1.726 < tes; 0.99) = 2.878. Consequently, the mean values are not significantly
different.
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ABSTRACT: We report aqueous self-assembly of linear amphi-
philic triblock copolymers poly(ethylene oxide)-block-polycapro-
lactone-block-poly(2-methyl-2-oxazoline) (PEO-b-PCL-b-
PMOXA) and their PEO-b-PCL precursors with different PCL
and PMOXA block lengths using three preparation methods: film
rehydration, solvent evaporation, and cosolvent. For PEO-b-PCL,
the self-assembled structures were ordinary spherical particles and
polymersomes. For PEO-b-PCL-b-PMOXA, we observed polymer-
somes with asymmetric membrane, cloud-like aggregates, elon-
gated particles, Y-shaped elongated particles, and 3D networks. All
structures were of micrometer size and characterized using laser
scanning microscopy (LSM). 3D networks were also characterized
using z-stack confocal LSM, transmission electron microscopy

Aol

-

film rehydration

/Ily\

aqueous self-assembly

y

cosolvent

solvent evaporation

(TEM), and cryogenic TEM. We demonstrated that film rehydration method results in pseudoequilibrium structures, whereas
structures formed using solvent evaporation and cosolvent methods are under kinetic control. We showed how kinetically
controlled structures can be transformed into pseudoequilibrium morphologies.

B INTRODUCTION

Complex structural organization achieved through noncovalent
interactions leads to unique functions (e.g, DNA, RNA) and
very specific catalytic activity (e.g, enzymes) of natural
macromolecules. Mimicking such complex structural organ-
ization by self-assembly of synthetic molecules is a promising
approach toward the rational design of programmable func-
tional (nano)materials. Water is a unique solvent' for self-
assembly based on noncovalent interactions, and structures self-
assembled in aqueous solution are of particular importance for
biomedical applications, such as drug delivery and tissue
engineering. Low molecular weight surfactants and amphiphilic
block copolymers are prominent examples of synthetic
molecules that self-assemble into various structures in water.
Self-assembly of these synthetic molecules is driven by
hydrophobic interactions. Amphiphilic block copolymers are
advantageous over low molecular weight surfactants and natural
lipids due to the higher stability of the self-assembled
structures” and possibility to tune properties of the aggregates
by changing composition and length of the blocks. Such a
tuning procedure is becoming more and more straightforward
thanks to the fast development of polymerization techniques
and vast availability of different monomers.”~>

Linear AB diblock copolymers, where A and B stand for the
hydrophilic and hydrophobic blocks, respectively, are the most
explored type of amphiphilic block copolymers. It has been
found that aqueous self-assembled structures of linear AB

-4 ACS Publications  © 2017 American Chemical Society
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polymers can be described in terms of the packing geometry of
an individual polymer molecule, and in most cases such
structures formed in dilute solutions (few wt %) are limited to
micelles, rods, and polymersomes.®™ " Introduction of the third
hydrophilic C block can break this limitation and facilitate
access to more complex self-assembled structures that are not
accessible with conventional linear AB polymers. However,
there is a lack of experimental data on aqueous self-assembly of
linear ABC triblock copolymers. Consequently, in contrast to
linear AB polymers, in the case of linear ABC polymers, it is not
known how hydrophilic weight fraction and conditions of self-
assembly influence morphology of the self-assembled struc-
tures.

Only few works report about aqueous self-assembly of linear
ABC polymers. Some of them do not represent more complex
self-assembly behavior of ABC compared to AB polymers, since
the observed structures are ordinary micelles, rods, and
polymersomes.'*'> The other works do represent more
complex self-assembly behavior by reporting polymersomes
with asymmetric membrane'®™>* and structures with domains
in the corona and stimuli-responsive blocks.”>™** Aqueous self-
assembled structures formed by linear ABC polymers can be
more diverse, as suggested by the recent studies devoted to the
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self-assembly of linear triblock copolymers in organic
solvents.””* The structures possessed various morphologies
with domains in the core, for example, spheres on spheres,
spheres on rods, rods on vesicles, spheres on vesicles, etc.
However, these structures were observed for linear ABC
polymers in organic C-selective solvent, and the established
rules are not necessarily applicable for (A and C)-selective
solvent, that is, for water in the case of hydrophilic A and C
blocks.

In this work, we present the first systematic investigation of
self-assembly of linear bis(A, C)-hydrophilic ABC polymers in
dilute aqueous solution. Our aim is to gain insight into the
effect of hydrophilic weight fraction and conditions of self-
assembly on the morphology of the self-assembled structures.
As a first step toward the major aim, we explore the latter
effects in dilute aqueous solution (0.2 wt %). As a model ABC
system, we chose narrowly dispersed (Dy < 1.25) poly-
(ethylene oxide)-block-polycaprolactone-block-poly(2-methyl-2-
oxazoline) (PEO-b-PCL-b-PMOXA) polymers, recently devel-
oped by us.' Since the synthesis of PEO-b-PCL-b-PMOXA is
free of toxic reagents, PEO and PMOXA are biocompatible
hydrophilic blocks, and PCL is a biodegradable hydrophobic
block, the reported self-assembled structures might serve as
potential candidates for biomedical applications. We tune the
hydrophilic weight fraction of PEO-b-PCL-b-PMOXA by
changing PCL and PMOXA block lengths, while keeping
PEO block length constant (4S units), and explore structures
resulting from three self-assembly methods and conditions,
namely, film rehydration, solvent evaporation, and cosolvent.
To explain the formation of the observed structures assembled
from PEO-b-PCL-b-PMOXA, we compare them with self-
assembled structures formed by their precursors, PEO-b-PCL,
under the same self-assembly conditions. Finally, to understand
whether the observed structures are under thermodynamic or
kinetic control, we investigate how change of details in self-
assembly procedures, such as temperature, rate of the cosolvent
addition, stirring rate, and self-assembly duration, affects the
morphology of the self-assembled structures.

B EXPERIMENTAL PROCEDURES

Experimental details on methods (NMR, GPC, DSC, TEM,
cryoTEM) and synthesis of PEO-b-PCL*' and PEO-b-PCL-b-
PMOXA'® can be found in related publications and Supporting
Information.

Laser Scanning Microscopy (LSM). LSM images were recorded
on an inverted Zeiss LSMS510 META/ConfoCor 2 FCS microscope
using a 100X 1.4 Oil Plan-Apochromat DIC objective lens. Bodipy
630/650 and calcein disodium salt were excited by the 633 nm He—
Ne laser line (10% output) and 488 nm Argon laser line (10% output),
respectively. The excitation light was passed through a HFT UV 488/
543/633 beam splitter. The emission light from Bodipy 630/650 was
passed through a LP 650 and the signal from calcein through a BP
474—525 filters. The transmittance signal was recorded simultaneously
on a T-PMT detector. Twelve bit images of 1024 X 1024 pixels were
recorded at a scan speed of 51.20 us per pixel. z-Stack confocal LSM
(CLSM) was performed on an inverted Zeiss LSM880 using a 63X 1.4
Oil Plan-Apochromat DIC M27 objective. Bodipy 630/650 was
excited by the 633 nm He—Ne laser line. To get z-stacks with identical
signal intensity, the laser power was increased from 0.1% to 3% output
over the z-scan range. The excitation light was passed through a HFT
UV 488/543/633 beam splitter. The emission light was passed
through a LP 650 and recorded on PMT detector. The pinhole was set
to 1 airy unit, and the z-slices were recorded with 0.5 ym step enabling
50% overlap for eflicient 3D reconstruction. Sixteen bit images of 1280
X 1280 pixels were recorded at a scan speed of 13.11 ys per pixel. Five
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microliters of a stained sample was placed onto a 22 mm X 50 mm
glass coverslip, covered with a round (@ 13 mm) coverslip, and sealed
with nail polish. The LSM images were processed with Image] and its
LSM toolbox plug-in. The average diameter of polymersomes was
calculated from area (d = 2(s/7)"/%) determined for each individual
particle using “Analyze Particles” option based on at least 3 different
images (at least 300 objects in total). Length of elongated structures
was determined as Feret’s diameter based on at least 3 different images
(at least 70 objects in total). z-Stack CLSM images were recorded in
ZEN software and deconvoluted in Huygens software, and z-
projection was performed in Image] software using Z Projection
option.

Self-Assembly. Three methods of self-assembly were employed to
obtain microscale structures of PEO-b-PCL and PEO-b-PCL-b-
PMOXA: film rehydration, solvent evaporation, and cosolvent. In all
experiments, we used 2 mm X 5 mm PTFE magnetic stir bars, and
final polymer concentration was 0.2 wt %. Microscale structures (50
uL) were stained with 0.5 L of 0.72 uM Bodipy 630/650 prior to
visualization by LSM. Possible effect of Bodipy 630/650 on self-
assembled structures was tested by comparing bright field images of
the assemblies formed by E,sC,;oM, and E;C,s;M,; before and after
dye addition. No visible differences in self-assembled structures were
observed, suggesting no effect of fluorescent dye on the morphology of
the self-assembled structures, at least on the experimental time scale
(data not shown).

Film Rehydration. Two milligrams of a polymer was dissolved in
200 uL of CH,Cl, and transferred into a S mL glass round-bottom
flask. CH,Cl, was slowly removed by rotary evaporation (110 rpm, 40
°C, 710 mbar), the polymer film was dried for 30 min (110 rpm, 40
°C, S mbar), and 1 mL of Milli-Q water was added for the rehydration.
The samples were placed into an oil bath, which was quickly heated by
a heating plate to 62 °C (3 °C-min™"). The samples were stirred at 500
rpm for 24 h at 62 °C. After 24 h, the oil bath (62 °C) was removed,
leading to a rapid decrease of the sample temperature to 22 °C. In the
experiments where the heating rate was controlled, the temperature
was increased by steps of 10 °C (1.5 °C-min™") from 22 to 62 °C, and
the samples were left equilibrating at each temperature for 1 h. After
incubation for 24 h (500 rpm, 62 °C), the solutions were cooled to 22
°C by removing the oil bath. In the experiments where the cooling rate
was controlled, the samples were placed into an oil bath, which was
quickly heated by a heating plate to 62 °C (3 °C:min™"'), and
incubated for 24 h (500 rpm, 62 °C), the temperature was decreased
by steps of 10 °C (0.6 °C-min™") from 62 to 22 °C, and the samples
were left equilibrating at each temperature for 1 h.

Solvent Evaporation. Two milligrams of a polymer was dissolved in
200 pL of CH,Cl, and transferred into a 2.5 mL glass vial, and then 1
mL of Milli-Q water was added in one shot. The mixtures were left
open for the evaporation of CH,Cl, (350 rpm, 24 h, 22 °C) and
covered with a 500 mL beaker to avoid contamination of the samples.
To check whether the structures formed in solvent evaporation
method can undergo a morphological transition to the ones formed in
film rehydration method, different structures formed by polymers with
different PCL and PMOXA lengths, that is, E,sC,,,M,, E,;sC,3sM,, and
E;sCi3sMy, were incubated at 62 °C for 24 h at 350 rpm after
evaporation of CH,Cl,.

Cosolvent. Two milligrams of a polymer was dissolved in 200 L of
THF and added dropwise (~200 uL-min™") into 800 uL of Milli-Q
water stirring at 350 rpm in a 2.5 mL glass vial. The vials were closed,
and the mixture was left stirring at 350 rpm for 24 h at 22 °C. To
check the influence of the cosolvent nature on self-assembly, self-
assembly of E,sC,s;M, was performed using DMF/ACN/acetone as a
cosolvent, since these solvents are among those able to solubilize PEO-
b-PCL-b-PMOXA polymers. For the encapsulation experiments, 10
mM solution of calcein disodium salt was used instead of water. After
the self-assembly, the solution was placed into a dialysis membrane
(RC, MWCO 3.5—$ kDa, SpectraPor) and dialyzed against 1 L of
Milli-Q water for 3 days (solution was exchanged 9 times).
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B RESULTS AND DISCUSSION

Bis-hydrophilic PEO-b-PCL-b-PMOXA triblock copolymers
(Scheme 1) with fixed PEO length (45 units/2 kDa) and

Scheme 1. Structure of PEO-b-PCL-b-PMOXA Polymers

PEO PMOXA
/O{\/\Ot{/ 1y A2oH
o)

various PCL (48—153 units/5.5—17.4 kDa) and PMOXA (3—
25 units/0.2—2.1 kDa) lengths were tested for the ability to
self-assemble in aqueous solution using film rehydration,
solvent evaporation, and cosolvent methods. In all self-assembly
methods, final polymer concentration was 0.2 wt %. All
polymers self-assembled into microscale structures, which were
characterized by LSM. We discuss the observed structures in
the following subsections devoted to each self-assembly
method. Further in the text, PEO-b-PCL-b-PMOXA polymers
are abbreviated as E,C,M,, where x, y, and z denote the number
of monomer units of PEOQ, PCL, and PMOXA, respectively.

Film Rehydration Method. In film rehydration method, a
polymer was dissolved in CH,Cl, and placed in a round-bottom
glass flask. A thin polymer film was formed on the wall of the
glass flask by removing CH,Cl, by rotary evaporation. The film
was rehydrated for 24 h after addition of water. Rehydration
was performed at 62 °C due to the semicrystalline nature of the
PCL block. The melting temperature of PEO-b-PCL-b-
PMOXA polymers is T,, ~ 61 °C (DSC, Figure S1). Self-
assembly did not occur at 55 °C, and the polymers remained as
a precipitate.

Figure 1A depicts the predominant structures formed by
PEO-b-PCL-b-PMOXA and their precursors, PEO-b-PCL,
where each structure corresponds to the polymer with a certain
molecular weight, M, (or length), of PCL and hydrophilic
weight fraction f:

Mhydrophilic

f=

Mhydrophilic + Mhydrophobic
_ M_(PEO) + M,(PMOXA)
M, (PEO) + M_(PMOXA) + M, (PCL) (1)

Most PEO-b-PCL-b-PMOXA polymers formed two or three
types of structures (e.g., Figure S2), but for simplicity reasons,
only predominant structures are plotted in Figure 1A. More
detailed information on morphology of the self-assembled
structures can be found in Table S1. Here, in Figure 1A, and in
the following morphology diagrams, points of the same color
represent polymers with similar PMOXA lengths. For
simplicity, we combined close values of PMOXA lengths in
groups indicated by dashed lines, for example, the lengths of 7—
12 units belong to the group PMOXA 10. Such combination is
reasonable taking into account the dispersity of our triblock
copolymers (1.10 < Dy < 125, Table S1). Point shapes in
morphology diagrams indicate certain morphologies. The gray
areas point out regions of the same morphology.

In the absence of PMOXA block, that is, in the case of PEO-
b-PCL, morphology of the self-assembled structures changes
from polymersomes to spherical particles (Figure 1B) with an
increase in f. These spherical particles with diameters 0.2—2 pm
(determined from TEM) are composed of distinct domains,
and the domains have shapes ranging from spheres to rods
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Figure 1. Self-assembled structures observed in film rehydration
method. (A) Morphology diagram showing structures formed by
PEO-b-PCL and PEO-b-PCL-b-PMOXA in aqueous solution as a
function of the molecular composition. Points of each color
correspond to polymers with a certain PMOXA length. Points of
each shape correspond to a certain morphology: spherical particles
(squares), polymersomes (circles), irregularly shaped particles
(diamonds), cloud-like aggregates (triangles). The gray areas point
out regions of the same morphology. Representative LSM images of
the structures formed by (B) E,C,;, spherical particles, (C)
E,sCisMyg, irregularly shaped particles, (D) E,Cy;oM,, polymer-
somes, (E) E;5C 35M,,, cloud-like aggregates. Structures were stained
with Bodipy 630/650. Scale bars are 5 ym. Panel B inset is a
representative TEM image of negatively stained spherical particles
formed by E,sC,,; scale bar is 200 nm.

(Figure 1B, inset, and Figure S3). Perhaps such domains
aggregate into spherical particles while cooling of the solution
and crystallization of PCL block, but in this case one would
expect formation of particles with rather irregular shape. In the
case of PEO-b-PCL-b-PMOXA with PMOXA length of S and
10 units, morphology of the structures changes in the order
irregularly shaped particles (Figure 1C) to polymersomes
(Figure 1D) to spherical particles with an increase in f. In the
case of PEO-b-PCL-b-PMOXA with PMOXA length of 20
units, morphology of the self-assembled structures changes
from irregularly shaped particles to cloud-like aggregates
(Figure 1E) with an increase in f. Revealing trends between
morphology of self-assembled structures and f is a common
practice in studies of self-assembly of diblock copolymers. For
PEO-b-PCL in film rehydration method, the trend is known to
be irregularly shaped particles, polymersomes, and spherical
particles with increasing f.** Our observed trend for PEO-b-
PCL follows this literature trend for PEO-b-PCL diblock
copolymers (Figure 1A, black). Interestingly, our triblock
copolymers, PEO-b-PCL-b-PMOXA, with PMOXA length of §
and 10 units (Figure 1A, red and blue) also follow the literature
trend for diblock copolymers. An exception is that PEO-b-PCL-
b-PMOXA polymersomes have asymmetric membrane in

DOI: 10.1021/acs.macromol.7b01498
Macromolecules 2017, 50, 7155—-7168


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01498/suppl_file/ma7b01498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01498/suppl_file/ma7b01498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01498/suppl_file/ma7b01498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01498/suppl_file/ma7b01498_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01498/suppl_file/ma7b01498_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.7b01498

Macromolecules

Figure 2. Characterization of cloud-like aggregates formed by E,sC,3sM,, in aqueous solution. (A, B) LSM images at different z-focal planes: (A)
middle; (B) lower surface. Inset in image A represents polymersomes formed by this polymer (E,sC;35My) in PBS. Structures were stained with
Bodipy 630/650. (C, D) TEM images of unstained cloud-like aggregates. Arrows on images B and D point out polymersomes, which are often found

on the edges of cloud-like aggregates. Scale bars are 10 ym.

contrast to PEO-b-PCL polymersomes as we have shown
previously.'® We observe a part of radically different trends for
PEO-b-PCL-b-PMOXA with PMOXA length of 20 and 25
units (Figure 1A, green and dark red). They consist of cloud-
like aggregates (Figures 1E and 2) that have not been reported
previously for any amphiphilic block copolymer. These
aggregates have loosely packed branched structure without
any defined pattern and with dimensions up to a few hundred
micrometers (Figure 2A,C). Typically, these structures coexist
with polymersomes often found on the edges of the cloud-like
aggregates (indicated by arrows on Figure 2B,D). We discuss a
possible reason for the formation of cloud-like aggregates
further in the text.

So far, we have looked at morphology trends while increasing
f by decreasing PCL length and keeping PMOXA length
constant. However, for PEO-b-PCL-b-PMOXA, f can also be
increased by increasing PMOXA length and keeping PCL
length constant. Such flexibility in increasing f is, obviously, due
to an additional degree of freedom brought into the system by
C (PMOXA) block. Since there is lack of systematic data for
ABC polymers in literature, morphology trends are not known
for the case when f is varied through C block. We made a first
attempt and revealed such (partial) morphology trends as
discussed below.

In Figure 1A, we split the tested polymers into 3 groups with
common morphology trends: polymers with PCL ~S0 units,
polymers with PCL ~60—130 units, and polymers with PCL
~150 units. Polymers with the shortest PCL, ~50 units, formed
predominantly spherical particles and partially dissolved under
the tested conditions. In the case of polymers with PCL ~60—
130 units, morphology of the structures changes in the order
spherical particles (Figure 1B) to polymersomes (Figure 1D) to
cloud-like aggregates (Figure 1E) with an increase in f. For
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polymers with PCL ~150 units with an increase in f
morphology of the structures changes from spherical
particles/polymersomes to irregularly shaped particles (Figure
1C). Irregularly shaped particles are observed along with
macroscopic precipitate and can be considered as smaller pieces
of the insoluble polymer.

To explain formation of the observed self-assembled
structures, we refer to packing geometry model. For AB
diblock copolzrmers, packing geometry is defined by packing
parameter p:3‘

Uy

P ay_pls 2
where a,_g is the optimal area of the hydrophilic block A at the
interface A—B and vy and Ij are the volume and critical length
of the hydrophobic block B, respectively.

PEO-b-PCL polymers with PCL ~150 units form polymer-
somes, and according to packing geometry model, individual
molecules of these polymers are packed into cylinders (Scheme
2a). We speculate that addition of the PMOXA block does not
influence packing geometry for the PEO—PCL interface but
adds another area, ac_g, and creates a new packing geometry at
the C—B (PMOXA—PCL) interface (Scheme 2b). Such
assumption is based on the immiscibility of PEO and
PMOXA polymers in aqueous solution.””*> The final packing
geometry of PEO-b-PCL-b-PMOXA molecules can be
considered as a result of the superposition of two packing
geometries for PEO—PCL and PMOXA—PCL interfaces. PEO-
b-PCL-b-PMOXA with PCL ~150 units precipitated in FR
method, in contrast to the corresponding PEO-b-PCL
polymers, which formed polymersomes and spherical particles.
We attribute it to the appearance of PMOXA—PCL packing
geometry, which corresponds to precipitate. The combination
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Scheme 2. Illustration of the Packing Geometry of Polymers
with ~150 units of PCL: (a) AB and (b) ABC Resulting in
Polymersomes and Irregularly Shaped Particles

- — — — packing geometry for PEO-PCL interface
— — — — packing geometry for PMOXA-PCL interface

of long PCL and relatively short PMOXA results in high
curvature at PMOXA—PCL interface, which prevents triblock
copolymers from being dispersed, that is, hydrophobic
attractive forces between PCL chains become predominant
over repulsive forces between PEO and PMOXA chains, and
the triblock copolymer remains as a precipitate.

Morphology of the self-assembled structures formed by
polymers with PCL ~60—130 units changes in the order
spherical particles (PMOXA = 0 units) to polymersomes
(PMOXA = 5—10 units, Figure 1D) to cloud-like aggregates
(PMOXA = 20—2S units, Figure 1E and 2) with an increase in
f In this case, change of PCL length (~60—130 units) has
almost no effect on self-assembled morphology presumably due
to the ability of PCL chains to compress or stretch in the fluid
state (for PCL above T,,), which leads to the adlustment of a
polymer molecule to a certain packing geometry.” PEO-b-PCL
forms spherical particles composed of distinct domains, and
such domains possess shapes ranging from spheres to rods
(Figure 1B, inset, and Figure S3). Despite the mechanism of
self-assembly of such particles remaining unclear, the packing
geometry of PEO-b-PCL molecules can be attributed to a cone
(spherical micelles) and truncated cylinder (rod-like micelles).
For simplicity reasons, we generalize packing geometry of PEO-
b-PCL forming spherical particles as a cone (Scheme 3a).

PEO-b-PCL-b-PMOXA polymers with PCL ~60—130 and
relatively short PMOXA (5—10 units) form polymersomes with
diameters ~3 pm (Figure 1D, Table 1). According to the
Student’s ¢ test’® with p = 0.05, the values of diameters are not
significantly different. As discussed above, addition of the
PMOXA block presumably introduces area ac_p at the C—B
(PMOXA—PCL) interface. Assuming that hydrophilic blocks
are in the stretched conformation, the counter length of PEO
(162.00 A) is longer than that of PMOXA (for 5/10 units the
length is 18.30/36.60 A) (for calculations see Supporting
Information). The approximate diameter of PEO chain (~2 A)
is smaller compared to that of PMOXA (~7 A) due to the side
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Scheme 3. Illustration of the Packing Geometry of Polymers
with Fixed A and B (~60—130 units) but Different C Block
Lengths: (a) AB, (b) ABC with Short C Block, and (c) ABC
with Long C Block

[ g {

Table 1. Average Diameter of Polymersomes Formed by
Different Polymers in Film Rehydration Method”

polymer polymersome diameter, ym
E,CegM 24 + 09
E,<CrosM, 2.8 £ 12
E4sCrosMy 31412
E4CrioM, 31412
E4sCissM, 35+ 14
E,sCi3sMyo 32+ 13
E;sCiss 1.3 £0.5

“The diameter was determined based on at least 3 different LSM
images containing at least 300 objects in total.

chain in PMOXA backbone, and this difference is likely to be
larger in the hydrated state, since PEO needs 3 water
molecules’” and PMOXA 5.2 per repeating unit.”” Never-
theless, due to much longer PEO length the resulting packing
geometry of ABC molecules corresponds to a cylinder slightly
truncated at the C side (Scheme 3b). Such packing geometry
results in polymersomes with the inner surface formed by a
shorter PMOXA block and the outer surface formed by a
longer PEO block (Scheme 3b), which we indeed proved by
two independent methods.'®

PEO-b-PCL-b-PMOXA polymers with PCL ~60—130 and
relatively long PMOXA (20—25 units) self-assembled into
cloud-like aggregates (Figure 1E and 2). We explain formation
of such morphology by the increase of ac_j interfacial area
compared to PEO-b-PCL-b-PMOXA polymers with a shorter
PMOXA (5—10 units) (Scheme 3c). In the case of PMOXA
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20/25 units, its larger length (73.20/91.50 A for 20/2S units)
and diameter (~7 A + 5.2 water molecules per repeating unit””)
results in the increase of repulsive forces between hydrophilic
chains, which compete with hydrophobic attractive forces
between PCL chains. The packing geometry of ABC molecules
in this case approaches the double cone shape (Scheme 3c).
The aggregates have 3D-extended structure of several hundred
micrometer size. Such branched structure with large size
supposedly helps shield hydrophobic interactions from the
aqueous environment. To support our assumption that cloud-
like aggregates form due to strong hydrophilic repulsion
between water-soluble chains, we tried to decrease these forces
by performing self-assembly in the presence of salts. In PBS
buffer such polymers form predominately polymersomes
(Figure 24, inset), suggesting that repulsion between hydro-
philic chains indeed decreases in the presence of salts, and
hence the packing geometry changes from double cone shape
(Scheme 3c) to cylinder (Scheme 3b).

Solvent Evaporation Method. In solvent evaporation
method, a polymer was dissolved in CH,Cl, in a glass vial. After
addition of water, the solution was stirred at 22 °C in the open
vial until CH,Cl, evaporated. Figure 3A summarizes the
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Figure 3. Self-assembled structures observed in solvent evaporation
method. (A) Morphology diagram showing structures formed by
PEO-b-PCL and PEO-b-PCL-b-PMOXA in aqueous solution as a
function of the molecular composition. Points of each color
correspond to polymers with a certain PMOXA length. Points of
each shape correspond to a certain morphology: spherical particles
(squares), elongated structures (hexagons), elongated structures with
Y-junctions (pentagons), 3D networks (star), irregularly shaped
particles (diamonds). The gray areas point out regions of the same
morphology. Representative LSM images of the structures formed by
(B) E4sCis3, spherical particles, (C) E,5C,3M,,, elongated particles. z-
Projection of z-stack CLSM of the structures formed by (D)
E4sCi3sMy, elongated particles with Y-junctions, and (E)
E;sC13sMy, 3D networks. Structures were stained with Bodipy 630/
650. Scale bars are 5 um.
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predominant structures formed by PEO-b-PCL-b-PMOXA and
their precursors, PEO-b-PCL, in solvent evaporation method.
Similar to film rehydration method, most of the polymers
formed two or three types of structures, but to simplify the
morphology diagram in Figure 3A, only predominant structures
are plotted. More detailed information on morphology of the
self-assembled structures can be found in Table SI.

In the absence of PMOXA block, that is, in the case of PEO-
b-PCL, self-assembled structures are predominantly spherical
particles with diameters 0.2—2 pm (Figure 3B; the range of
diameters was determined from TEM). In the case of PEO-b-
PCL-b-PMOXA with PMOXA 5, morphology of the structures
changes in the order irregularly shaped particles to elongated
particles to spherical particles with an increase in f. Morphology
of the structures formed by PEO-b-PCL-b-PMOXA with
PMOXA 10 undergoes transition irregularly shaped particles
to elongated particles with Y-junctions (Figure 3D) to
elongated particles (Figure 3C) to spherical particles with an
increase in f In the case of PEO-b-PCL-b-PMOXA with
PMOXA length of 20 units, morphology of the self-assembled
structures changes in the order irregularly shaped particles to
3D networks (Figure 3E) to elongated particles with an
increase in f. Typical literature trend for PEO-b-PCL assembled
under similar solvent evaporation conditions is irregularly
shaped particles to polymersomes to spherical particles with
increasing f** Our morphology trends for PEO-b-PCL and
PEO-b-PCL-b-PMOXA differ dramatically: we did not observe
polymersomes as a predominant morphology. Interestingly, few
PEO-b-PCL** polymers were reported to self-assemble into
elongated structures, whereas our PEO-b-PCL with comparable
molecular composition formed spherical particles.

To reveal morphology trends while f is varied through C
block, we divide the tested polymers into 4 groups in Figure
3A: polymers with PCL ~50—70 units, polymers with PCL
~100 units, polymers with PCL ~130 units, and polymers with
PCL ~150 units. Polymers with the shortest PCL, ~50—70
units, formed predominantly spherical particles. Morphology of
the self-assembled structures formed by polymers with PCL
~100 units changes from spherical particles to elongated
particles (Figure 3C) with increasing f. In the case of polymers
with PCL ~130 units morphology of the structures changes in
the order spherical particles to elongated particles to elongated
particles with Y-junctions (Figure 3D) to 3D networks (Figure
3E) to elongated particles with Y-junctions with an increase in f.
Morphology of the self-assembled structures formed by
polymers with PCL ~150 units changes from spherical particles
to irregularly shaped particles.

From the trends discussed above, one can observe some
similarities between film rehydration and solvent evaporation
methods: PEO-b-PCL form predominantly spherical particles;
PEO-b-PCL-b-PMOXA with PCL ~50 units and ~150 units
form spherical particles and irregularly shaped particles,
respectively. These findings suggest little effect of the
preparation method on the self-assembly of these particular
polymers. On the other hand, PEO-b-PCL-b-PMOXA poly-
mers with PCL ~60—130 units self-assemble into elongated
rod-like structures in solvent evaporation method, while
forming polymersomes and cloud-like aggregates in film
rehydration method.

PEO-b-PCL-b-PMOXA polymers with PCL ~130 units form
rods with Y-junctions and 3D microscale networks. Formation
of such structures by amphiphilic block copolymers is rarely
observed and so far was reported only for a few AB systems.”””
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Figure 4. Characterization of 3D networks formed by E,;5C,35M,, in solvent evaporation method: (A) z-projection of z-stack CLSM,; inset, cloud-like
aggregates formed by the same polymer in film rehydration method (LSM); structures were stained with Bodipy 630/650; (B—E) negatively stained
TEM; (F—]) cryoTEM. Scale bars: (A, A inset, B) 10 ym; (B inset, C—E) 1 um; (F—J) 50 nm. The arrows on C, D, G, and H point out possibly
hollow rods.

It is believed that such networks are formed above a critical case of PEO-b-PCL-b-PMOXA 3D microscale networks. To
molecular weight of the polymer.® Similarly to poly(ethylene gain insight into the microscale structure of these networks, we
oxide)-block-polybutadiene (PEO-b-PB) 3D nanoscale net- characterized them using z-stack CLSM (Figure 4A).
works,® we also observed macroscopic phase separation in the Interestingly, the polymer forming these networks,
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E;sC135M,(, assembles into 3D cloud-like aggregates in the film
rehydration method (Figures 4A inset, 1E, and 2), suggesting
the inherent tendency of this polymer to form branched 3D
structures. 3D networks are composed of rods typically with a
length of 5—50 ym and thickness up to 10 ym. To gain a better
understanding of the structure of the networks at the nanoscale,
we performed TEM (Figure 4B—E) and cryoTEM (Figure 4F—
J) imaging. Since these techniques require a special sample
preparation procedure, most of the microscale parts of 3D
networks were blotted off. We found only one piece of
networks in the negatively stained TEM sample (Figure 4B).
The thickest rods of the networks might have porous structure
(Figure 4B, inset). Some of the thinner rods with diameters
~20—200 nm possibly exhibit hollow structure (pointed out by
arrows in Figure 4C,D,GH), but this cannot be concluded
without doubt. In some TEM and cryoTEM images, we
observed rods that have helical structure or are composed of
the disks stacked together (Figure 4E,1]), and diameter of these
rods ranges from ~20 up to ~500 nm.

Formation of the self-assembled structures observed in
solvent evaporation method can be explained in the following
way. Amphiphilic polymers dissolved in CH,Cl, upon addition
of water and stirring start to orient with their hydrophilic tails
toward aqueous solution (Scheme 4). Diblock copolymers have

Scheme 4. Proposed Mechanism of Self-Assembly in Solvent
Evaporation Method for (a) AB Polymers, (b) ABC with
Short C, (c) ABC with Long C
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only one hydrophilic tail, and therefore they form mainly I-
shaped monolayers at the CH,CL,—H,O interface. Upon
evaporation of the organic solvent, these monolayers transfer
into aqueous solution in the form of spherical particles
(Scheme 4a). Triblock copolymers have two water-soluble
blocks, A and C, and both of them tend to transfer into water
phase, thus resulting in U-shaped loops at the CH,Cl,—H,0
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interface. When C block is relatively short, its attraction into
water phase is weaker than that of PEO (i.e, 5.2 X S = 26 water
molecules for PMOXA™ 5 units vs 3 X 45 = 135 water
molecules for PEO’). Triblock copolymers form a mixture of
I-shaped monolayers and U-shaped loops, which upon
evaporation of CH,Cl, transfer into spherical particles and
short rods (Scheme 4b). In the case of relatively long C block,
its attraction into water phase becomes stronger (i.e.,, 52 water
molecules for PMOXA 10 units vs 135 for PEO), and ABC
molecules predominantly form loops at the CH,Cl,—H,O
interface. Upon evaporation of the organic solvent, these loops
transfer into aqueous solution in the form of long rods (Scheme
4c). The microscale rods with thickness >140 nm (2 X length
of triblock copolymer in U-shaped confirmation, see Support-
ing Information) might possess hollow morphology, but as has
been shown for 3D networks (Figure 4), this cannot be
concluded with certainty from LSM images due to limited
resolution and from TEM or cryoTEM analysis due to sample
preparation procedure leading to removal of thick rods.

Thus, spherical particles are observed for PEO-b-PCL
polymers (Figure 2B), spherical and short elongated (<$ ym)
particles are common for PEO-b-PCL-b-PMOXA polymers
with short PMOXA (~S units), and mostly long (>S5 pm)
elongated structures are observed for PEO-b-PCL-b-PMOXA
with longer PMOXA (>$ units) (Figures 3C—E and 4, Table
2). Size values of the elongated structures scattered too much

Table 2. Length of Elongated Structures Formed by
Different PEO-b-PCL-b-PMOXA Polymers in Solvent
Evaporation Method”

polymer range of the lengths of elongated structures, ym
E4sCusM, 1.5-4.5
E,sCeeM 1.5-5
EysCiioMy 1-6
EysCiosMi, 5-40
EysCi3sMio 5-30
EysCizsMas 2—40

“The length was determined based on at least 3 different images
containing at least 70 objects in total.

and could not be fitted with conventional functions for
statistical analysis; therefore only the range of the lengths is
provided in Table 2.

For PEO-b-PCL* and PEO-b-PCL-b-PMOXA elongated
structures are uniquely accessible only via solvent evaporation
method. As discussed above, we attribute formation of
elongated structures to the presence of two terminal hydro-
philic blocks. To prove the latter assumption, we compared self-
assembly of diblock copolymer E,Cs; (PEO(2.0K)-b-PCL-
(17.4K), Dy = 1.08) and its analogue PEO(2.0K)-b-PCL-
(16.0K) (by = 1.23) containing 26% of PEO-b-PCL-b-PEO
species.”’ E,Cs; assembled mainly into spherical particles,
whereas polymer PEO(2.0K)-b-PCL(16.0K) formed mostly
elongated and irregularly shaped structures in solvent
evaporation method (Figure S4). These findings support the
proposed mechanism of self-assembly of di- and triblock
copolymers in solvent evaporation method and also possibly
explain how PEO-b-PCL*® formed elongated structures under
similar conditions, since those polymers most likely contained
some PEO-b-PCL-b-PEO species.”'

Cosolvent Method. In cosolvent method, a polymer was
dissolved in THF, and the resulting solution was added
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dropwise into a glass vial with stirred aqueous solution. The
mixture was stirred at 22 °C in the closed vial. In this method,
we tested only polymers with PCL 110—153 units, because
polymers already with PCL 110 units dissolved under these
conditions.

Figure SA depicts the predominant structures formed by
PEO-b-PCL-b-PMOXA and their precursors, PEO-b-PCL, in
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Figure S. Self-assembled structures observed in cosolvent method. (A)
Morphology diagram showing structures formed by PEO-b-PCL and
PEO-b-PCL-b-PMOXA in aqueous solution as a function of the
molecular composition. Points of each color correspond to polymers
with a certain PMOXA length. Points of each shape correspond to a
certain morphological state: dissolution (triangles), spherical particles
(squares), polymersomes (circles). The gray areas point out regions of
the same morphology. Representative LSM images of the structures
formed by (B) E,sC,35M,q, spherical particles, and (C) E,;sCi53M,
polymersomes. Structures were stained with Bodipy 630/650. Scale
bars are 5 pm. Inset in the image C represents polymersomes with
encapsulated hydrophilic dye calcein; scale bar is 2 ym.

cosolvent method. Similar to film rehydration and solvent
evaporation methods, most of the polymers formed two or
three types of structures, but to simplify the morphology
diagram in Figure SA, only predominant structures are plotted.
More detailed information on morphology of the self-
assembled structures can be found in Table S1.

PEO-b-PCL, that is, where PMOXA length is 0, self-
assembled predominantly into spherical particles with diame-
ters 0.2—1.5 yum (determined from TEM). In the case of PEO-
b-PCL-b-PMOXA with PMOZXA 5 and 10 units, morphology of
the self-assembled structures changes from polymersomes to
spherical particles (Figure SB), and the polymers then dissolve
with an increase in f. PEO-b-PCL-b-PMOXA with PMOXA 20
and 2S5 units self-assembled into spherical particles.

Morphology trends when f is varied through C block are the
following. Polymers with PCL 110 units predominantly
dissolved in cosolvent method. The diblock copolymer formed
some spherical particles, whereas the triblock copolymer
dissolved completely and resulted in optically transparent
solution. Such self-assembly behavior of the triblock copolymer
can be attributed to the weakening of hydrophobic interactions
between PCL chains in the presence of THF, which are not
able to compensate hydrophilic repulsive forces in the corona.
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Polymers with PCL 135 units self-assembled into spherical
particles (Figure SB), which is analogous to the case of PCL
~S50 units in film rehydration method. Morphology of the
structures formed by polymers with PCL 147 changes in the
order spherical particles to polymersomes to spherical particles
with increasing f. For polymers with PCL 153 units, with an
increase in f morphology undergoes transition from spherical
particles to polymersomes (Figure SC), which is analogous to
the trend observed for PCL ~60—130 units in film rehydration
method. The average diameter of polymersomes formed in
cosolvent method is ~3 um (Table 3), which is similar to the
ones formed in film rehydration method (Table 1).

Table 3. Average Diameter of Polymersomes Formed by
PEO-b-PCL-b-PMOXA Polymers in Cosolvent Method”

polymer polymersome diameter, ym
EyCroM, 24 + 06
E4sCrssM,y 25+ 08
EysCissMyy 33+ 09

“The diameter was determined based on at least 3 different LSM
images containing at least 300 objects in total.

To the best of our knowledge, there are no studies reporting
about systematic investigation of self-assembly of PEO-b-PCL
in cosolvent method. In the case of our polymers, cosolvent
method allowed us to expand the range of the self-assembled
structures for polymers that precipitated in film rehydration and
solvent evaporation methods. The key difference of cosolvent
method is the presence of 20% THEF in the self-assembly
mixture. Considering the packing geometry model, we assume
that this solvent composition does not change interactions
between PEO chains, because this block is soluble in both water
and THF. THF is a good solvent for the PCL block, and
therefore THF—H,O mixture is able to solubilize partially the
PCL block. Thus, the effective vy and Iy occupied by the PCL
block changes, leading to different self-assembly behavior of
PEO-b-PCL polymers compared to film rehydration and
solvent evaporation methods (Scheme Sa). For example,
while forming predominantly polymersomes in film rehydration
method, E,C,s; self-assembled into spherical particles and
partially dissolved in cosolvent method. The presence of 20%
THF has similar effect in the case of PEO-b-PCL-b-PMOXA,
insoluble in film rehydration and solvent evaporation methods,
but the self-assembled morphology changes from precipitate to
polymersomes (Scheme Sb).

The morphological trend observed for polymers with PCL
147 (spherical particles to polymersomes to spherical particles)
is not completely clear, but it might deal with partial solubility
of PMOXA in THF—H,O mixture. PMOXA homopolymer
precipitates in THF. In the case of E;C,4;M, formation of
polymersomes can be explained as described above (Scheme
Sb). With further increase of PMOXA length, its insolubility in
THF—H,0 mixture becomes more pronounced, and probably
PMOXA block tends to collapse resulting in structures with
only one completely soluble block, PEO.

As has been shown for some amphiphilic diblock
copolymers,'"***! the nature of a cosolvent (i.e, a common
solvent for both blocks) has a dramatic effect on the observed
morphology. To check whether the nature of the cosolvent
affects self-assembly of PEO-b-PCL-b-PMOXA polymers, we
tested the self-assembly of E,C;3M, using different
cosolvents: DMF, ACN, and acetone. These solvents are
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Scheme 5. Illustration How Packing Geometry of (a) AB and
(b) ABC Polymers Changes in the Presence of 20% THF

]

]

i

}
]
| 20% THF
I

1

]

I

1

]
I

-
I
I

;
! ]

:,

I 20% THF

[}

]

- — — - packing geometry for PEO-PCL interface
— — = - packing geometry for PMOXA-PCL interface
packing geometry in 20% THF

a !
1

among very few ones able to dissolve our triblock copolymers.
The change of the cosolvent led to the formation of completely
different aggregates, which were not observed when THF was
used as a cosolvent (Figure 6 and Figure SS). On the other
hand, the assemblies obtained in the presence of DMF, ACN,
or acetone possessed quite similar structures with three-
dimensionality. These observations can be explained by only
partial solubility of PCL block in these solvents, whereas THF
dissolves PCL completely,** suggesting its unique role in the
self-assembly behavior of PEO-b-PCL-b-PMOXA polymers.
Equilibrium or Kinetically Frozen Morphologies?
Formation of diverse structures by PEO-b-PCL-b-PMOXA in
different self-assembly methods suggests that one or all
methods result in morphologies that are under kinetic control.
Thermodynamically controlled structures should be insensitive
to details in preparation procedure, whereas kinetically
controlled morphologies are highly path dependent.”” There-
fore, to gain a better understanding about self-assembly
equilibrium, we studied how change of details in film
rehydration, solvent evaporation, and cosolvent methods
influences self-assembly. For the latter purpose, we chose
polymers E,sC;;;M,, E;sCi3sM,, and E45Ci3sM,, as they have

different PCL and PMOXA lengths and self-assemble into
different microscale structures. In film rehydration method,
stirring rate (300—800 rpm), duration of self-assembly (6—48
h), and conditions of polymer film formation did not influence
the self-assembled morphology of the selected polymers.
Employment of different heating and cooling conditions for
self-assembly also did not affect the type and size of the
structures (Figure 7, Figure S6). These findings suggest that the
structures formed in film rehydration method are energetically
favorable and the system is on the way to approach
thermodynamic equilibrium. The diameter values of polymer-
somes possessed high deviation (~40%) from the mean
diameter value (Table 1). This deviation can be partially
attributed to the dispersity of the polymers and the presence of
~15% high molecular weight impurities.'© We assume,
however, that the main reason for this high deviation, as well
as for the coexistence of multiple morphologies (Table S1,
Figure S2), is the fact that the system does not fully achieve
global equilibrium on the experimental time scale (24 h), which
is associated with hindered structural evolution due to slow
kinetics of high molecular weight polymers.”*’ Longer
experimental times (>24 h) are problematic because of high
temperature (62 °C): water evaporates from the solution
containing self-assembled structures and condenses on the walls
of the flask above the solution. Further in the text, we refer to
the structures formed in film rehydration method as
pseudoequilibrium morphologies, because the system might
be on the way to achieving global equilibrium in this method.

As has been shown for most of AB***~*® and ABC™ systems
in A-selective solvent, the type of morphology usually changes
in the order polymersomes to elongated micelles to spherical
micelles with the increase of f. Assemblies formed by PEO-b-
PCL** and PEO-b-PCL-b-PMOXA are exceptions to this rule.
These polymers do not form elongated micelles in film
rehydration method and self-assemble into microscale
structures, whereas most of the systems result in nanoscale
assemblies. These observations are associated with the
semicrystalline nature of the PCL block and can be possibly
attributed to the formation of PCL spherulites in the bulk
phase,”” which might affect formation of the core of the self-
assembled structures.

The type of the resulting morphology in the case of solvent
evaporation method is strongly influenced by self-assembly
conditions, such as stirring speed and position of a magnetic stir
bar. For example, while forming mostly 3D networks under
standard solvent evaporation conditions (350 rpm), E;sC;35M,,
assembled mostly into spherical and some elongated particles at
500 rpm, whereas 100 rpm did not result in self-assembly, but
the polymer aggregated into one big piece. Also, when the vial

Figure 6. From left to right, LSM, bright field, and their overlay image of the aggregates formed by E,sC,s3M, obtained using acetone as a cosolvent.

Structure was stained with Bodipy 630/650. Scale bar is 10 pm.
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Figure 7. LSM images of the polymersomes formed by E,C, )M, obtained using film rehydration method under different cooling/heating
conditions: (A) standard procedure; (B) slow heating; (C) slow cooling. Structures were stained with Bodipy 630/650. Scale bars are S ym.

.-

Figure 8. LSM images of the self-assembled structures formed by E,sC,,,M, in different self-assembly methods: (A) solvent evaporation; (B) solvent
evaporation followed by incubation at 62 °C for 24 h; (C) film rehydration. Structures were stained with Bodipy 630/650. Scale bars are S ym.

was placed on the side of a stirring plate, and therefore the
magnetic stir bar inside located at the side of the vial, 3D
networks appeared to be much longer and more branched
compared when the vial was at the central position. Some other
polymers (E4sCy1oMy E4sCi3sMyp, and EysCi3sMys) also
formed extended parts of networks under such conditions.
Thus, the data indicate that the structures formed in solvent
evaporation method are under kinetic control.

In cosolvent method, the type of the resulting morphology is
sensitive to the preparation procedure. For instance, when THF
solution of E,sC,s;M, was added more slowly (~40 yL-min~")
into the aqueous stirring solution, the polymer self-assembled
into spherical particles but not into polymersomes as under
standard conditions (~200 gL-min™"). On the basis of these
observations, we concluded that the structures obtained in
cosolvent method are under kinetic control.

Transition from Kinetically Frozen to Pseudoequili-
brium Morphologies. Kinetically controlled morphologies
may undergo transition toward equilibrium structures, for
example, as has been demonstrated for poly(acrylic acid)-block-
polystyrene (PAA-b-PS) system in or§anic solvent—water
mixtures by Eisenberg and co-workers.””*’ In the case of
PEO-b-PCL-b-PMOXA polymers, the transition from kineti-
cally trapped morphologies obtained in solvent evaporation
technique to pseudoequilibrium structures observed in film
rehydration method is highly unlikely to happen under ambient
temperatures due to the semicrystalline nature of the PCL
block: the structures obtained in solvent evaporation method
were stable for at least 6 months at room temperature.
Therefore, to test such transformation, we incubated at 62 °C
for 24 h the structures formed by E,sC, My, E;sCi3sMy, and
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E;Ci3sMyo in solvent evaporation method after their self-
assembly. After incubation at 62 °C, the assemblies formed by
these polymers partially transferred to the ones formed in film
rehydration method (Figure 8, Figure S7). These findings
confirm that (i) the morphologies formed in solvent
evaporation method are under kinetic control and (ii) the
transition from kinetically trapped to pseudoequilibrium
structures is possible above the melting temperature of the
PCL block, which allows for its structural rearrangements.

In solvent evaporation method, elongated structures are the
result of the formation of ABC loops at the CH,CL,—H,O
interface and their further aggregation in aqueous solution
upon evaporation of CH,Cl, (Scheme 4). Such structures
might be not energetically favorable due to a tension at the
bending site of the PCL loop and repulsive forces between
PEO and PMOXA corona. This could explain why above T, of
PCL, structures obtained in solvent evaporation method
transform into structures observed in film rehydration method,
which are energetically more favorable. Solvent evaporation
method performed at 62 °C should also lead to pseudoequili-
brium morphologies, but fast evaporation of the organic solvent
(CH,CI, or CHCL,) led to the formation of the polymer layer
on top of the aqueous solution preventing it from self-assembly.

In cosolvent method, THF is present during self-assembly
and modifies packing geometry of the polymer molecules
compared to film rehydration method (Scheme S). The latter
suggests that THF is involved in stabilization of the assembled
morphologies. Nevertheless, polymersomes formed by
E,sC53sM;, in cosolvent method were stable after a week of
dialysis against water (Figure SC, inset). However, after a year
of storage at room temperature, these polymersomes collapsed
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into spherical particles. Such transition was possible presumably
due to the presence of residual THF trapped in the
hydrophobic core that enabled structural rearrangements of
the PCL block. In contrast to cosolvent method, structures
formed in film rehydration method, where organic solvent was
removed before self-assembly, were stable for at least a year of
storage at room temperature. The true equilibrium morphol-
ogies for cosolvent method cannot be determined due to the
uncertain amount of THF present in the system during storage.

B CONCLUSIONS

We reported new aqueous self-assembled structures of
micrometer size for amphiphilic triblock copolymers in the
example of PEO-b-PCL-b-PMOXA: cloud-like aggregates and
3D networks.

Morphology trends of diblock copolymers PEO-b-PCL are
maintained globally the same for all used self-assembly
methods: polymersomes to spherical particles with increasing
f- In contrast, morphology trends of triblock copolymers PEO-
b-PCL-b-PMOXA depend on the self-assembly method and
how f is varied, through PCL or PMOXA block.

In film rehydration method, the system is on the way to
achieving global equilibrium, and we refer to the structures
formed in this method as pseudoequilibrium morphologies.
Solvent evaporation and cosolvent techniques led to kinetically
controlled structures. The kinetically controlled morphologies
formed in solvent evaporation method can be transformed, at
least partially, to the pseudoequilibrium morphologies above
T, of PCL. In cosolvent method, the type of morphology
strongly depended on the cosolvent nature.

The presented family of PEO-b-PCL-b-PMOXA polymers
and their self-assembled structures can be relevant for
biomedical applications due to the biocompatible and
protein-repellent nature of PEO™ and PMOXA®" corona and
biodegradability of PCL core.”””” Elongated structures and 3D
networks formed by PEO-b-PCL-b-PMOXA are uniquely
accessible via solvent evaporation technique. These structures
are promising candidates for drug delivery purposes, since
anisotropic morphologies possess longer blood circulation time
compared to the spherical analogues,”* and 3D networks based
on biodegradable polymers are of special interest for tissue
engineering purposes.”>~° In addition, self-assembled structures
formed by PEO-b-PCL-b-PMOXA possess enormous stability
due to the semicrystalline nature of the PCL block: the
assemblies formed in film rehydration and solvent evaporation
methods were stable after at least 6 months of storage at room
temperature, and the structures stayed intact after shaking and
centrifugation at 13000g for 1-2 h.

Polymersomes formed by ABC triblock copolymers with
immiscible A and C blocks should be thermodynamically stable
due to different curvature at A—B and C—B interfaces. To
definitely prove this, one needs to investigate additionally
formation of polymersomes by other narrowly dispersed ABC
polymers with amorphous B block with low glass transition
temperature (<20 °C).

The conclusions drawn from self-assembly of PEO-b-PCL-b-
PMOXA may not necessarily fully apply to other ABC systems
in (A, C)-selective solvent. The semicrystalline nature of the
PCL block is responsible for micrometer sizes of the obtained
structures and may dictate the trends in the self-assembly of the
tested polymers. Therefore, to establish general rules for ABC
self-assembly in (A, C)-selective solvents, similar studies should
be performed for other ABC systems where B is an amorphous
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block and the self-assembled structures possess nanometer
sizes. In addition, to acquire the full advantage of the complex
composition of self-assembled morphologies of PEO-b-PCL-b-
PMOXA, presence of patches or Janus corona due to the phase
separation of PEO and PMOXA blocks>*** should be
investigated.
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Experimental part

Materials. All chemicals were obtained from Sigma-Aldrich and used as received unless
otherwise mentioned. Milli-Q water with the resistivity of 15 MQ-cm was used from a Purelab
Option-R 7/15 system (ELGA). Polyethylene oxide monomethyl ether (PEO, 2000 g'mol™) was
dissolved in water, lyophilized, and stored under reduced pressure (~0.01 mbar) until further use.
e-Caprolactone (e-CL) was dried over CaH, for 12 h and distilled under reduced pressure
(~0.1 mbar). Toluene was dried over CaH, and distilled under argon atmosphere prior to use.
Tin(IT) 2-ethylhexanoate (SnOct,) was distilled under reduced pressure (~0.01 mbar). 2-Methyl-
2-oxazoline (MOXA) was purchased from Acros Organics, dried under argon atmosphere over
CaH,; for 12 h and distilled prior to use. Sulfolane was dried over CaH, for 24 h under reduced
pressure (~0.01 mbar) at 35 °C, distilled, and stored under argon atmosphere. Bodipy 630/650
NHS ester was purchased from Thermo Fisher Scientific Inc.

Nuclear magnetic resonance spectroscopy (NMR). 'H NMR spectra were recorded in
CDCIl; (0.05 % tetramethylsilane) on a Bruker Avance III NMR spectrometer (400.13 MHz).
Chemical shifts are reported in ppm. Spectra were processed with MestReNova software.

Gel permeation chromatography (GPC). GPC traces were recorded in WinGPC (v
8.20 build 4815, PSS systems) software. The samples were measured on DMF (20 mM LiBr)
GPC system at 60 °C with a flow rate of 1 ml'min™'. The samples were passed through 3 PSS
GRAM columns (one 30 A, two 1000 A, each 30 cm long, 10 um particles, 0.8 cm diameter).
The signals were recorded on Viscotek TDA 305 detector system equipped with a refractive
index (RI), a triple UV-Vis operating at different wavelengths (189-506 nm), a 90° light
scattering (670 nm), and viscometer detectors. The system was calibrated against narrowly
distributed poly(methyl methacrylate) (PMMA) standards.

Differential scanning calorimetry (DSC). DSC measurements were performed on
Perkin Elmer DSC 6. The samples (~10 mg) were hermetically sealed in aluminum pans. The
scans were recorded with a speed of 10 °C-min” in the Pyris Manager software.

Transmission electron microscopy (TEM). 5 ul of polymer assemblies (0.2 mg-ml™)
was adsorbed on a glow discharged copper grid (formvar coated, 200 mesh) and blotted off after
I minute. The sample was washed two times with 5 ul of H;O and one time with 2% uranyl
acetate. 5 pl of 2% uranyl acetate was applied the second time and blotted off after 10 seconds.

In the case of cloud-like aggregates, the staining with 2% uranyl acetate was omitted to obtain
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better visualization of the structure of these aggregates. The prepared grids were dried in air for
at least 10 minutes before imaging. TEM micrographs were recorded on a Philips CM100
transmission electron microscope at an acceleration voltage of 80 kV.

Cryogenic transmission electron microscopy (cryoTEM). 4 ul of aqueous solution of
polymer assemblies (2 mg-ml”) was deposited on a glow-discharged lacey carbon grid and
incubated for 1 min. The sample was blotted off before plunge freezing in liquid ethane. Imaging
was performed on FEI Talos TEM at an acceleration voltage of 200 kV.

Synthesis of PEO-b-PCL and PEO-b-PCL-b-PMOXA. PEO-b-PCL were synthesized
via kinetically controlled coordination-insertion ring opening polymerization of e-CL catalyzed
by SnOct,." Briefly, PEO was mixed with e-CL in dry toluene, and then freshly distilled SnOct,
was added. The polymerization was carried out at 110 °C. PEO-b-PCL-h-PMOXA triblock
copolymers were synthesized via cationic ring opening polymerization of MOXA by microwave-
assisted synthesis using PEO-b-PCL-OTs as macroinitiator.” PEO-b-PCL-OTs was mixed with
MOXA and sulfolane in the glove box, and the polymerization was carried out at 100 °C under
microwave irradiation. 'H NMR PEO-b-PCL (400.13 MHz, 8, CDCls): 1.38 ppm (m, (O)C-
CH,-CH,-CH,-CH,-CH,-0-), 1.65 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-0O-), 2.31 ppm (t, J =
7.1 Hz, (O)C-CH>-CH;,-CH,-CH,-CH,-0-), 3.38 ppm (s, CH;-O-), 3.65 ppm (s, -O-CH,-CH,-O-
), 406 ppm (t, J = 6.5Hz, (O)C-CH,-CH,-CH,-CH,-CH,-O-). '"H NMR PEO-b-PCL-b-
PMOXA (400.13 MHz, 6, CDCl;): 1.38 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH;-O-), 1.65 ppm
(m, (O)C-CH,-CH,-CH,-CH,-CH,-0O-), 2.12 ppm (m, (-N(C(O)CHj)-), 2.31 ppm (t, J = 7.1 Hz,
(O)C-CH>-CH;,-CH,-CH,-CH,-0O-), 3.38 ppm (s, CH3-O-), 3.46 ppm (m, -N(C(O)CH3)-CH>-
CH>-), 3.65 ppm (s, -O-CH,-CH>-0O-), 4.06 ppm (t, J = 6.5 Hz, (O)C-CH,-CH,-CH,-CH,-CH--
0O-).
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Figure S1. DSC of polymers (A) E45C110M4, (B) E45C135M20, and (C) E45C153M4. Scan rate is
10 °C-min™". The samples (~10 mg) were measured in hermetically sealed aluminum pans. Small
shoulders pointed out by arrows most likely corresponds to the melting of PEO.?

Figure S2. LSM images of the self-assembled structures obtained using film rehydration method
formed by: (A) E45Ci3sMs; (B) E45Ci35Myo. The arrows point out the presence of the minor
coexisting morphology. Structures were stained with Bodipy 630/650. Scale bars are 10 um.



Table S1. Characterization of PEO-6-PCL and PEO-b-PCL-6-PMOXA polymers and their
microscale self-assembled structures.

Morphology Morphology
P . . b o (film (solvent Morphology
Polymer Abbreviation | Dy 1% . . (co-solvent
rehydration evaporation method)
method) method)
PEO(2.0K)-h-PCL(5.5K) E;5Cyg 1.19 27 S,D S n.t’
PEO(ZI',?\Z{());’&)(%LZ(E')S K)-b- ExCeM; | 116 | 29 S, D S, E nt.
PEO(2.0K)-b-PCL(5.5K)-b-
PMOXA(06K) E45C4gM7 1.21 32 S, D S, E n.t.
PEO(2.0K)-h-PCL(7.5K) E45Ces 1.15 21 S S n.t.
PEO(ZI',?\Z{());’&)(?HIZ)S K)-b- EuCoMs | LI11 | 24 P,S S,E. 1 nt.
PEO(2.0K)-b-PCL(11.7K) E45Cio3 1.05 15 S S n.t.
PEO(2.0K)-b-PCL(11.7K)-b-
PMOXA(0.3K) EisCiMy | 114 | 16 P, S S,E n.t.
PEO(2.0K)-b-PCL(11.7K)-b-
PMOXA(1.0K) EisCiMiz | 112 | 20 P,S,C E,S n.t.
PEO(2.0K)-b-PCL(11.7K)-b-
PMOXA(1.4K) EisCisMis | 113 | 23 C E,S nt.
PEO(2.0K)-b-PCL(12.5K) E4sCio 1.06 14 S S D, S
PEO(2.0K)-b-PCL(12.5K)-b-
PMOXA(0.3K) E45Ci10My 1.12 16 P S,E D
PEO(2.0K)-b-PCL(15.4K) E45Ci35 1.15 11 S S S,D
PEO(2.0K)-b-PCL(15.4K)-b-
PMOXA(0.3K) E45Ci35sMy 1.22 13 P,S E,Ey, LS S,E
PEO(2.0K)-b-PCL(15.4K)-b-
PMOXA(0.8K) EysCissMyo | 122 |15 P,C Ey, N S,P,E
PEO(2.0K)-b-PCL(15.4K)-b-
PMOXA(1.7K) E45C135Mp 1.23 19 CP,S N, S S
PEO(2.0K)-b-PCL(15.4K)-b-
PMOXA(2.1K) E45Ci35sMps 1.24 21 CP,S Ey,N,S S
PEO(2.0K)-b-PCL(16.8K) E45Ciyr 1.09 11 S,P S S,D
PEO(2.0K)-b-PCL(16.8K)-b-
PMOXA(0.3K) E45Ci47My 1.10 12 LLP,S LS, E P, S
PEO(2.0K)-b-PCL(16.8K)-b-
PMOXA(0.8K) E45Ci147My 1.12 14 IS, P LE S, P
PEO(2.0K)-b-PCL(16.8K)-b-
PMOXA(1.5K) E4sCi47M g 1.11 17 IS, P LE S,E
PEO(2.0K)-b-PCL(17.4K) E4sCis3 1.08 10 P S,P S,D
PEO(2.0K)-b-PCL(17.4K)-b-
PMOXA(0.3K) E45Ci53My 1.13 12 LS, P I P, S
PEO(2.0K)-b-PCL(17.4K)-b-
PMOXA(0.9K) E45Ci53My; 1.15 14 IS I P, S

“Number-average molecular weight of copolymers was determined by "H NMR spectroscopy.

"Dispersity was determined from RI data of samples analyzed by DMF GPC using PMMA calibration.

“Hydrophilic weight fraction of PEO (diblocks) and PEO+PMOXA (triblocks) was calculated from 'H NMR data.

“not tested

S — spherical particles, P — polymersomes, I — irregularly shaped particles (including precipitate), E — elongated
structures, Ey — elongated structures with Y-junctions, C — cloud-like aggregates, N — 3D networks of elongated
structures, D — (partial) dissolution.




Figure S3. Representative TEM images of negatively stained spherical particles indicating their

domain composition. (A, B) E4sCio3, (C, D) E45Ci47. Arrows indicate rods which presumably

form during sample preparation. Scale bars are 2 pm.
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Figure S4. LSM images of the self-assembled structures obtained using solvent evaporation
method formed by: (A) E4sCis3 (PEO(2.0K)-5-PCL(17.4K), v = 1.08); (B) PEO(2.0K)-b-
PCL(16.0K) (Py = 1.23) containing 26% of PEO-b-PCL-b-PEO." The images indicate that the

presence of triblock copolymer PEO-b-PCL-b-PEO influences dramatically self-assembly in SE
method. Structures were stained with Bodipy 630/650. Scale bars are 5 pm.



Figure S5. LSM, bright field, and their overlay images of the self-assembled structures formed
by E4s5Ci53M4 obtained using as a co-solvent: (A) DMF; (B) ACN; (C) acetone. The images

indicate that DMF, ACN, and acetone result in similar self-assembled structures. Structures were

stained with Bodipy 630/650. Scale bars are 10 pm.



assembled structures obtained using film rehydration method formed by copolymers E4sC;35sM4

(A-C) and E4sCi3sMyo (D-F) under different cooling/heating conditions: (A, D) standard

procedure; (B, E) slow heating; (C, F) slow cooling. Structures were stained with Bodipy

630/650. Scale bars are 5 um (A-C) and 10 um (D-F).
10



Figure S7. z-Projection of z-stack CLSM (A) and LSM (B-F) images of the self-assembled
structures formed by E45Ci35Myp (A-C) and E45Ci35M4 (D-F) obtained using different methods:
(A, D) solvent evaporation; (B, E) solvent evaporation followed by incubation at 62 °C for 24 h;
(C, F) film rehydration. Structures were stained with Bodipy 630/650. Scale bars are 10 pm (A-
C) and 5 um (D-F).
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4, Effect of the hydrophobicity on self-assembly: the case of linear ABC

copolymers

Self-assembly of amphiphilic block copolymers was investigated under various
conditions, like polymer concentration, water content, nature of the co-solvent, etc., which has
been discussed in details in the section 2. The self-assembly process is driven by hydrophobic
interactions, and therefore depends on the chemical nature of a copolymer, i.e. on the balance
between the interfacial tension between the hydrophobic core and the solvent outside the core,
the repulsive forces between hydrophilic chains in the corona, and the degree of stretching of the
hydrophobic chains in the core.'! This balance can be tuned by changing
hydrophilicity/hydrophobicity of the corresponding blocks. However, to the best of our
knowledge, the consequences of such change on self-assembly process have never been
investigated. The goal of this study is to explore the effect of hydrophobicity on self-assembly of
amphiphilic block copolymers. As a model system, bis-hydrophilic poly(ethylene oxide)-block-
poly(y-R-g-caprolactone)-block-poly(N,N-dimethylaminoethyl methacrylate) (PEO-b-P(R)CL-b-
PDMAEMA) copolymers were chosen. Hydrophobicity of P(R)CL was modified by changing R
from methyl to phenyl group (Scheme 6). The polymers were synthesized by combining
coordination LROP of y-substituted e-caprolactones (MCL or PhCL) and ATRP of DMAEMA.
These polymers are promising for drug and gene delivery applications due to their unique
composition. The hydrophilic parts are biocompatible protein-repellent PEO and cationic pH-
responsive PDMAEMA which can complex negatively charged nucleic acids. The hydrophobic
blocks, PRCLs, are biodegradable amorphous polyesters. Amorphous hydrophobic block is very
advantageous for self-assembly process, because self-assembly in this case can proceed at
ambient temperatures, unlike in case of semicrystalline PCL-based polymers. In the latter case
self-assembly requires high temperatures above T, of PCL (~60 °C) or presence of organic

solvent.
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Scheme 6. Structures of PEO-b-PMCL-b-PDMAEMA and PEO-b-PPhCL-b-PDMAEMA.

The vy-substituted e-caprolactones were synthesized via Baeyer-Villiger oxidation
according to the previously published procedures.”* However, when following the published
purification protocols, the "H NMR spectrum of MCL exhibited aromatic impurities even after
vacuum distillation over CaH, (Fig. 2). These impurities affected polymerization of MCL on
PEO macroinitiator: the "H NMR spectra of the resulting PEO-b-PMCL copolymers contained
the expected peaks, but GPC analysis showed a big fraction of impurities with the molecular
weight lower than that of PEO, which are presumably PMCL homopolymer (Fig. 3A). The
aromatic impurities could be either 3-chloroperbenzoic acid which was used in excess for
synthesis of MCL, or 3-chlorobenzoic acid byproduct formed during the synthesis of MCL. The
latter, however, supposedly should be extracted completely by saturated aqueous solution of
NaHCO; (see Experimental Part). Therefore, this impurity should be 3-chloroperbenzoic acid
which is poorly soluble in aqueous phase. To remove it, the CH,Cl, solution containing MCL
was washed with 1 M aqueous Na,S,0;. Indeed, after the first extraction the aqueous phase
turned cloudy and yellow suggesting the formation of colloidal sulfur. After such extraction, the
aromatic peaks disappeared (Fig. 2 inset), and polymerization of MCL on PEO macroinitiator

proceeded without formation of PMCL homopolymer (Fig. 3B).
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Figure 3. GPC (THF) traces of PEO-b-PMCL copolymers obtained using unwashed MCL (A)
and washed MCL (B) with 1 M Na,S,0;. The polymerizations were conducted in toluene in the

presence of 1 eq (with respect to PEO) of freshly distilled SnOct,.
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The synthesis of PEO-b-PMCL and PEO-b-PPhCL was conducted in bulk in the presence
of SnOct; as a catalyst according to the procedure’ until full monomer conversion. Utilization of
AlEt; catalyst followed by quenching the polymerization with HCI described in the procedure?
led to the degradation of polyester backbone. The modification with BIBB and further ATRP
polymerization was done according to the published procedure,” and the polymers were purified
via dialysis. Two polymers used in this study contain the same PEO, similar lengths of the
hydrophobic blocks and PDMAEMA: PEO(2.0K)-b-PMCL(12.8K)-b-PDMAEMA(5.8K) (100
units of PMCL, Dy = 1.62) and PEO(2.0K)-b-PPhCL(20.9K)-b-PDMAEMA(5.5K) (100 units of
PPhCL, by = 1.87) (Fig. 4).
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Figure 4. '"H NMR (CDCl3) (A, B) and GPC (CHCI;3) traces (C, D) of PEO(2.0K)-b-
PMCL(12.8K)-b-PDMAEMA(5.8K) (A, C; By = 1.62) and PEO(2.0K)-b-PPhCL(20.9K)-b-

PDMAEMA(5.5K) (B, D; Dy = 1.87).
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The polymers were tested for their ability to self-assemble in PBS solution using film

rehydration method. After extrusion the size of the particles was characterized by DLS, and their
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morphology was observed by TEM and cryoTEM. Both polymers formed spherical aggregates
(Fig. 5), which might be micelles assembled from U-shaped polymer chains with both
hydrophilic tails (PEO and PDMAEMA) facing the aqueous environment. PMCL-containing
polymer formed particles with a hydrodynamic diameter Dy = 52 + 5 nm, and PPhCL-containing

polymer self-assembled into aggregates with Dy, = 87 + 3 nm.

Figure 5. TEM (A, B) and cryoTEM (C, D) images of the assemblies formed by PEO(2.0K)-b-
PMCL(12.8K)-b-PDMAEMA(5.8K) (A, 0) and  PEO(2.0K)-b-PPhCL(20.9K)-b-
PDMAEMA(5.5K) (B, D). Scale bars are 100 nm.

The size difference can be attributed mainly to the different hydrophobicity of the middle
PRCL blocks. Perhaps n-m interactions in the latter case force more polymer chains to aggregate
in order to form dense core shielded from water by hydrophilic corona. This fact can be partly
confirmed by 'H NMR of the assemblies in D,O (Fig. 6). The aggregates still possess peaks
corresponding to the hydrophilic blocks, PEO and PDMAEMA, but the peaks from hydrophobic
blocks become broader and less intense (PMCL) or disappear completely (PPhCL). This fact can
be associated with hindered mobility of the hydrophobic chains within the assemblies, which

becomes more pronounced for PPhCL due to stronger hydrophobic and n-m interactions.
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Figure 6. '"H NMR of polymers (CDCls) and their self-assembled particles (D,O): upper:
PEO(2.0K)-b-PMCL(12.8K)-b-PDMAEMA(5.8K); lower: PEO(2.0K)-b-PPhCL(20.9K)-b-
PDMAEMA(5.5K).
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PEO-b-PRCL-b-PDMAEMA copolymers have potential application for gene therapy,
since cationic PDMAEMA block should be able to complex nucleic acids via electrostatic
interactions. Therefore, to determine potential side effects which might be caused by these
polymers, the cytotoxicity of the self-assembled structures was investigated on HeLa cells using
MTS assay (Fig. 7). Toxicity of the assemblies is induced by the cationic block, PDMAEMA,
which interacts with a negatively charged cell membrane leading to its rupture.’ This effect can
be lowered when the length of PDMAEMA is decreased. As can be seen from Fig. 7, the
polymer with a shorter PDMAEMA (18 units) possess significantly lower cytotoxicity compared
to the polymer with a longer PDMAEMA (~35 units), which also correlates with positive (-
potential values. The cytotoxic effect of such polymers can be decreased by converting tertiary

amine to quarternized group shielded by a bulky residual, as has been shown in literature.’
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Figure 7. Cell toxicity studies of particles formed by PEO-b-PRCL-b-PDMAEMA copolymers:
PEO(2.0K)-b-PMCL(12.8K)-b-PDMAEMA(2.8K) (black, {=+8.7+ 0.4 mV), PEO(2.0K)-b-
PMCL(12.8K)-b-PDMAEMA(5.8K) (red, { = +14.2 = 0.7 mV), PEO(2.0K)-b-PPhCL(20.9K)-b-
PDMAEMA(5.5K) (blue, £ = +13.0 £ 1.0 mV).

In conclusion, PEO-b-PRCL-b-PDMAEMA copolymers were synthesized via a
combination of coordination LROP of y-substituted e-caprolactones and ATRP of DMAEMA.
The copolymers assembled into spherical nanoparticles. Increase of hydrophobicity led to the
formation of larger particles in case of more hydrophobic PPhCL block (D =52+ 5 nm for
PMCL vs. D, =87 +3 nm for PPhCL), whereas the morphology of the assemblies did not

107



change. The self-assembled structures exhibited moderate cytotoxicity which can be decreased

by using a shorter cationic PDMAEMA block.

Experimental part

Materials. All chemicals were purchased from Sigma-Aldrich and used as received.

Nuclear Magnetic Resonance Spectroscopy (NMR). "H NMR spectra were recorded in
CDCl; (0.05 % tetramethylsilane) on a Bruker Avance III NMR spectrometer (400.13 MHz).
Spectra were processed with MestReNova software, and chemical shifts are reported in ppm.

Gel permeation chromatography (GPC). Both CHCIl; and THF GPC traces were
analyzed and recorded in WinGPC (v 8.20 build 4815, PSS systems) and equipped with 3 PLgel
MIXED-C columns (30 cm long, 0.8 cm diameter, 5 um particles) and a refractive index (RI)
detectors ran at 1 ml'min'at 35 °C (CHCls) or 40 °C (THF). The systems were calibrated against
narrow distributed polystyrene standards.

Dynamic light scattering (DLS). DLS and zeta potential measurements were performed
on a Zetasizer nano ZSP (Malvern Instruments) equipped with a 633 nm 10 mW He—Ne laser
(detection angle 173°). The measurements were performed at 25.0 + 0.1 °C. The final polymer
concentration was 1 mg-ml™', and each measurement was repeated at least three times with an
equilibration time of 2 minutes before starting the measurements. The correlation functions were
analyzed using the CONTIN algorithm.

Transmission electron microscopy (TEM). TEM micrographs were recorded on a
Philips CM100 transmission electron microscope at an acceleration voltage of 80 kV. 5 ul of a
sample was adsorbed on a glow discharged copper grid (formvar coated, 200 mesh) and blotted
off after 1 minute. The sample was washed two times with 5 pl of H,O and one time with 2%
uranyl acetate. 5 pul of 2% uranyl acetate was applied the second time and blotted off after 10
seconds. The prepared grids were dried in air for at least 10 minutes before imaging.

Cryogenic transmission electron microscopy (cryoTEM). 4 ul of aqueous solution of
polymer assemblies (2 mg'ml") were deposited on glow-discharged lacey carbon grid and
incubated for 1 min. The sample was blotted off before plunge freezing in liquid ethane. Imaging
was performed on FEI Talos TEM at an acceleration voltage of 200 kV.

MTS assay. HeLa cells (5000 cells per well) were seeded in a 96-well Lab-Tek™ plate
(Nalge Nunc International, USA), and incubated at 37 °C, 5% CO;for 24 h in DMEM
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containing 10% fetal calf serum and 1% penicillin/streptomycin. After 24 hours, 10 ul of
polymer assemblies suspended in PBS were added to wells containing 90 pl of media. Final
polymer concentration varied from 50 to 300 mg-ml . The solution were incubated for 24 h.
Cell growth inhibition was measured using the MTS assay: 20 pl of MTS assay solution was
added to each well and incubated for 3 h at 37 °C. Cell viability was determined by the
absorbance at 490 nm measured on a microplate reader (SpectraMax MS5°, Molecular Devices,
USA) and calculated as a percent of live cells compared to a PBS control (100% cell viability).
All samples were corrected against controls containing only media and PBS.

Synthesis of MCL. In a typical experiment, 45 g (1.4 eq.) of 3-chloroperbenzoic acid
was dissolved in 660 ml of CH,Cl, in 1L flask, and then 23.1ml (leq.) of 4-
methylcyclohexanone was added dropwise. The solution was stirred for 24 h at 25 °C. The
solution turned milky due to the precipitation of 3-chlorobenzoic acid byproduct. The solution
was filtered, and the filtrate was left for ~1 h in dry ice/acetone mixture for efficient precipitation
of the byproduct. To remove residual 3-chlorobenzoic acid, the solution was washed with
saturated aqueous NaHCO; (3 x 300 ml). To remove residual 3-chloroperbenzoic acid, the
solution was washed with 1 M aqueous Na,S;03 (2 X 300 ml). The 1 M Na,S,03; aqueous phase
after the first wash turned milky-yellow due to the formation of colloidal sulfur, whereas the
phase after the second wash stayed transparent. Finally, the CH,Cl, phase was washed with
saturated NaCl (3 x 300 ml) and left with MgSO4 overnight. Then the solution was filtered and
CH,Cl, was removed by rotary evaporation. MCL was dried over CaH, for at least 12 h and
distilled under reduced pressure prior to use. '"H NMR (400.13 MHz, 8, CDCls): 1.00 ppm (d, J =
6.7 Hz, 3H, -CH,-CH(CHj3)-CH»-), 1.32 ppm (dddd, J = 14, 11, 9.4, 4.5 Hz, 1H, -CH,-CH(CH3)-
CHy-), 1.49 ppm (dddd, J = 14, 11, 9.4, 4.5 Hz, 1H, -CH,-CH(CH3)-CH,-CH,-C(0O)-), 1.88 ppm
(m, 3H, -CH,-CH(CHj3)-CH,-CH,-C(O)-), 2.65 ppm (m, 2H, -CH,-C(O)-), 4.24 ppm (m, 2H, -
CH,-0O-).

Synthesis of PhCL. PhCL was synthesized in a similar manner as MCL. In a typical
experiment, 14 g (1.4 eq.) of 3-chloroperbenzoic acid was dissolved in 250 ml of CH,Cl, in
500 ml flask, and then 10.2 g (1 eq.) of 4-phenylcyclohexanone was added. The solution was
stirred for 24 h at 25 °C. The solution turned milky due to the precipitation of 3-chlorobenzoic
acid byproduct. The solution was filtered several times until no white precipitate of the

byproduct was observed. To remove residual 3-chlorobenzoic acid, the solution was washed with
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saturated aqueous NaHCO; (3 x 200 ml). To remove residual 3-chloroperbenzoic acid, the
solution was washed with 1 M aqueous Na,S,;03 (2 X 200 ml). The 1 M Na,S,0; aqueous phase
after the first wash turned milky-yellow due to the formation of colloidal sulfur, whereas the
second phase stayed transparent. Finally, the CH,Cl, phase was washed with saturated NaCl
(3 x200 ml) and left with MgSO,4 overnight. Then the solution was filtered, and CH,Cl, was
removed by rotary evaporation. PhCL was recrystallized from dry ethylacetate. 'H NMR
(400.13 MHz, 6, CDCl3): 1.86 ppm (m, 1H, -CH,-CH(Ph)-CH,-CH,-C(O)-), 2.06 ppm (m, 3H, -
CH;,-CH(Ph)-CH,-CH;-C(0)-), 2.81 ppm (m, 3H, -CH,-CH(Ph)-CH,-CH,-C(0)-), 4.37 ppm (m,
2H, -CH,-0-), 7.16-7.36 ppm (m, 5SH, Ph).

Synthesis of PEO-b-PRCL-b-PDMAEMA. Prior to polymerization PEO was dried
under vacuum at 100 °C for 1-2 h to remove water traces. In a typical experiment, to the 0.45 g
(1 eq.) of dried PEO 100 eq. of a monomer (MCL or PhCL) was added. Then few drops of the
catalyst, SnOct,, was added and the mixture was stirred under Ar atmosphere at 110 °C until the
solution become very viscous that the stir bar inside the flask could not move (typically 3 h for
MCL and 24 h for PhCL). The polymerization mixture was cooled down to room temperature
and dissolved in THF. The THF solution was precipitated twice into ice-cold hexanes to remove
residual monomer and catalyst. The ATRP macroinitiators, PEO-b-PRCL-Br, were synthesized
using 2-bromoisobutyryl bromide (BIBB). 2.5 g (1 eq.) of a polymer was dissolved in 10 ml of
anhydrous THF and then 5 eq of TEA was added. The mixture was cooled down by ice bath, and
then 10 ml of THF solution containing 5 eq. of BIBB was added dropwise. The solution was let
to warm up to room temperature and stirred overnight. The mixture was filtered to remove TEA
salts and precipitated twice in ice-cold hexanes to remove residual BIBB. Then the ATRP
macroinitiator (2.3 g, 1eq.) was dissolved in anhydrous 20 ml THF/MeOH (1:1) mixture,
followed by addition of 100 eq. of the monomer (DMAEMA), which was passed through basic
alumina to remove inhibitor. In the meantime, the ATRP catalyst (1 eq. of CuBr and 1 eq. of
PMDETA) was prepared in a small volume of anhydrous DMF. The catalyst and the solution
with polymer were bubbled with Ar for at least 20 min, and then the catalyst was added while Ar
was still bubbling. The polymerization was carried out at 50 °C for 3 h, which corresponds to
~30% of conversion. The polymerization was quenched by exposing mixture to air. The final
polymers were dialyzed first against THF/H,O (8:2) for 2 days, and then against pure THF for

one day (solution was exchanged 9 times).
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PEO-b-PMCL-b-PDMAEMA: 'H NMR (400.13 MHz, 8, CDCL): 0.92 ppm (d, J =
6.4 Hz, -(O)C-CH,-CH,-CH(CH3)-CH,-CH,-O-C(0O)-C(CHs),-CH,-C(CH3)-), 1.57 ppm (m, -
(O)C-CH;-CH;,-CH(CH3)-CH,-CH,-O-C(0)-C(CH3),-CH,-C(CH3)-), 2.30 ppm (m, -(O)C-CH,-
CH»-CH(CH3)-CH,-CH,-O-C(0O)-C(CH3),-CH,-(CH3)C(C(0O)-O-CH,-CH,-N(CH3)2)-),

2.56 ppm (m, -C(0)-O-CH,-CH,-N(CHs),)-), 3.38 ppm (s, CH3-O-CH,-CH,-0O-), 3.64 ppm (s,
CH3-O-CH,-CH,-0-), 4.10 ppm (m, -(O)C-CH,-CH,-CH(CH3)-CH,-CH,-O-C(O)-C(CHs),-
CH,-(CH3)C(C(0)-0O-CH,-CH,-N(CHs)2)-).

PEO-b-PPhCL-b-PDMAEMA: 'H NMR (400.13 MHz, &, CDCls): 0.88 ppm (m, -
C(CHj),-CHz-C(CH3)-), 1.92 ppm (m, -(O)C-CH,-CH,-CH(Ph)-CH,-CH,-O-C(O)-C(CHj)»-
CH,-C(CHz3)-), 2.29 ppm (s, -C(C(0O)-O-CH,-CH,-N(CHj3),)-), 2.56 ppm (m, -(O)C-CH,-CHo-
CH(Ph)-CH,-CH,-0O-C(0)-C(CHj3),-CH,-(CH3)C(C(0O)-O-CH,-CH,-N(CH3),)-),  3.38 ppm (s,
CH3-O-CH,-CH,-0-), 3.64 ppm (s, CHj3;-O-CH,-CH;-O-), 3.82 ppm (m, -(O)C-CH,-CH,-
CH(Ph)-CH,-CH,-0-), 4.06 ppm (m, -C(C(0)-O-CH,-CH,-N(CHj3),)-), 7.16-7.36 ppm (m, Ph).

Self-assembly. Self-assembled structures were prepared using film rehydration method.
10 mg of a polymer dissolved in 1 ml of CH,Cl, were placed into a 5 ml round-bottom flask. The
solvent was removed by rotary evaporation. To a dry polymer film 1 ml of PBS was added and
the mixture was stirred overnight at room temperature. The assemblies were extruded using

200 nm pore size membrane and characterized by DLS, TEM, and cryoTEM.
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Conclusions and Outlook

In this thesis, detailed synthetic procedure for bis-hydrophilic ABC triblock copolymers
(PEO-b-PCL-b-PMOXA and PEO-b-PRCL-b-PDMAEMA) was presented. Comprehensive
investigation of their aqueous self-assembly was carried out under different conditions and
studied by means of LSM, TEM, and cryoTEM.

The main principles which were established for self-assembly of PEO-b-PCL-b-PMOXA
should be verified on other ABC systems, especially where B is an amorphous block, and
polymers form nanoscale structures.

As has been discussed in the section 2.3., bis-hydrophilic ABC copolymers should result
in patchy assemblies with spatially separated domains in the corona. It would be interesting to
investigate if PEO-b-PCL-b-PMOXA and PEO-b-PRCL-b-PDMAEMA form structures with
patchy corona.

PEO-b-PCL-b-PMOXA copolymers are of a potential interest for biomedical applications
due to its non-toxic nature and biodegradability of the PCL block. Particularly, microscale 3D
networks may find applications as a scaffold for tissue engineering. Their highly branched
structure would be advantageous for growing the small-diameter blood vessels.’

PEO-b-PRCL-b-PDMAEMA copolymers offer a synthetic platform for gene delivery
applications. In this regard, complexation and release of nucleic acids should be tested. The
toxicity of these polymers can be reduced by shielding the positive charges of PDMAEMA
block. This could be achieved by increasing the PEO length, which should “wrap” the surface of

the assemblies.
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